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Abstract

Parkinson’s disease (PD) is characterised by the deposition of insoluble Lewy Bodies
(LBs) in dopaminergic neurons in the brain. LBs are primarily composed of a-Synuclein
(aS), a 140-residue, intrinsically disordered protein which can self-associate and undergo a
transition from disordered monomers into ordered [3-sheet rich amyloid fibril architectures.
Characterising the structural properties of early intermediates in oS amyloid assembly is

crucial towards elucidating amyloid assembly mechanisms.

This thesis presents the development and application of structural mass spectrometry
(MS) based techniques to study the structure and dynamics of N-terminally acetylated
aS (eSNTA). Findings capture how the conformation of «S correlates with its amyloid
propensity. The conformational ensemble of «S along with variants which decrease/abolish
amyloid assembly is shown. Ion mobility MS shows that monomeric aSNTA exists
as a conformational ensemble populating partially compact conformational families in
equilibrium with extended conformational families and this thesis explores the effect
of perturbing the oS conformational ensemble on its amyloid assembly kinetics. oS is
negatively charged under physiological conditions and is known to bind divalent metal
ions. Upon addition of Ca®*, Mn?* or Zn?*, multiple binding events occur and the
conformational ensemble of aSNTA is shifted to compact conformations and the rate of
amyloid assembly is increased. Oligomeric species populated during oS amyloid assembly

are considered toxic drivers of neurodegeneration in PD but are difficult to study due to



their transient form and heterogeneity. In this thesis, hydrogen-deuterium exchange MS is

used to characterise the role of the N-terminal region in trapped oligomer assembly.

Overall, this thesis aims to shine light on the use of structural MS to investigate the
structure and dynamics of transient, heterogeneous proteinaceous species. Evidence is
provided for the accelerating role of «S compaction in amyloid propensity and provides a

foundation for the further development of structural MS based methodologies.
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Chapter 1

Introduction

1.1 Mass Spectrometry for Protein Structure Determina-
tion

Mass spectrometry (MS) is an analytical technique used to determine the mass of an
analyte through measurement of the mass to charge ratio (m/z) of ionic species in the gas
phase [1-3]. Although initially MS was limited to studying volatile, small compounds, the
advent of new methods of sample ionisation and mass sorting has extended the breadth
of amenable samples for analysis. Tractable samples now range from complex biological
systems such as ribosomes and viral particles, to metabolites, RNA and protein complexes
[4, 5]. The study of proteins, using different MS-based methods are the focus of this thesis
in a manner that explores how the structure and dynamics of an amyloid-prone protein can

be elucidated.

A mass spectrometer consists of three main components: ionisation, m/z analyser and
detection (Figure 1.1). Firstly, the sample containing the analyte(s) of interest must be

liberated from its typically liquid state into a gaseous phase of charged ionic species. Once
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ionised, a plume of gas phase ions enters one or more mass analysers where they are
separated based on their m/z. A plethora of mass analysers currently exist for specific
sorting and analyses, a topic that is to be later discussed. Finally, separated ions enter
a detection region. Detection commonly occurs though the measurement of the impact
of charged ions on a detector plate or by measuring an image current. Such signals are
amplified and converted into a digital format [6]. The advent of structural MS techniques
which conjugates MS to hybrid/orthogonal methodologies such as hydrogen-deuterium
exchange and cross linking has enabled the structural characterisation, stoichiometry and
conformational heterogeneity of many complex samples to be further explored [7-12]. MS
of proteins can be native or denatured, intact or digested depending on the information
required. For structural analysis, native MS, that is, maintaining the native structure of
proteins from solution as they enter the gas phase, is key to understanding factors such as
compaction, conformational ensembles, stoichiometry of ligand binding and oligomeric
states for example [13, 14]. The conditions of the ionisation process play a significant
role in keeping proteins in their native conditions, such a using low temperatures and low

voltages to prevent unfolding [15].
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Figure. 1.1 Schematic of a mass spectrometer. Samples are introduced to the ion source
where analytes are converted into a plume of gaseous ions. Gaseous ions are directed into
one or multiple mass analysers for subsequent m/z sorting under vacuum. Separated ions

are detected also under vacuum for signal amplification and downstream processing.
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1.2 Electrospray Ionisation

In the beginning of MS development, the production of charged gas phase species relied
upon harsh techniques such as electron ionisation (EI). The EI process consists of bom-
barding a heated sample already in the gas phase at high impact with a plume of high
energy electrons generated from a heated filament. The high impact collisions needed for
EI fragments analyte molecules and is limited to samples which are volatile and stable in
the gas phase, ruling out large, native biomolecules which require gentle transfer into the
gas phase [16]. The development of “soft” ionisation techniques in 1984 by John Fenn
brought life to the prospect of biomolecule analysis in their native state by MS, facilitated
by electrospray ionisation (ESI) whereby protein structures can be ionised in near native
conditions so that gaseous ions retain their conformation(s) adopted in solution using non

denaturing, volatile buffers such as ammonium acetate (AmAc) [17].

During the ESI process shown in Figure 1.2, samples are ionised at atmospheric
pressure. The solution containing protein analytes is emitted through a thin borosilicate
glass capillary coated typically in palladium metal to become electrically charged [16]. A
voltage is applied to the capillary containing uM/nM concentrations of protein creating a
fine charged spray of droplets from a Taylor cone formation. The polarity of the emitter,
which essentially becomes an electrode, determines the supply of positive or negative ions
in the solution. Droplets are desolvated through gentle heating (typically around 30°C for
native analyses) resulting in reduction of the droplet hydrodynamic radius, and an increase
in the charge density of droplets. As a result, droplet fission occurs due to coulombic
repulsion when the Rayleigh limit by excess charge carriers such as H* and NH* is
reached [18]. Proteins and peptides can acquire multiple charges as many protonation sites
are available along the protein backbone and side chain groups including lysine, arginine,
histidine and the N-terminal amino group [19]. The mass spectrum generated contains

multiple charge states in the case of ESI such that [M+nH]™" where M is the molecular
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weight of the analyte and n is the number of charges acquired. Inevitably, the surface
charges on a protein differs between the solution and gas phase [19]. For positive mode ESI,
typically used for protein analyses, the number of charges that a protein acquires is related
to its solvent accessible surface area (SASA). However, the maximum observable number
of charges acquired is usually less than the number of basic residues (lysine, arginine,
histidine and the N-terminal amino group) from charging in solution and de-protonated
acidic groups (aspartic acid, glutamic acid and the C-terminal group) in the gas phase in

the protein chain due to the stochastic nature of protein charging and charge repulsion [20].

The formation of ions can occur through three potential ionisation mechanisms (Figure
1.2). The charge residue model (CRM) which generally occurs for larger, folded and
globular proteins, suggests that through continued droplet fission and solvent evaporation
ions eventually become completely desolvated and acquire charges from the droplet [18].
The ion ejection model (IEM) proposes that analytes acquire their charges before becoming
ejected from the droplet surface once a certain droplet radius has been achieved, IEM is
predicted to be favoured for low molecular weight species, inorganic ions or a specifically
niche range of proteins which are tightly folded with a high solution net charge [21, 22].
The third potential mechanism, the chain ejection model (CEM), is suggested to describe
the ionisation of unfolded proteins or proteins containing intrinsically disordered regions
(IDRs). In this proposed mechanism, the solvent exposed hydrophobic chain is migrated to
the droplet surface to protrude outwards through ejection of the chain terminus driven by
electrostatic repulsion [23]. Mobile H* present in the droplet undergo charge equilibration
between the droplet and the protein chain protruding out of the droplet surface, many
H* can be accommodated by the disordered, accessible protein chain resulting in highly

charged ions [22].
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Figure. 1.2 The electrospray ionisation process. The three proposed models for the ESI
process including the charge residue model (CRM), the ion ejection model (IEM) and the

chain extension model (CEM).

For folded, globular proteins, the positive ESI charging process is thought to be
dependent on SASA regardless of the distribution of preferred basic protonation sites. A
larger number of basic residues allows for better distribution of charged sites which, in
turn, minimises charge repulsion resulting in more stable compact states in the gas phase.
For unfolded and disordered proteins, charging depends on the number of basic residues
[19]. Conformationally heterogeneous protein samples produce multimodal charge state
distributions which represent coexisting conformational families which were present at the
moment of transfer from solution into the gas phase. The former mentioned conformational
families might be present transiently with rapid interconversion which become locked when
desolvated into the gas phase. Native ESI-MS offers a powerful approach to structurally

characterise subtle differences in IDP conformation [24].

Once a mass spectrum of ion intensity versus m/z is generated for multiply charged

species in positive ion mode, the molecular weight of analytes can be calculated by
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determining the charge states of two adjacent spectral peaks applying Equation 1.1 where

n is the charge state (number of charges acquired) and 1.0072 Da is the mass of a proton.

m/Z(1y - 1.0072
n—-———

= nay = ney — 1.0072 1.1
m/zo) — m/z(1) ) @ (1.D

Equation 1.3 Adjacent spectral peaks must be either n+1 (lower m/z) or n-1 (higher

m/z). n is calculated for a given peak where n() is larger than n(y).

Once the charge states of two adjacent peaks are established, the analyte mass is

calculated (Equation 1.2).

Mass = m/z(l) n— A1) — 1.0072 (12)

Equation 1.2 Calculation of the molecular weight of an analyte from adjacent spectral

peaks in a charge state distribution by correcting for the number of protons acquired.

When sufficient resolution is achieved, another method to determine the charge state
of an unknown species in the mass spectrum uses the isotope envelope. The isotopic
distribution of C'? in a protein ion dominates the isotopic envelope, since the difference
between isotopic peaks should be 1 Da from the lighter carbon isotope C'?, the charge
state would be equal to the reciprocal of the distance between two adjacent isotopic peaks

for each charge state.

ESI development has continued since its advent, into nano ESI (nESI) which takes
advantage of electrospray capillaries with smaller orifices (1-4 um inner diameter) enabling
lower flow rates (20-50 nL./min) and minimal sample consumption; around 10-20 pL [16].
Nanospray capillaries are capable of producing a finer spray of smaller initial droplet sizes
which encourages the desolvation process, reducing the degree of fission events needed to
occur and therefore reducing the energy needed for desolvation. Therefore, nESI offers an

even gentler technique for proteins and protein complexes to reach the gas phase [25]. The
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application of ESI and nESI unlocked a unique versatility of analytes applicable to MS
analysis, maintaining native structural arrangements, non-covalent complexes and ligand

interactions; essential in the study of proteins and protein complexes.

1.3 Mass analysers

Ions, now in their gaseous phase, enter a high vacuum at the mass spectrometer interface
for separation depending on their mass to charge ratio (m/z) using a mass analyser. An
electric field accelerates ions out of the source and into the mass analyer [26]. This low
pressure environment prevents collisions between ions enabling high ion transmission.
There are different types of established mass analysers that are characterised by their
amenable mass transmission, analysis range (by way of m/z), mass resolving power of
the spectral output (the smallest mass difference between two fully resolved m/z peaks;

Equation 1.3), mass accuracy and the rate of spectral acquisition (sensitivity).

m/z
R =
Am/z

(1.3)

Equation 1.3 Mass resolution. Resolution (R) is equal to the mass to charge ratio of an
ion (m/z) divided by the difference in m/z either by the valley between two peaks or the

full-width at half maximum (FWHM) of one peak.

There are two possible ways that resolution can be calculated. For a single peak,
resolution is defined at the peak width at half of the maximum peak height, or simply the
FWHM (Figure 1.3a). Two separated peaks are said to be resolved from one another if the
valley between the peaks is below a threshold percentile such as 50 % for time of flight
instruments (ToF) and 10 % for Orbitrap instruments which offer greater resolution (Figure

1.3b) [26].
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a b 10% valley
Am/z
—P

Relative intensity (%)
Relative intensity (%)

Figure. 1.3 Mass resolution. (a) Resolution for a single peak is defined by the FWHM
(50% valley). (b) The resolution between two peaks is the difference in m/z between two

overlapping peaks at 10% relative intensity.

Mass accuracy defines how far the mass measured conforms to the theoretical mass
value, measured in parts per million (PPM), where a smaller PPM means minimal diver-
gence of the experimental mass measurement. Mass accuracy is determined from Equation

1.4. For mass analysers such as the Orbitrap, sub 1-ppm mass accuracy can be achieved.

(1.4)

Theoretical mass —Measured mass 6
Mass accuracy = x10

Theoretical mass

Equation 1.4 Mass accuracy. The divergence of the measured mass from the theoretical

mass defines the mass accuracy of the observed mass in ppm.

1.3.1 Quadrupole

Quadrupole mass analysers can be arranged as single instruments or in tandem with
multiple quadrupoles or other mass analysers. In the latter arrangement, quadrupoles often
serve as m/z filters for selecting ions of a particular m/z for further reactions and analysis
[27]. However quadrupole mass analysers alone can serve as m/z analysers. For m/z sorting,

filtering or detection the geometry of the quadrupole consists of four cylindrical metal rods
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to which a direct current (DC) polarity is applied as opposite pairs, such that opposite rods
possess the same charge, whilst adjacent rods possess opposite charges (Figure 1.4). A
radio frequency (RF) alternating current (AC) with an amplitude greater than that of the
DC current is applied so that the waveforms of adjacent rods are 180° out of phase to one
another. The result is periodic switching of the polarity of rod pairs simultaneously to
transmit ions of a certain m/z [28]. This oscillating field operates as a bandpass filter. lons
will be attracted to, and then repelled by, each rod pair which creates a helical or spiral
trajectory through the trapping path. A given m/z resonates with the selected RF value
enabling a stable, central trajectory. The amplitude of this three-dimensional wave-like
trajectory depends on the m/z of an ion. For an m/z oscillating below or above the RF the
ions trajectory is lost and these ions strike the electrodes to become electrically discharged

or exit between them.

Figure. 1.4 Schematic of a quadrupole mass analyser. Metal rod electrodes are arranged
as opposite pairs of potentials. An oscillating radio frequency with an alternating current
enables ions of a certain m/z to pass through with a stable, helical trajectory (green trace).
Unstable ions (blue and pink traces) collide with the metal rods resulting in electrical

discharge.

Operating as a high pass filter, high m/z ions are transmitted, whilst the amplitude of
low m/z ions becomes too great due to acceleration resulting in collision with the electrode,

the m/z cut-off is defined by the RF. By adding a DC voltage high m/z ions cannot refocus
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within the RF cycle and become influenced by the DC potential resulting in drifting from
the central trajectory [29]. For a quadrupole acting as an ion guide, the DC component
is switched off, enabling a defined range of ion transmission simultaneously through the
centre of the quadrupole. In this operation mode, quadrupole mass analysers are coupled to
other mass analysers to guide ions, reduce the m/z range or remove neutral molecules. The
upper m/z limit of standard quadrupole mass analysers is generally 4000 m/z [30]. In this
thesis, mass spectrometers containing quadrupole mass analysers are the Waters Synapt
G1 HDMS, XEVO G2-XS and the Select Series Cyclic and the ThermoFisher Scientific

Q-Exactive UHMR and Orbitrap Eclipse.

1.3.2 Time of flight

Time of flight (ToF) mass analysers accelerate ions using an electric potential through
a field free flight tube. Ions are separated according to their time taken to travel to the
detector which is dependent on their m/z. Ions accumulate as packets in the "pusher region",
where a pusher voltage is applied to accelerate ions orthogonally by providing, ideally, a
uniform initial kinetic energy (Ey) to all ions. Ions traverse through the flight tube in a
vacuum towards a detector. Since all ions theoretically receive the same Ey, separation
occurs due to the difference in flight time influenced by the mass of an ion (as velocity
is inversely proportional the the square root of m/z) [31]. Essentially, the infinite time
limit for an ion to reach the detector means that there is no upper mass detection limit,
facilitating the detection of large biomolecules, however in reality, scanning frequency and
other factors ultimately introduce limits. Heavier ions with a lower charge are accelerated
less than lower mass ions or more highly charged ions. Thus, the velocity (v) of ions
carrying the same number of charges (z) will be dependent on their mass value. (Ey) is
proportional to the charge (z) and the applied potential (eV) where e is the elementary
charge of an electron (1.601 x 107'°) and V is the acceleration potential. This relationship

is described in the following Equations.
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Ey=—=xze (1.5)

Equation 1.5 The relationship between kinetic energy (Eyx), mass (m), velocity (v) and

charge (ze).

This relationship can be rearranged in order to determine v.

VZ_%_ZzeV
S m om

(1.6)

Equation 1.6 rearrangement of Equation 1.5 to make velocity (v) the subject.

The time taken (t) for an ion to reach the detector during ToF analysis also depends on

the length (L) of the field free flight tube and this relationship is described as follows.

L , m [ L?
t=— o tt=—(z= 1.7
v z (ZeV) 17

Equation 1.7 The time taken for an ion to reach the detector is equal to the length of

the flight tube (L) divided by the velocity of the ion (v).

Since many components of the Equation are constant, including L, e and V the resulting

Equation 1.8 is a proportional relationship between time taken and the square root of m/z.

t o< Vm/z (1.8)

Equation 1.8 Flight time is proportional to the square root of an ions m/z.

Ions are separated based on their differing m/z values as they reach the detector at
different times. ToF tubes are typically 1-2 m in length in order to maintain ion transmission
so that ion flight times are on the ps timescale, within a vacuum in the 10e® to 10e”’ range,
ion losses are minimised. Therefore, the scan speed of ToF instruments is particularly high

enabling higher duty cycles of the instrument with multiple scans acquired rapidly (around
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1000 spectra per second to capture flight times of about 10-100 pseconds). Combining over
multiple scans reduces the signal to noise ratio (S/N) of spectra significantly, improving
the resolution. In a linear ToF arrangement, the ion beam enters the ToF cell directly and

ions are immediately accelerated via the pusher voltage into the flight tube [32].

ToF is a pulsed analysis technique, which consists of the accumulation of ion packets in
the pusher region which acts as a trapping region so that ions start their flight ideally in the
same position relative to the pusher voltage. This means that ions of the same m/z receive
the same Ey. Nonetheless, the spatial distribution of ions in the pusher region results in a
variable distribution of voltage picked up from the acceleration voltage, leading to uneven
Ek distributions. Ions of the same m/z therefore would receive varied acceleration forces
to one another, reaching the detector at different times, broadening the arrival time to the
detector and thus broadening spectral peaks, reducing the instrument resolution. With the
continuous inlet of ions from an ESI source, this is highly problematic as broad peaks
make differing m/z species indistinguishable [33]. The issue of ion spatial dispersion was
initially addressed in the implementation of orthogonal ToF. Orthogonal ToF utilises a
geometry whereby the flight tube of the ToF cell is arranged orthogonally to the ion beam

direction (Figure 1.5).
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Figure. 1.5 A schematic of the orthogonal arrangement of a ToF cell in a quadrupole-time
of flight (QToF) mass spectrometer. lons are ionised at the nESI source, and are directed
through a quadrupole mass analyser, the ion beam enters the pusher region and is trapped
as an ion packet. The pusher voltage accelerates ions orthogonal to their initial ion path
down the flight tube towards the detector. Ions with lower m/z values represented by the
blue arrow reach the detector first followed by green ions and then the pink ions which are
increasing in m/z respectively. The resulting spectrum on the right shows separated ions

based on m/z.

Orthogonal ToF enables efficient ion accumulation in the pusher region and subsequent
successive pushes of ion packets. The sudden change in direction of the ion beam enables
tighter ion packets, minimising spatial dispersion so that ions of the same m/z should
receive the same Ey and arrive at the detector together to give a sharper spectral peak.
Although the orthogonal geometry improved the instrument resolution, some Ey dispersion
still remains. The later development of the reflectron ToF largely addressed the issue of
Ex dispersion. In the reflectron ToF model, the ion trajectory through the ToF flight tube
is essentially doubled, and this occurs due to the arrangement of stacked ring electrodes
which reflect ions backwards onto a detector plate creating a bell shaped ion path. Ions
of a particular m/z that enter the ToF path with differing Ey values penetrate the stacked

ring of electrodes to differing degrees resulting in refocusing of the ion packet [34]. Ions
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with greater Ey travel deeper into the ring electrodes, a mirroring effect occurs which
slows the ions down and propels them backwards. Since ions with lower Ey travel less into
the ring electrodes, ions of the same m/z become refocussed together. The higher energy
ions catch up with the lower energy ions upon reflection. Not only does this result in an
improvement in resolution by minimising peak broadening, the doubled flight path also
enables much more efficient separation of ions with differing m/z values [34]. A schematic
of the reflectron ToF is depicted in Figure 1.6. Instruments used in this thesis containing

ToF mass analysers are the Waters Synapt G1 HDMS, XEVO G2-XS and the Select Series

Cyclic.
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Figure. 1.6 A schematic of the reflectron ToF mass analyser. Ions with the same m/z but
differing Ey, where dark purple ions have higher energy and light purple ions have lower
energy are refocussed by the electrodes creating the electric field gradient. Ions with higher
Ex penetrate deeper into the electrodes so that ions of the same m/z reach the detector

simultaneously for sharper spectral peaks.

1.3.3 Linear ion trap

Similarly to quadrupole mass analysers, the linear ion trap (LIT) consists of four parallel

rods shown in Figure 1.7. These rods are split into three sections referred to as a segmented
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quadrupole. An RF field is applied to the central section of the LIT much like in the
quadrupole geometry, whereby adjacent rods are 180 °out of phase. The front and back
sections are controlled by DC potentials. Ions are confined to all three dimensions by the
central electrode and repelled back and forth axially between the front and back sections.
Varying the DC and RF amplitudes in the centre section enables selection or scanning
of m/z ranges. lons are detected through an operation mode known as dipolar resonance
ejection whereby supplemental AC potentials are applied to both x axis rod pairs [35].
Trapped ions oscillate around the central section, and when this oscillation frequency
resonates with that of the AC field frequency, the ion trajectory linearly increases in
amplitude for each oscillation until it becomes ejected through slits in the x axis rods to

eventually hit detector plates placed outside of each x axis rod [29].

LITs can be used as stand alone mass analysers due to their comparable scan speeds
and resolution to quadrupole instruments. However, more commonly LITs are used in
commercial instruments as ion storage cells for collision based techniques prior to detection
enabling MS". Collisional activation for precursor ion fragmentation is discussed later in
this thesis. The ThermoFisher Scientific Orbitrap Eclipse instrument used in this thesis

contains a LIT.
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Back section
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Figure. 1.7 Linear ion trap. Separated into the front, central and back sections, four rods
are arranged in parallel. DC confinement potentials are applied to both the front and the
back sections. RF-AC potentials are applied to the central section for ion trapping. Ions

are ejected through ejection slits.

1.3.4 Orbitrap

The Orbitrap mass analyser was developed by Alaxander Makarov in 2000 and operates
as an orbital ion trap. Orbitrap instruments consist of a central spindle shaped electrode
encased in outer electrodes (Figure 1.8) [36, 37]. The outer electrodes are typically held at
ground potential whilst a voltage is applied to the central electrode, so that when ions are
injected into the Orbitrap they begin to form stable orbits around the central electrode. Each
ions oscillation frequency is dependent on its Ey and inversely proportional to m/z, resulting
in orbits which are out of phase. Ions are required to undergo multiple orbits to effectively
"find their orbit frequency" for more accurate detection which does reduce the scanning
speed of the Orbitrap compared to the quadrupole, ToF and LIT. The scanning speed of
the Orbitrap is typically around 10 Hz [29]. The difference in oscillation frequencies for
differing m/z values is distinguished in a read out generated through current detection from
the outer electrodes. This initial signal is recorded in the time domain for oscillations

(known as a free induction decay; FID), which is converted through fourier transform into
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the frequency domain versus intensity. This frequency spectrum is then further converted
into m/z versus intensity [38].
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Figure. 1.8 The Oorbitrap mass analyser. Ions are injected into the Orbitrap to begin
their orbit. Ions orbit with an oscillation frequency inversely proportional to their m/z.
Oscillations are measured as a current signal over time, which is converted through
fourier transform into a frequency spectrum. A mass spectrum is generated by converting

frequency into m/z.

The resolution of Orbitrap measurements decreases as a factor of (m/7)%. Nonetheless,
Orbitraps function as high resolution instruments achieving 500,000 (FWHM) at m/z 200
for the ThermoFisher Scientific Orbitrap Eclipse instrument. Much like ToF instruments,
Orbitrap mass analysers use a pulsed analysis technique where packets of ions are pulsed
into the Orbitrap region for analysis from a curved linear ion trap called a C-trap. Therefore,
the Orbitrap is suitably coupled to continuous ionisation sources as ions can accumulate in
the C-trap which is filled with collision gas molecules for ion cooling and rapid injection of

packets of ions with minimal spatial spreading [39]. The Orbitrap offers high mass analysis
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capabilities enabled by high resolution [36]. The ThermoFisher Scientific Orbitrap Eclipse

instrument is used in this thesis.

1.3.5 Astral

The most recent mass analyser is the Astral developed by Alexander Makarov et al and
commercialised by ThermoFisher Scientific [40]. The astral mass analyser is coupled
to both a quadrupole for precursor ion selection and an Orbitrap mass analyser for high
dynamic range single ion detection. The Astral offers unique sensitivity, as well as high
dynamic range, acquiring spectra at a rate of 200 Hz. To enter the astral mass analyser,
ions are first trapped in an ion routing multipole and can be fragmented using a collision
gas. lons ere ejected through sequential ion optics which align the ion packet to improve
instrument sensitivity. The packet of ions is accelerated into an open electrostatic trap and
guided through a thirty meter long track of asymmetric ion mirrors to be focussed in three
dimensions for nearly lossless ion transmission. The extended asymmetric track enables
enhanced spectral resolution which can resolve overlapping ions [40, 41]. The extremely
short scanning time of the Astral reduces the duty cycle which could revolutionise the

rapid analysis of complex samples such as those in the clinical research field.

1.4 Detectors

Ion signals are detected after separation on the basis of m/z in the mass analyser. One
of the most common detector systems used is the electron multiplier. Ions collide with a
conversion dynode which results in the emission of electrons. The electron emission is
then amplified to generate a current (Figure 1.9) [42]. Detection in the ToF mass analyser
uses a microchannel plate detector due to its rapid response time (sub ns) matching the fast
u second scan speed achieved by ToF analsyers with narrow pulse width and separation

based on time measurements [42].
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Figure. 1.9 Schematic of an electron multiplier detector. lons are separated by a mass
analyser and strike the detector made of semiconducting glass such as lead oxide, to release
an electron beginning a cascade effect where electrons continually strike the detector to

release more electrons for signal amplification to generate a current.

In the Orbitrap mass analyser, the outer electrodes surrounding the central spindle
electrode (Figure 1.8) which act as the detectors. The ion orbit generates an image current
from the oscillation frequency and amplitude which is related to an ions m/z value. In the
case of the Orbitrap, image-current detection is undisturbed and the overlapping image
current signals from ions with differing m/z are processed through the fourier transform
algorithm to generate a frequency signal, converted into a spectrum of m/z versus intensity

[36].

1.5 Ion mobility mass spectrometry

Separating species by their m/z is a useful biological tool for identifying biomolecules
present in complex mixtures. In some cases, adding another dimension of orthogonal sepa-
ration offers more detailed characterisation that may benefit the understanding of molecular
mechanisms. lon mobility (IM) spectrometry separates ionic species orthogonally to MS
which can differentiate between ions with overlapping m/z values but are conformationally
distinct in space [43]. Therefore, when IM is coupled with MS (IM-MS) a direct read out
of a proteins conformation can be achieved. IM separates ionic species in the gas phase

after ionisation based on their mobility when moving through a drift tube that is filled
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with neutral buffer gas [44]. Under conditions where the pressure and temperature of the
drift tube are controlled, the mobility that each ion exhibits is dependent on its rotationally
averaged collision cross section (CCS) as well as the number of charges acquired. IM
separates ionic species on the ms timescale which makes this technique adequately suited
to coupling with ToF analysis which scans ions on the psecond timescale. A variety
of IM separation technologies currently exits, the most common IM methodologies are

summarised below.

1.5.1 Drift tube ion mobility

The simplest, original method of IM separation is drift tube IM (DTIM; Figure 1.10). Ions
are accumulated in a trap cell which is positioned prior to the drift tube for pulsed entry of
ion packets. A weak electric field is applied across the drift tube so that ions migrate from
one end to the other [45]. It is crucial that this electric field is weak so that ions do not gain
too high Ey and therefore unfold or fragment upon energetic collisions with buffer gas,
such that Ey is converted into internal energy. The drift tube itself is filled with a neutral
buffer gas such as He or N, which do not chemically interact with protein molecules but
can initiate gentle collisions as ions travel through so that they reach a constant velocity
[44]. Tonic species which occupy a larger, exposed structure, such as unfolded proteins,
experience more frequent collisions with the buffer gas molecules and therefore possess a
lower mobility resulting in a longer drift time (tq). Ions with a smaller surface area however
experience less collisions with the buffer gas and travel with a greater mobility to reach the

end of the tube first. The result is an array of "arrival time distributions" (ATDs) [46].

Additionally, ions carrying a greater number of charges are more influenced by the
weak electric field and are pulled through the tube faster than ions carrying fewer charges.
Separation is therefore also dependent on charge state [46]. This enables instrument users
to gain better clarity on how far the charge state distribution of a protein reflects its native

conformational ensemble, for example for higher charge states, the arrival time distribution
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IM may not be accurate. This arises due to two reasons: i. acquiring too many like-charges
will result in charge repulsion and therefore over-expansion of the protein chain and ii.
quicker mobility through the drift tube can result in more energetic collisions and potential
unfolding [47]. Both of these considerations would lead to an over-estimation of the arrival
time distribution of a protein and selecting charge states requires careful consideration.
Lower charge states are considered to be more native-like [48]. With precise control of
instrument parameters, IM can be used to calculate CCS (denoted PTCCS for drift time
measurements)or a measurement of the shape of an ion (Q) in a given buffer gas of known

pressure, tube length and temperature using the Mason-Schamp Equation [46].

(18m)2  ze  1.,,760 T 1t4E

CCS = - 2Lk
16 (ka)1/2(“) P 2732N L

(1.9)

Equation 1.9 The Mason-Schamp Equation. Where e is the charge on an electron, z is
the charge state of the analyte ion, Ky, is the Boltzmann constant, N is the number density
for the drift gas, T is the temperature in the drift tube, P is the drift gas pressure, 7; and p
is the reduced mass of the ion and neutral defined by (71,,0,1r01Mion )/ (MpeutraiMion) Where
Myeural 1 the molecular mass of the drift gas and m;,,, is the molecular mass of the analyte

ion. E is the electric field and L is the length of the drift tube.

Ions separated by their CCS leave the mobility cell and are subsequently detected on
the basis of their m/z in a tandem IM-MS approach. As a result, each peak in the mass
spectrum has a drift time profile attached to it, called an arrival time distribution where the
x-axis is tg. The sensitivity of DTIM is hindered due to the low duty cycle such that ion
species can reach the detector and reduce current detection. DTIM technology has since
been improved for better separation by an alternative technique of IM separation known as

traveling wave IM spectrometry (TWIMS).
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Figure. 1.10 Drift tube ion mobility spectrometry. A weak electric field causes ions to
migrate through a controlled tube filled with neutral buffer gas molecules resulting in
collisions. Ions with larger conformers undergo more frequent collisions with the buffer

gas and take longer to traverse the tube than ions with smaller conformers.

1.5.2 Traveling wave ion mobility

Developed by Waters corporation, TWIMS adopts the principles outlined in DTIM, with
the addition of a stacked ring ion guide (SRIG) of electrodes (Figure 1.11) [49, 50]. An
RF voltage is applied to the SRIG which traps ions centrally in the drift tube region whilst
ions migrate through the cell. A DC potential is superimposed over the RF voltage onto
adjacent pairs or sequences of electrode rings which are 180°out of phase. The DC potential
is set in an alternating fashion through the length of the SRIG to create an alternating
waveform [51]. This secondary wave propagates through the drift tube so that ions with
higher mobility (those with smaller CCS) experience fewer rollover events and, as they
experience less collisions, are propelled through the drift tube. Ions with lower mobility
(larger CCS) roll over the wave and rely on the next wave to pick them up again. This
mechanism improves the resolution of separation of ions and increases the speed of the
process therefore, increasing the duty cycle. Manipulating the voltage applied to the SRIG

affects the wave amplitude and velocity, allowing control of the degree of ion separation,
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as well as modifying the gas pressure in the cell [52, 49]. Due to the now non uniform
electric field in the drift tube in TWIMS, CCS cannot be directly calculated (denoted as
TWCCS for traveling wave measurements). 1" CCS is instead calculated by calibrating
the drift tube against calibrants measured in DTIM which correct for the non-uniform
electric field [51]. The calibrants selected must be fine tuned for the analyte of interest,
for a disordered protein for example, it would be suitable to select calibrants of a similar

molecular weight and charge states measured in denaturing conditions [53].
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Figure. 1.11 Traveling wave ion mobility spectrometry. Across the stacked ring ion guide,
adjacent rings are 180°out of phase. lons are centrally focussed for a radial propagation.

The sweeping DC potential separates ions based on their mobility.

1.5.3 Cyclic ion mobility

The resolving power of IM instruments is highly dependent on the length of the drift tube,
also known as the path length [54]. Efforts to increase the resolving power of IM have
therefore involved increasing path length. Recently Waters corporation advanced their
TWIMS device into a commercially available cyclic ion mobility spectrometry device
(cIM). The geometry of the cIM device consists of a TWIMS cell extended into a closed
loop called a racetrack which runs perpendicular to the ion beam direction through the

MS system (Figure 1.12) [54]. The racetrack loop is also situated between two ion guides
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called the pre- and post-array stores. At the entry junction into the racetrack after the
pre-array store, there is a multifunctional array which consists of multiple electrodes to
generate a traveling wave. By changing the direction of this wave, ions can be moved
between the racetrack and the pre- or post-array stores, which facilitates the ability to

isolate ions based on their drift time for further analysis [55].

The cIM-MS system offers IM", where the initial ATD from one pass of the cyclic
loop can be "sliced" into separated peaks, to then pass one "conformational family" under
one ty peak for multiple passes for further separation. lons are stored as packets in the
trap cell which precedes the IM separation region. Packets of ions are injected into the
pre-array electrodes where the DC potential applied is held below that of the cIM region
to prevent ions separating prematurely [55]. The voltage applied is increased and the
direction of the travelling wave matches that of the cIM cell so that ions are propelled
around the cyclic separator for a single pass. The path length of the cyclic device is 98 cm,
which improves the separation of ions observed in a standard linear TWIMS device with
a path length of 25.4 cm [54]. Therefore, with a single pass, the resolving power of IM
separation is increased. For IM", a slice of around a few milliseconds of the separation
phase can be ejected back into the pre-array store so that a segment set manually can be
excised from the single-pass ATD. The remainder of the ions in the ATD are ejected in the
opposite direction through the post-array and towards the ToF mass analyser preceding
IM separation but without triggering data acquisition [55, 56]. The ions stored in the
pre-array can be reinjected into the cIM cell and passed as many times as manually set
around the closed loop. The number of passes however is not infinite, as the high mobility
ions will catch up with low mobility ions resulting in overlap of separated peaks known as

"wrap-around".
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Figure. 1.12 Cyclic ion mobility. (a) The geometry of the instrument includes a pre-array
store, ions are injected into the cIM electrodes which are encased in printed circuit boards
(PCBs) which provide the voltage connections. Ions then migrate through the cyclic and
exit to the post-array. (b) The resolution of the shoulder peak observed at a single pass is

resolved into a separate conformational family after mutiple passes in the ty domain [56].

1.6 Tandem mass spectrometry

Mass analysers can be arranged in tandem (MS/MS) with one another enabling MS" where
mass analysers are separated by a collision cell for precursor ion selection (MS') and
fragment ion detection (MS?). This method of analysis is commonly used in proteomics
[57]. Known as a product ion scan (Figure 1.13), one ion or a particular m/z is isolated
usually by a quadrupole in the (MS'). There are various methods for fragmentation, one of
the most common is collisionally induced dissociation (CID). CID relies on a collision
gas such as Ar, N, or He which fills the collision cell. Ions undergo energetic collisions
with the gas molecules where there is a transfer of Ey into internal energy, this heating
effects results in fragmentation of covalent bonds in an ergodic reaction [58]. Similarly,
higher energy dissociation (HCD) which is carried out in the C-trap prior to the Orbitrap

mass analyser described in Section 1.3.4, relies on rapid injection of collision gas for
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fragmentation [59]. CID and HCD are not native techniques, as bond heating does not

maintain native protein structures, CID is known as a slow-heating activation method [60].
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Figure. 1.13 Product ion scan. A multiply charged ion of a specific m/z (blue) is selected
in the MS! cell and is subjected to fragmentation. Fragment ions are detected in the MS?

cell.

Fragmentation occurs in the linear backbone of multiply charged protein (top-down)
or peptide (bottom-up) molecules. Adding energy by CID and HCD causes cleavage of
the amide bond between neighbouring amino acid residues in a peptide bond yielding
b- and y- type ions which are N- and C- terminal directed respectively (Figure 1.14) for
de novo protein sequencing [61]. Internal fragments can also be generated by internal
bond fragmentation in two places causing two or more residue length fragments, however,
internal ions are generally large and assigning peaks becomes ambiguous. Nonetheless,
internal ions do increase the sequence coverage possible [57]. For native fragmentation
of intact proteins, also called native top-down fragmentation, other methodologies exist
such as electron capture dissociation (ECD), electron transfer dissociation (ETD) and
ultra-violet photo-dissociation (UVPD). The advent of top-down proteomics involves
directly infusing intact proteins for dissociation in order to sequence the protein backbone

and this has largely facilitated MS detection of proteins in complex mixtures [61-65].
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Figure. 1.14 Fragment ions generated through peptide bond dissociation. Type x, y and z
ions are formed when the positive charge is retained at the C-terminal end of the peptide.
Type a, b and c ions are formed when the positive charge is retained at the N-terminal
end of the peptide. Subscript n defines the amino acid residue number in the peptide ion

sequence.

1.6.1 Electron capture dissociation

Developed in around 1988 by Roman Zubarev, Neil Kelleher and Fred Mclafferty, the
process of low-energy ECD involves the capture of an electron by a multiply charged
cation to produce cationic dissociation product ions [61]. ECD is an electron initiated,
radical driven method used in MS/MS. Cleavage of the protein backbone occurs primarily
at N-C, bonds. Labile bonds such as non-covalent interactions and post-translational
modifications (PTMs) remain intact and can be identified as mass shifts of a single residue
[66]. The protein backbone chain is built up of amino acids H,N-C,RH-COOH (where R
is one of the twenty common amino acid side chains; Figure A.18) joined sequentially by
peptide bonds through removal of H,O for N-C bonding. Cleavage of the N-C bond yields
b- and y- type ions achieved by vibrational activation of the peptide bond. The capture of a
low energy electron (1 eV) results in cleavage of the N-C,, bond producing N-terminally

generated c- and C-terminally generated z- type ions (Equation 1.10 and Figure 1.15) [61].

[M +nH]"* +e~ — [M+nH]"~Y* — fragment ions (1.10)
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Equation 1.10 Charge reduction due to electron capture results in radical generation
before fragmentation where M is the molecular weight of the protein analyte, n is the

number of proton charges, e~ is an electron, and - represents a radical.

Low energy electrons are generated by a heated filament usually composed of tungsten
which heats as an electric current is passed through it. Electrons in the filament material
gain enough energy to overcome the minimum energy required to release an electron
from the surface (thermionic emission). Emitted electrons create a low energy electron
cloud or reservoir of which gaseous protein ions pass through for electron capture [67].
ECD has been applied to identify phosphorylation sites on protein chains, identify a dimer
interface and has been coupled to cIM to identify conformation sensitive fragmentation
patterns for carbonic anhydrase [68, 69]. Electron capture does not always result in bond
dissociation, referred to as electron capture without dissociation or ECnoD. This results in
the production of charge reduced ionic species appearing to the right of the isolated protein
ion on the m/z spectrum. It is thought that charged reduced species represent adjacent
c- and z- ions held together by non-covalent bonds. One potential weakness of ECD,
which became apparent due to the development of newer fragmentation techniques is the
abundance of b- and y- type ions which can be generated due to heating of the ECD cell
from the tungsten filament. As the cell heats, this energises gaseous protein ions prior to
fragmentation and results in higher energy fragmentation of the N-C bond from energetic
electrons which reduces the extent of how native ECD really is in comparison to ETD

developed in around 2004 [70].
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Figure. 1.15 Fragmentation mechanisms. All three processes highlighted: ECD, ETD and
UVPD result in primarily the production of c¢- and z- ions with the exception of UVPD

which also generates a- and x- ions.

1.6.2 Electron transfer dissociation

ETD relies on a similar mechanism to ECD. The difference between the two processes is
that in ETD, multiple charged protein ions interact with a reagent anion such as fluoranthene
(Figure 1.15) which transfers an electron to the protein cation [60]. A radical forms and
dissociates into c- and z- ions. ETD can be used in combination with HCD supplemental
activation in order to improve de novo sequencing by way of generating more fragment
ions [71], in a hybrid approach called EThcD however, the generation of b- and y- ions
makes this approach highly energetic [57]. ETD is carried out in ion traps held at lower
pressure for ion collisional cooling, reducing the internal energy of the electron attachment.
The Kelleher group at Northwestern University showed the true potential of ECD in the
structural elucidation of 5000 proteoforms from the human lung cancer cell line H1299

[72].

1.6.3 Ultraviolet photodissociation

UVPD offers an orthogonal fragmentation approach which does not involve electron

attachment, but instead utilises photons (around 6 eV per photon) generated from a UV
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laser source [73]. Energetic photons with a wavelength of 213 nm are absorbed by the
amide bond (N-C) on the microsecond timescale resulting in fragmentation via electronic
excitation [74]. Cleavage of the C-C,, yields the less common a- and x- type ions (Figure
1.14). Each amino acid residue moiety is composed of the mass of the residue minus a
water molecule which is lost during peptide bond formation, enabling sequencing. A key
benefit to UVPD is that it is not dependent on the precursor ion charge state. The only
parameter that requires optimisation is the activation time which is the duration of the UV
laser pulse (usually around 50-100 ms) [75]. The high energy photons are absorbed by
chromophores within the protein, a- type ions are formed when cleavage occurs between
the C, and the COOH group in the N-terminal direction, x- type ions are formed from
cleavage of the carboxyl group and the internal amino acid in the C-terminal direction
[76]. Both c- and z- ions also arise [73] which is discussed further in Section 4.7.2. UVPD
has been used to dissociate oligomers of streptavidin, transthyretin and haemoglobin into
dimers and monomers for backbone sequencing to yield information about the quaternary

structures of protein complexes [77].

1.7 Liquid-chromatography mass spectrometry

The analyses of complex biological samples, such as cell lysates or peptide mixtures
which contain many analytes and PTMs, results in complex overlapping m/z spectra.
Liquid chromatography (LC) is a separation technique used prior to sample ionisation and
MS analysis. LC is generally used in bottom-up proteomics approaches which includes
enzymatic digestion of proteins into peptides using common protease enzymes such
as trypsin (see also Section 1.8) [78]. LC separates proteins (top-down) and peptides
(bottom-up) in their aqueous phase through an analytical column packed with a specific
material for defined separation chemistries. The physicochemical properties of analytes
are utilised for separation in LC, this can be their size, charge or hydrophobicity. The

most commonly adopted LC approach in biological MS is reverse phase LC (RP-LC)
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which separates molecules based on their hydrophobicity. For RP-LC, the inner surface
of the analytical column is coated with alkyl chains bonded to silica. The length of the
alkly chain is an important determinant in the degree of analyte separation. Longer alkyl
chains are more hydrophobic. Analyte separation follows the "like likes like" principle,
where hydrophobic molecules will interact more with a hydrophobic surface [79]. Thus,
separation occurs based on how well an analyte interacts with the surface coating which
is called the stationary phase, and therefore how little an analyte is found in the flowing
aqueous liquid called the mobile phase. Analytes which interact well with the stationary
phase reside on the column for longer, and have a longer retention time. Typically a C18
chain is used (composed of 18 alkyl moieties in series). Hydrophilic analytes exit the
column with the shortest retention time. The polarity of the analyte (in the case of proteins)
is defined by its amino acid composition [80]. Other columns such as C4 alkyl chains offer

retention mechanisms based on ionic interactions.

So that hydrophobic analytes do not get stuck interacting with the stationary phase
indefinitely, the polarity of the mobile phase is gradually decreased by mixing a non-polar
buffer (buffer B) usually acetonitrile, into buffer A which is usually water doped with
around 0.1-5% acetonitrile or formic acid so that non polar analytes begin interacting with
the mobile phase, after their more polar counterparts have eluted from the column [81].
The development of high pressure liquid chromatography (HPLC) using thinner diameter
columns and higher flow rates, leading to higher column pressures, have offered improved
resolution of separation and increased speed of the column run times [82]. The buffers
used in LC separation are compatible with ESI sources to enable direct sample ionisation
once an analyte has eluted off of the column with a defined retention time, so that an m/z
can be attached to each LC peak, amenable buffers include formic or trifluoroacetic aicd

for denatured analysis.

Each analyte offers a brief elution peak and this must be accompanied by rapid mass

analysis of the intact precursor ion in the MS! cell prior to fragmentation and rapid



32 Introduction

detection of fragment ions in the MS? cell. For data acquisition there are two dominating
modes: data-dependent acquisition (DDA) and data-independent acquisition (DIA) [83—
85]. In DDA, after the first full mass spectrum scan, the most intense or abundant precursor
ions are selected for fragmentation where spectra are acquired until the LC elution protocol
finishes. A dynamic exclusion parameter can be manipulated in order to prevent the same
m/z precursor being repeatedly fragmented in a time frame so that other, less intense ion
species can be selected for [86]. DDA cycles must be finely tuned to be short enough
to improve the duty cycle, but also be long enough to thoroughly analyse elution peaks
(around 30-90s). In DIA, there is no pre-selection of precursor ions, so that co-eluting
precursor ions are fragmented together, using MSe developed by Waters Corporation and
more recently using windows in other instruments. The resulting fragmentation spectra
are complex and crowded, but the depth of analyte detection is more thorough. DIA is
unbiased towards ion abundance and ionisation efficiency, acquiring a mass spectrum for
all precursor ions within a defined mass range [87]. Recently, ThermoFisher Scientific
have developed a workflow called AcquireX, a modified version of DDA, which requires
iterative sample injections to create "inclusion and exclusion lists". This protocol enables
exclusion of background ions and commonly fragmented ions so that lower intensity ions

are fragmented.

1.8 Cross linking-mass spectrometry

Chemical cross linking (XL) has emerged as a versatile and indispensable technique in
structural biology [88, 4, 89-92]. XL-MS provides unique information about the three-
dimensional architecture and interactions between complex biomolecules by capturing
dynamic processes and transient interactions in solution [93]. The basis of XL involves
the formation of covalent bonds between amino acid residues in close proximity within a
protein structure in solution, or between proteins within a complex or between interacting

partners. XL therefore provides information on the structural arrangement of proteins
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either to themselves or to other proteins [94]. By covalently linking proximal residues,
XL-MS essentially provides a frozen snapshot of the most abundant conformations with

optimal cross-linking efficiency present at once in an ensemble.

Following the XL reaction, proteins or their complexes are digested using proteolytic
enzymes which retain these native linkages. These peptides are analysed by MS/MS to
map the global protein sequence by matching tagged peptide m/z values with spectral
peaks. A range of proteolytic enzymes are widely used for the digestion of proteins such
as trypsin, a serine protease which consists of a nucleophilic serine at the active site and
cleaves peptide bonds specifically at the carboxyl side of lysine and arginine residues
(unless followed by a proline residue) with high efficiency through a hydrolysis reaction
[95]. Trypsin is well established for protein digestion in bottom up proteomics approaches.
Engineered trypsin carry methylation modifications at lys and arg residues in order to
prevent autolysis/self digestion for cleaner MS analysis [96]. Although trypsin is widely
established and accepted as the gold-standard enzyme for bottom-up proteomics, one
limitation is that for proteins which do not contain numerable lys or arg residues, or contain
clustered lys and arg sequences, tryptic digestion results in poor sequence coverage. The
peptides produced would either be too long for accurate MS/MS sequencing, or too short
for adequate MS detection respectively and also prove difficult for LC separation [97, 98].
Many other enzymes with different peptide bond cleavage specificities are commonly
used such as GluC which cleaves at the carboxyl side of glutamic acid residues. Different
enzymes can also be used in tandem for either a sequential series of digests in order for a
primary enzyme to cleave the protein into peptides, followed by primary enzyme removal
and then addition of a secondary enzyme to further target longer peptides for digestion
into smaller peptides of optimal length for MS detection and sequencing. This workflow
has been shown to improve the sequence coverage for proteome analysis, improving the
number of proteins detected [97]. A second workflow involves partitioning the protein

mixture into separate reaction tubes, and adding for example trypsin to one tube and an
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alternative enzyme to the other and allowing each reaction to proceed, targeting specific
regions of the protein. The separate reactions are then analysed by MS/MS and the resulting

sequences are pooled to increase coverage [99].

Various XL methodologies exist with the exhaustive development of different XL
chemistries [100]. Proteins are cross-linked through the chemical reaction of homo- or
hetero-bifunctional cross linkers and the reactive functional groups present on the side
chains of amino acids. Reactive functional groups include amino groups (lysine, N-
terminus), thiols (cysteine) and carboxyl groups (aspartic acid, glutamic acid, C-terminus).
Specifically, N-hydroxysuccinimide (NHS) esters react with primary amines present on
lysine side chains forming a covalent link and are frequently used in cross-linking reactions
[101, 102, 90, 103]. The chemical reaction consists of acylation of a nucleophile which in
this case is the positive amine group. However, a lack of accessible lysine residues in some
cases has been shown to induce non-specific cross-linking to hydroxyl groups on serine,
threonine and tyrosine [100]. The linker length of a cross linker defines the maximum
distance restraint achieved, much like a molecular ‘ruler’. Linkers can range from ‘zero-
length’ to tens of angstroms [104]. Examples of ‘zero-length’ cross linkers are 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methyl-morpholinium chloride (DMTMM), which promote the reaction
between carboxylic acids on acidic residues and amine groups on basic residues by first
attacking acidic residues and then acting as a good leaving group so that the XL group
is removed by the incoming amine group (Figure 1.16). Whilst EDC is only sufficiently
active at relatively low pH (5.5), DMTMM is efficient at physiological pH [103]. Zero-
length cross linkers have the lowest possible distance constraint, but present challenges
for MS/MS cleavability and peptide identification and produce less rich data by capturing

fewer cross-links.
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Figure. 1.16 DMTMM reaction mechanism. Adapted from [103].

XL-MS proved powerful in the identification of protein subunit arrangements in com-
plexes [88, 93, 92, 105, 106]. XL could contribute to the study of intrinsically disordered
proteins (IDPs) and their elusive roles in cellular function and disease [93, 102]. XL-MS
is a useful platform for complementing molecular dynamic (MD) modelling, but often
requires a resolved structure to begin with. The length of the linker used in the XL reaction
is an important determining factor for constraints. Shorter linkers refine the MD search
space, reducing conformational possibilities for an ensemble [107, 108]. IDPs explore a
large conformational space and an ensemble of conformations, which limits the accuracy
of force fields used to generate MD simulations [102]. Henceforth using orthogonal data to
restrain MD simulations of an IDP is a powerful approach to help to define their conforma-
tional ensemble. Brodie. et al., [89] have probed the structure of monomeric a-synuclein
through ‘short distance cross-linking constraint-guided discrete molecular dynamics’ (CL-
DMD). This method uses short distance constraints achieved by cross-linking to reduce the
possible conformational space visited during an MD simulation, enabling simulations of

ensembles to be calculated. Using CL-DMD, their research showed that a distinct topology
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appears to be present in a-synuclein where the C-terminal region of the protein is in close

proximity to the N-terminal region consistent with long-range electrostatic interactions

[89]. Table 1.1 highlights some common cross-linkers and their characteristics.

Table 1.1 Common cross-linkers and their characteristics [109, 104].

Cross- Spacer- Reactive group Reactive Advantages/ Disad-
linker length residues vantages
BS3 11.4A NHS ester Primary amines | Not membrane per-
meable or cleavable
DSBU 12.5A NHS ester Primary amines | Cleavable, mem-
brane permeable
DSSO 10.1A NHS ester Primary amines | Cleavable, mem-
brane permeable
PhoX 4.8A NHS ester, phos-| Primary amines | Enrichable
phonic acid enrich-
ment
Azide-A- | 12.9A NHS ester, azide | Primary amines | Enrichable, cleav-
DSBSO enrichment able, membrane
permeable
DMTMM | Zero- Hetero- Lys, N- and C- | Active at physiologi-
length bifunctional, termini, glu/asp | cal pH
coupling reagent
EDC Zero- Hetero- Lys, N- and C- | Not active at physio-
length bifunctional, termini, glu/asp | logical pH
coupling reagent
DHSO 12.4A Hydrazide, cou- | Glu/asp, C- | Cleavable, mem-
pling reagent termini brane permeable

1.9 Hydrogen-deuterium exchange mass spectrometry

Hydrogen-deuterium exchange MS (HDX-MS) is a non-covalent labelling technique used

in structural biology [110-115, 7, 115, 8,9, 116-118]. HDX-MS offers insights into the
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dynamics, secondary structure and conformational changes of biomolecules in solution
by probing the solvent accessible surface area (SASA) and hydrogen bonding network
[119]. This is achieved by the exchange of liable hydrogen atoms on the protein backbone
with deuterium atoms (a heavy isotope of hydrogen with an additional neutron in the
nucleus resulting in +1 Da mass increase) from the solvent. This mass addition from the

incorporation of deuterium atoms is detectable by MS [120].

The information achieved using HDX-MS includes protein stability, folded/unfolded
structure, folding/unfolding kinetics, protein-protein interactions and protein-ligand inter-
actions by comparing at least two different conditions and mapping differences in local
hydrogen bonding at the peptide level [111, 112, 114, 115,7, 115, 8,9, 116-118]. The
HDX reaction begins through the dilution of the protein sample into a deuterated buffer
solution which is left to equilibrate over a fixed time period. Solvent accessible hydrogen
atoms on the amide nitrogen on the protein backbone are exchanged against deuterium
through acid or base catalysis on a detectable timescale [121]. The exchange reaction is
quenched by reducing the pH to 2.5 and the temperature to 4°C followed by an on-column
digest of the protein(s) into peptides. Enzymes required for proteolysis must be active at
low pH and low temperature for efficient peptide bond cleavage, typically this involves the
use of pepsin immobilised on a column [119]. Coupling HDX to MS enables the identifi-
cation of hydrogen protection and deprotection on the peptide level, mapping binding sites
and regions of conformational change. Peptides are separated using rapid on-line liquid

chromatography (LC) and analysed by ESI-MS-MS (Figure 1.17).
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Figure. 1.17 HDX labelling reaction.

Any proton is liable to deuterium exchange, but, in practice only backbone deuterium
incorporation occurs on the timescale (> ms) of experimental procedures without being
lost entirely to back exchange, meaning that each amino acid with its backbone amine
group can be probed for exchange, except for proline residues which do not contain an
exchangeable amide group. HDX is a common foot-printing technique for investigating
protein dynamics in solution and for characterising protein-protein/ligand interactions,
and identifying regions prone to aggregation [116, 9, 122, 123]. However, due to the
non-covalent labelling technique used in HDX-MS, back exchange of deuterium atoms
back to hydrogen atoms can occur which has contributed to the popularisation of covalent
labelling foot-printing techniques such as XL.-MS and fast photochemical oxidation of

proteins (FPOP) [8].
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1.10 Amyloid proteins and disease

1.10.1 Protein folding, misfolding and aggregation

Proteins are the most abundant bio-macromolecules which carry out essential functions to
sustain life. The proteome defines the complete set of proteins found in living cells, each
of which plays a key role in biochemical processes. Remarkably, there are just twenty
common, natural amino acids, as well as two rare natural amino acids, selenocysteine and
pyrrolysine which polymerise into a vast array of linear sequences forming the primary
structure of proteins. Most primary protein sequences fold (via various inter- and intra-
molecular interactions) into precise three-dimensional conformations in order to achieve a
functional form, ranging from enzymatic catalysis to cellular signalling. The journey of
a protein from its initial disordered state to a well-defined structure can be an intricate,
multi-step process where missteps could lead to consequences with profound implications

for cellular health [124].

The process of protein folding is guided by sequence-specific interactions between
amino acid residues, driven by non-covalent interactions such as hydrogen bonding, hy-
drophobic interactions and electrostatic bonding, as well as covalent bonding such as
disulphide bridging between cysteine residues [125-129]. Through exploration of the
former mentioned bonding mechanisms, a protein can adopt a plethora of intermediate
conformations known as partially folded intermediates or molten globule states before
achieving its final "native state". This is an energetically and entropically driven process,
where proteins tumble downhill from high energy conformations to lower energy states
(Figure 1.18) and often requires the assistance of chaperones such as the heat shock protein
family to prevent off pathway interactions such as aggregation [124]. The earliest exper-
iments to determine how a protein folds were performed in the early 1960’s and led to
the idea of folding funnels from studies in the 1980’s which highlight the role of partially

folded intermediates in the energetic search for the native state [129-135].
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Figure. 1.18 Protein folding and aggregation. An illustration of an intramolecular protein
folding energy landscape in blue where unfolded protein chains are funnelled downwards
through folded intermediates into the lowest energy native state. Intermolecular aggregation
is shown in the red funnel where ordered fibril structures are even lower energy states. The
two funnels overlap which identifies the interconversion from folding to an aggregation

landscape under certain conditions [136].

Nonetheless, misfolding can occur, resulting in kinetic trapping of partially folded
protein conformations. Misfolding can be a result of changes in the sequence (such
as familial mutations [137]) or changes in the environment such as pH, ionic strength,
temperature, mechanical forces, and the presence/absence of ligands. Therefore, for
environments dissimilar to physiological conditions, the misfolded conformation of a
protein may in fact be highly populated if not at the energy minimum. For example,
proteins entering lysosomes will experience a pH decrease from physiological pH in
the cytoplasm (pH 7.4) to a low, acidic pH in lysosomes (pH 4.5) resulting in potential
conformational changes. The exposure of regions with low solubility in a partially folded

state can lead to interactions with neighbouring misfolded monomers or with various
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ligands and molecules which can give rise to aberrant folding and associated misfolding
diseases [138]. The imperfect, yet fascinating occurrence of protein misfolding is of high
biological importance in vivo. The consequences of incorrect protein folding include
protein aggregation, fibrillation, loss of function or toxic gain of function, often resulting

in disease [139-142].

1.10.2 Mechanisms of amyloid assembly

The aggregation of a particular class of proteins into amyloid fibrils is the hallmark of a
number of diseases such as Alzheimer’s disease (AD), type II diabetes and Huntington’s
disease [143, 144]. These proteins, called amyloid proteins possess an increased propensity
to self-assemble into insoluble [-sheet rich, highly ordered structures known as amyloid
fibrils which can form insoluble deposits [145]. Fibrils can accumulate over time within
cells or tissues, in the extracellular space or in vitro and are exceedingly difficult to degrade
through cellular mechanisms [146, 147]. The most common amyloid-related disease is AD
characterised by the amyloid assembly of the proteins amyloid-$3 and tau which contribute

to neurodegeneration [141].

In 1639, Nicolaus Fontanus reported the autopsy of an unusual specimen, a deceased
young man with severe jaundice, with large white stones deposited in his spleen which
may have been the first observation and description of the sago spleen amyloidosis [148].
Amyloid was first openly defined in 1854 by Rudolf Virchow, a German physician who
identified that iodine turned blue when added to cerebral corpora amylacea macroscopic
structures of the nervous system. He postulated that this was due to their carbohydrate
based structures built of cellulose or starch [149]. Later, these deposits were classified
as proteinaceous by Friedrich and Kekulé in 1859 through the discovery of their high
nitrogen content and "amyloid degeneration" was exemplified by Samuel Wilks in 1856,
who collected over 60 cases of the white stony visceral material detected by autopsy

[148, 149]. The introduction of dyes such as the aniline dye; congo red, which was initially
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designed for staining textiles, but was later discovered to bind to amyloid by Bennhold in

1922, helped to associate amyloid deposits with disease [150].

Beyond the category of neurodegeneration, amyloidosis encompasses a spectrum of
disease pathologies affecting various tissues/ organs. Cardiac amyloidosis is an example of
localised amyloidosis where amyloid fibrils primarily composed of antibody light chains
(AL) are deposited in the heart tissue [151]. AL is an immunoglobulin light chain produced
by plasma cells in the bone marrow and, when in excess, can assemble into amyloid fibrils
[152, 153]. Amyloid proteins can, however, have positive roles in cellular function, such
as the eosinophil major basic protein 1 which is stored in eosinophils as a toxic protein
which binds to, and disrupts, pathogenic infectious cell membranes driven by amyloid
assembly [144, 154]. Amyloid fibrils can also be found in organisms other than humans,
such as bacteria and fungi (see Table 1.2), and are useful structural components in biofilm
formation such as CsgA (curli) and FapC [155, 144]. Overall, amyloid is present across
life and how fibrils assemble is of paramount importance in tackling devastating diseases,
but they can also find use in the development of strong bio-materials. Most of the known

amyloid precursor proteins are listed in Table 1.2.

Table 1.2 Amyloid Proteins. Precursor amyloid proteins are listed with their species of
origin, known structure, and disease or function associated. APO: apolipoprotein, polyQ:

poly-glutamine, TBP: TATA-binding protein. Adapted from [156—158].

Protein Name Domain Native Struc- Associated Diseases or Func-
of Life ture tions
Chaplins and Rodlin Bacteria a-helical Aerial hyphae formation and
spores

Curli proteins (CsgA) Bacteria (3-sheet rich Biofilm formation
Phenol-Soluble  Mod- Bacteria o-helical and 3- Produced by Staphylococcus
ulins strand aureus for biofilm formation
HET-s Fungi a-helical Prion protein in Podospora

anserina
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Protein Name Domain  Native Struc- Associated Diseases or Func-
of Life ture tions
Sup35 Fungi a-helical Prion protein in Saccha-
(soluble) and romyces cerevisiae
p-sheet (prion
form)
Ure2 Fungi a-helical Prion protein in Saccha-
romyces cerevisiae
British and Danish amy- Humans IDP Familial dementia
loid
Actin Humans Mostly o, Actin-related neurodegenera-
some 3 tive disorders
Amyloid-beta (A(3) Humans IDP,  hairpin ~ AD, hereditary cerebral hemor-
rhage with amyloidosis
PolyQ containing pro- Humans Mostly IDP Huntington disease
teins (Huntingtin)
ApoClIl, ApoCIII Humans a-helix, IDP ApoCII amyloidosis, ApoCIII
amyloidosis
Atrial natriuretic peptide Humans IDP Atrial amyloidosis
(ANP)
Calcitonin Humans IDP Medullary carcinoma of the
thyroid
Cystatin C Humans a-helical, Icelandic hereditary cystatin C
antiparallel amyloid angiopathy
p-strands
Enfuvirtide Humans IDP Injection-localized amyloido-
sis
Ferritin Humans a-helical Neuroferritinopathy
Fibrinogen Humans Multisubunit ~ Hereditary renal amyloidosis,
fibrinogen amyloidosis
Gelactin 7 Humans All 3-strand Localized cutaneous amyloido-
SIS
Gelsolin Humans IDP Finnish-type familial amyloi-
dosis
Immunoglobulin Humans p-strand Systemic light chain amyloido-

chains (AL amyloidosis)

S1S
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Protein Name Domain Native Struc- Associated Diseases or Func-
of Life ture tions

Insulin Humans a-helical Injection-localized amyloido-
sis

Islet amyloid polypep- Humans Random coil Type 2 diabetes

tide (IAPP or amylin)

Keratins Humans Unknown Cutaneous lichen amyloidosis

Lactadherin C2 domain  Humans IDP Aortic media amyloidosis

Lactoferrin Humans O+ Corneal amyloidosis

Leukocyte cell-derived Humans Unknown LECT?2 amyloidosis

chemotaxin 2

Lung surfactant protein Humans Unknown Pulmonary  alveolar  pro-

C teinosis

Lysozyme Humans o/3 lysozyme Hereditary non-neuropathic

fold systemic amyloidosis

Kerato-epithelin Humans Unknown Hereditary lattice corneal dys-
trophy

Medin Humans Unknown Aortic medial amyloidosis

Neuroserpin Humans o+ Familial encephalopathy with
neuroserpin inclusion bodies

ApoAl, ApoAll, Humans IDP ApoAl amyloidosis, ApoAll

ApoAlV amyloidosis, ApoAIV amyloi-
dosis

Odontogenic ameloblast- Humans Unknown Calcifying epithelial odonto-

associated protein genic tumors

Prion protein (PrP) Humans a-helix, IDP Prion diseases (e.g.,
Creutzfeldt-Jakob disease)

Prolactin Humans All o-helical Pituitary prolactinoma

Semenogelin 1 Humans Unknown Senile seminal vesicle amyloi-
dosis

Serum amyloid A Humans a-helical bun- Secondary amyloidosis

dles
Superoxide dismutase Humans All B-strands ~ Amyotrophic lateral sclerosis
Tau Humans IDP AD and tauopathies, Fron-

totemporal dementia with

Parkinsonism
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Protein Name Domain Native Struc-
of Life ture

Associated Diseases or Func-
tions

TAR DNA-binding pro- Humans IDP
tein 43
Transthyretin Humans Four $-strands,

two a-helices

a-synuclein Humans IDP

2 Microglobulin Humans f-sandwich
v-Crystallins Humans All [3-strand
Fused in sarcoma (FUS) Humans IDP

Orb2 Drosophila  a-helical, IDP

Amyotrophic lateral sclerosis,
Frontotemporal dementia
Familial amyloid polyneuropa-
thy, senile systemic amyloido-
sis

PD, Dementia with Lewy bod-
ies

Dialysis-related amyloidosis
Cataract

RNA and DNA metabolism
Memory formation

Amyloid precursor proteins typically, but not exclusively, contain IDRs, hydrophobic

clusters and/ or low complexity domains (LCD; where amino acid variation is low) [159—

161]. The fibril assembly process is complex and the exact mechanisms can vary between

specific amyloid proteins. Despite immense efforts towards the study of the mechanism

of amyloid assembly, the molecular mechanisms that govern amyloid formation remain

largely unresolved [157, 162]. Indeed, the biological question regarding how amyloid

assembly occurs is highly important in order to advance our understanding of various

devastating diseases. The general amyloid assembly process is outlined in Figure 1.19

and is described by a sigmoidal growth curve as monitored using the amyloid specific dye

thioflavin T [163].



46 Introduction

Plateau phase
=)
% Elongation
< phase
Lag phase Non-seeded growth
«— Seeded growth
Time
% Fragmentation
8 Oligomerisation/ S — "
© O Nucleation 8 & elongation % g Elongation

Amorphqus +—=@© disassociation
aggregation /association

° o o § o
© & Secondary =t
nucleation J8ass Monomer

Figure. 1.19 The process of de novo and seeded amyloid assembly. In de novo amyloid
assembly (light purple sigmoidal curve) the process begins with the lag phase whereby
thermodynamically disfavoured nucleation events occur, also known as primary nucleation.
The elongation phase consists of rapid, thermodynamically favoured growth by addition of
monomers to fibril ends reversibly or by secondary nucleation along the fibril axis. Frag-
mentation of fibrils can occur which replenishes the pool of fibril ends. The plateau phase
is eventually achieved, reaching an equilibrium of monomer association and disassocia-
tion. The addition of seeds (pre-formed fibrils; dark purple sigmoidal curve) dramatically
shortens the lag phase of fibril assembly by overcoming thermodynamically disfavoured

events. Off-pathway intermediates involve the assembly of amorphous aggregates.

Initially, monomers form small oligomers through primary nucleation. This stage is
dependent on monomer concentration and the ability of monomers to nucleate which can
depend on their conformation, sequence mutations, modifications and the environment
[164]. Monomer association is thermodynamically unfavourable and is therefore called

the lag phase [165, 166]. The lag phase can be eliminated by the addition of pre-formed
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fibrils (seeds) which offer fibril ends to act as surfaces for rapid monomer recruitment.
Small oligomers are held together by intermolecular interactions including hydrophobic
shielding, electrostatic interactions and pi-pi stacking [167]. Monomers are continually

recruited to the nuclei in the elongation phase.

Higher-order oligomers begin to form and an increase in secondary structure can be
observed as the disorder to order transition begins [168]. This shift involves the assembly
of 3-sheets achieved through hydrogen bonding increasing stability. Oligomers can have
annular structures, with a pore-like centre hinting to a potential toxic mechanism of pore
formation in membranes [169, 170]. Kinetically trapped oligomers with differing toxicities
(type A*: non toxic and type B*: toxic) have been identified for a-synuclein («S) and these
are described further in Chapter 5 (Figure 1.20) [169-172]. Type A* and B* oligomers
showed subtle differences in structure to one another and type B* oligomers induced
a release of calcein from small unilamellar vesicles which suggest disruption of acidic
lipid bilayers, 10 times greater than that of type A [171, 172]. Similarly, for the amyloid
precursor protein Af3, the proposal of a 3-barrel pore forming oligomer for AF342 has helped
to understand the potential toxic mechanism exhibited by oligomeric species [173—-175, 14].
A combination of IM-MS measurements with molecular dynamics simulations revealed the
possible structure of a pore forming, 3-barrel oligomer of AB42 with an internal diameter

of 9A to 17A which could insert into membranes resulting in Ca?* release [176].
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Figure. 1.20 Structural characterisation of type A grown with EGCG and type B oligomers
of a-synuclein. (a) Intermolecular Forster resonance energy transfer (FRET) efficiencies for
measurements of Type A* (orange) and Type B* (green) oS oligomers reveal differences
in structure. (b) Atomic force microscopy images with a scale bar of 200 nm identify
annular species. (c) Differences observed in sedimentation coefficients through analytical
ultracentrifugation. (d) In vitro calcein release in percentage from small unilamellar
vesicles. (e) Intracellular calcein-induced fluorescence under different conditions for
human neuroblastoma cell line (SH-SYS5Y; solid bars) and rat primary cortical neurones
(striped bars) and (f) a measure of mitochondrial activity by the reduction of MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) for SH-SYSY cells (solid bars),
and rat primary cortical neurones (striped bars) after incubation with defined aS species.

Figures taken from [172].

The increase in cross 3-sheet content can be tracked by the addition of a fluorescent
molecule called Thioflavin-T (ThT) to the reaction (Figure 1.21). ThT consists of a C-
C bond connecting a benzothiazole ring and aniline ring. When ThT intercalates into
the hydrogen bond network of stacked [3-sheets, rotational freedom about this bond is

immobilised resulting in increased fluorescence [177, 178]. Amyloid growth generally
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follows a similar overall process, but at the molecular level for different amyloid proteins
listed in Table 1.2, and different environmental factors such as pH, ligand presence/absence
and monomer concentration, differences can be observed resulting in a variation of sigmoid
curves observed in Figure 1.19.
Thioflavin T
CHs s CHs
N/
7/ \
N+ CHj3
\

CH _
S a

Figure. 1.21 Thioflavin T. The chemical structure of Thioflavin T created using ChemDraw.

Elongation continues, resulting in the assembly of long, highly ordered, twisted amyloid
fibrils with a characteristic cross-3 structure (Figure 1.22 [179]. Eventually monomers
are converted into fibril structures stabilised by hydrogen bonding and r-n stacking [180].
At this stage, secondary events can also play a significant role in the amyloid formation
kinetics. For instance, fragmentation events can create free fibril ends which act as seeds
for further amyloid assembly, and fibril surfaces themselves can act as a surface for surface-
catalysed nucleation processes to occur [181]. Overall, the process of amyloid assembly is
determined by numerous factors which deem the process challenging to understand. The
development of mathematical models and fits of in vitro ThT kinetics of fibril growth by
the Knowles lab in the freely available software AmyloFit, has aided the understanding
of microscopic processes from macroscopic experimental measurements, enabling the
determination of which processes dominate amyloid assembly under defined conditions

[182].

Studying fibril assembly is extremely challenging due to the number of internal and ex-
ternal factors which can influence the kinetics. The initial transition from stable monomers
to a nucleated species is highly dependent on the protein sequence and the conformation

adopted by the protein. In turn, the conformation and interaction behaviour of the protein
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are affected by post translational modifications (PTMs), sequence variants and interaction
partners. Additionally, the buffer conditions or indeed, the cellular environment including
ionic strength, pH and ionic components can influence the rate of amyloid assembly. For
instance, divalent metal ions increase the rate of amyloid assembly for the amyloid pre-
cursor protein oS [183, 184] but slow the rate of fibril assembly or reduces the resulting
amount of amyloid formed for islet amyloid polypeptide (IAPP) depending on the metal
ion investigated [185-187]. When considering the crowded cellular environment with
various proteins, ions and surfaces in different compartments, the understanding of amyloid
assembly in vivo is complicated even further. Binding to chaperones and phospholipid
membranes can speed up or slow down amyloid assembly and alter the oligomer con-
formations achieved [188-190, 174, 185, 191]. Altogether, the precise early molecular
mechanisms of amyloid aggregation are still unclear, and a more in-depth understanding

of the earliest stages of initiation of the process require unravelling.

ThT binding | B

Monomer Small oligomer Higher order
oligomer

Figure. 1.22 Amyloid assembly pathways. Monomer amyloid precursor proteins nucleate
into oligomers which lack of cross-$3 structure and hence ThT fluorescence does not capture
this stage (shown in the top bar). Oligomers grow to eventually form protofibrils, where
the increase in cross-{3 structure facilitates ThT binding and fluorescence. Alternatively,

liquid-liquid phase separation can accelerate amyloid assembly.
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An additional alternative pathway for amyloid assembly involves liquid-liquid phase
separation (LLPS), where the spatial concentration of a relevant amyloid prone protein
is increased and results in rapid fibril assembly via the formation of liquid condensate
structures [192—-195]. Condensates initially form as membrane-less organelles which
are spherical and have liquid like properties [196—-198]. Fluorescence recovery after
photobleaching (FRAP) experiments involve focusing high intensity lasers on pinpoint
regions within condensates in order to photo-bleach fluorophores on labeled proteins
[199-201]. With time, fluorescence of this region is recovered due to the diffusion of un-
bleached fluorophore carrying proteins back into the liquid condensate. This property has
been shown for islet amyloid polypeptide (IAPP), TAR DNA-binding protein 43 (TDP-43)
and oS among many other amyloid proteins, some of which require the binding of RNA or
DNA in order to achieve their LLPS potential [202-204]. Eventually condensates can fuse
together and fibrils can protrude out of their surface to interact with other condensates until
a gel-like network is formed and this becomes insoluble (Figure 1.22). As condensates
fuse together, non-proteinaceous material such as mitochondria, ions and lipids may get
trapped and this could in turn be a contributing factor to intracellular insoluble deposits

such as Lewy bodies [205].

-
Condensates transition into a

Droplets fuse together hydrogel-like state where fibrils

% (,o—/ : protrude out of the droplet surface.
L . forming membrane-less
De-mixing induces a transition
: condensates.
into phase separated droplets
Monomers free with liquid-like properties.

in solution.

Figure. 1.23 Liquid-liquid phase separation. Monomers de-mix into liquid-like conden-

sates which fuse together into a gel-like state.
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1.10.3 The amyloid fold and fibril architectures

Our understanding of amyloid architectures has been greatly advanced through techno-
logical advances such as electron microscopy (EM), X-ray diffraction, nuclear magnetic
resonance (NMR) and atomic force microscopy (AFM). Due to their highly ordered nature
and helical pitch, fibril structures can be analysed by the former mentioned techniques
[206-212]. oS, for example has been identified as one of the most polymorphic amyloid
proteins in terms of fibril assemblies with > 70 fibril structures solved to this date according

to the amyloid atlas [213].

Early X-ray diffraction models identified the characteristic cross-3 architecture of
amyloid in which [3-strands are arranged at a 90° angle to the fibril axis (Figure 1.24
[214, 215]. This pattern was observed by the pioneering biophysicist William Astbury in
1935 through the interrogation of poached egg whites in the X-ray beam, where elongated
protein strands were stacked along the fibre axis resulting in parallel sheets, later defined
as 3-sheets established by hydrogen bonding by Pauling and Corey [145]. However, some
exceptions to the canonical cross-{3 structure exist, bacterial amyloids such as PSMo3 with
functional properties such as virulence activities exhibit a cross-a structure, critical for their
cytotoxic function [216]. Generally, amyloid fibrils are around 10 nanometres in width and
non-branching, but can form structures up to micrometres in length with curved or bundle
like assemblies, and are made up of one to four protofilaments [217, 218]. The precursor
material to amyloid fibrils is known as protofibrils which are distinct from protofilaments
[219]. Protofilaments are packed together via van der Waals forces and hydrogen bonding
to create a steric zipper motif at the interface (Figure 1.24). Nonetheless, despite the
similar core architecture found across all amyloid fibrils, their regions of deposition and
interaction partners vary and high resolution structures identify differences in monomer
conformations, helical rise, cross-over length and protofilament arrangements. Information

that is now available in atomic resolution using modern methods of cryo-EM [220-228].
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Figure. 1.24 The amyloid cross-$3 structure. (a) A schematic of the structure of amyloid
fibrils. With an unbranched morphology, several protofilaments are assembled a few
nano-meters in width and can be up to micrometers in length. In the cross-{3 structure,
(B-strands are stacked perpendicular to the long axis of the fibril. (b) A number of solved
amyloid fibril structures, for amyloid {3, the top and side views are shown. For all other
proteins, the three-dimensional polypeptide chains which make up a single layer of the
fibril axis are shown. (c) A schematic showing the fundamental architecture exhibited by

amyloid fibrils consisting of the steric-zipper motif. Taken from [229].
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1.10.4 Seeding potential and mechanisms of disease progression

Amyloid fibrils can be classified as prion-like or non prion-like which defines them as
transmissible or non-transmissible, respectively. In prion diseases, misfolded human
prion protein (PrP) can self perpetuate infection by converting normal host PrP into
misfolded, pathological forms, This is characteristic of Creutzfeldt-Jakob disease and
other prionopathies [230, 231]. This process occurs through direct cell-cell transmission
of neurotoxic material which can occur via transport through the axons of neurones and
through the synaptic cleft in the case of mammals [232, 233]. In the case of yeast prions,
such as Sup35 and Ure2 found in Saccharomyces cerevisiae aggregates can spread from
cell to cell, transmitting a new phenotype [234]. Indeed, in some prion-related diseases,
peripheral tissues such as the spleen and lymph nodes can accumulate misfolded prions

which then ultimately act as a source of the infectious material [235, 236].

Non-prion proteins such as amyloid 3, tau and a-synuclein can seed aggregation and
trans-cellular propagation in cell cultures and mouse models, which has been shown for
neuron to neuron transmission [237-240]. For instance, adding preformed amyloid fibrils
(PFFs) such as a-synuclein fibrils to the surface of cell cultures results in detection of
a-synuclein within cells, conversion of cytosolic monomers into fibrils, and pathological
symptoms such as apoptosis, calcein release and high levels of reactive oxygen species
(ROS) [188, 241, 172]. In the context of Parkinson’s disease (PD), the gut-brain hypothesis
suggests that pathological a-synuclein aggregates might originate in the gastro-intestinal
(GI) tract [242, 243]. This hypothesis originated through the observation of a-synuclein
aggregates in the enteric nervous system [244] and GI tract of PD patients [245] which
raised the question, how did they get there? Indeed, it seems that perhaps, they originated
there. And the question that we should instead ask is, how did they make it to the brain?
Research has shown that a-synuclein can in fact travel to the brain via the vagus nerve
which connects the GI tract to the brain and this has been directly evidenced in mouse

models by introducing a-synuclein into the gut of mice, which spread to the brain leading
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to PD-like symptoms [246, 247]. Whilst this hypothesis is compelling, it is important to
remember that PD, among other synucleopathies and amyloid-related diseases are complex

and vary considerably from patient to patient [248, 249].

1.11 Introduction to «-Synuclein

a-Synuclein (aS) is an amyloidogenic protein characterised as an IDP whose amyloid
assembly pathway is associated with the pathology of synucleopathies such as PD, the sec-
ond most common progressive neurodegenerative disease [250]. In 1817, James Parkinson
described the symptoms and characteristics of PD, the neuropathology of which is defined
by aS rich insoluble cellular inclusions called Lewy bodies [251, 252]. The deposition of
Lewy bodies correlates with the death and loss of dopaminergic neurons in the substantia
nigra of the brain which is responsible for motor function [253]. Increased copy number
and single nucleotide polymorphisms found in early, aggressive and dominant familial
forms of PD have directly linked the SNCA gene which encodes oS to PD, evidencing its
core role in the disease [254-256].

1.11.1 Structural properties of oS

Wild-type (WT) aS is composed of 140 amino acid residues with an average molecular
weight of 14460.16 kDa. Overall, oS carries a net negative charge of -9 at neutral pH and
has an isoelectric point of 4.67 [257]. The primary sequence of oS is composed of three
segments: (i) an N-terminal domain, (ii) a non-amyloid 3 component (NAC) core and, (iii)

a C-terminal domain shown in Figure 1.25.
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Figure. 1.25 Monomeric aS sequence. The protein sequence of oS is characterised by three
distinct regions, the N-terminal region (blue), the NAC region (pink) and the C-terminal
region (orange). Imperfect KTKEGYV repeats are underlined and the location of familial
point mutations are shown in the N-terminal region. The number of positive and negative

charges along the sequence segments are also shown.

(i) The N-terminal domain (residues 1-60), is overall positively charged and contains
imperfect amino acid repeats (KTKEGV; Figure 1.25) that have a lipid binding function
[258]. Interactions with lipid membrane surfaces induce a-helical structure of oS involving
the first 100 residues [259, 260]. Membrane-bound structures have been determined by
NMR for oS including a broken helix formed of two a-helices V3-V37 and K35-T92
arranged antiparallel to each other when bound to phospholipid vesicles, and an unbroken
a-helix between V3-T92 when bound to phospholipid bicelles [261, 262]. Membrane
disruption has also been evidenced for oS binding to lipid nanodiscs showing the removal
of lipids, resulting in destabilisation of the lipid bilayer [263]. In vivo, oS is found to be
post-translationally modified (PTM) at various sites along the protein sequence [264-266].
Predominantly, oS is acetylated at the N-terminus which has been shown to influence
membrane binding affinity through increased helicity [267, 268, 190, 269-271]. The N-
terminal region also contains several missense point mutations correlated with autosomal
dominant forms of PD including V15A, A30P/G, E46K, AS3E/T/V, H50Q and G51D
(Figure 1.25) [272]. A30P and AS53T have been shown to alter «S membrane binding
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properties by reducing overall membrane binding [273]. A53T, E46K and H50Q have been
shown to accelerate the rate of amyloid fibril assembly [274, 254, 275] whereas G51D and
A30P have been found to slow the rate of amyloid assembly [276]. (ii) The NAC core
(residues 61-95), is a hydrophobic, amyloidogenic region, shown to be crucial for 3-sheet

formation, promoting amyloid fibril assembly [277-281].

Finally (iii), the C-terminal region (residues 96-140), a highly negatively charged
sequence, is responsible for binding metal ions (such as Cu?t, Cut, Mn?*, Co?*, Zn?H),
calcium (Ca”*), and dopamine all of which are positively charged and are found to
accumulate in Lewy body (LB) formations [282, 283]. The C-terminal sequence includes
PTM phosphorylation sites at residues Y125, S129, Y133 or Y135 which have been shown
to regulate oS amyloid assembly [284-290]. High levels of phosphorylated oS, mostly
at S129, have been detected in LB deposits in patients’ brains with PD [291-293]. LB
assemblies have been shown to have a complex composition, containing non-proteinaceous
material such as lipids, membranous organelles including mitochondria and metal ions
[294, 295]. Taking a closer look at LB assemblies has revealed the presence of truncated
aS as well as full length oS [296-298]. Using mass spectrometry, Anderson et al., detected
five C-terminal truncations from LB samples terminating at: D115, D119, N122, Y133
and D135 [292]. Truncations appeared to occur under natural physiological conditions,
suggesting a functional role for these variants. However, findings have also shown that for
these C-terminal truncations, assembly into amyloid occurs more readily and may act as
effective seeds [292, 297, 298]. N-terminal truncation of «S is also observed in LBs, at
residues 5, 10, 18, 19 and 68, possibly due to protease cleavage or incomplete digestion by

the proteasome [299, 300].

1.11.2 Physiological properties of oS

aS is found in vivo to partition between the cytoplasm and bound to phospholipid mem-

branes that enclose cells, and it is also present in organelles such as mitochondria and
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exosomes [301]. Since the discovery of aS, its exact functional roles are still unknown
[302-306]. Localisation to presynaptic nerve termini suggests a role in vesicle remodelling,
the release of neurotransmitters and vesicle recycling (Figure 1.26). S has recently been
identified as a curvature-sensing and stabilising protein which remodels membranes by
inducing curvature, resulting in the loss of membrane integrity, potentially elucidating one
of the mechanisms of membrane disruption in PD [307]. The strong binding is driven by
the electrostatic interaction between negatively charged lipid bilayers and the positively
charged N-terminal region of oS (Figure 1.25), and the affinity of binding is increased for
highly curved surfaces, modulated by specific lipid content, achieved using fluorescence
correlation spectroscopy [308]. These reports place oS into the class of proteins called
amphipathic helix-containing proteins which are unstructured in solution, but begin folding

their amphipathic helix in the presence of curved lipid membranes [309-311].

The role of aS in vesicle docking and fusion to the presynaptic plasma membrane
for exocytosis has been indicated by studies identifying the involvement of oS in the
assembly of the SNARE complex, a process essential for exocytosis of synaptic vesicles
[312, 189]. The SNARE complex is made up of syntaxin, synaptosome-associated protein
25 (SNAP-25) and vesicle-associated protein 2 (VAMP2) which assemble together as
four helices to zip synaptic vesicles to the plasma membrane [313, 314]. Recent findings
reveal that oS has an integral role in endocytosis of synaptic vesicles [189]. aS knockout
mice models using fluorescent sensors reporting on recycling of synaptic vesicles showed
slowing of vesicle endocytosis, but no observable change in the rate of vesicle exocytosis
[315]. oS shares sequence homology with two other members of the synuclein family;
B(134 residues) and yS (127 residues)[316]. BS features proline residues which make
it more rigid and resistant to amyloid assembly, whilst yS has a truncated C-terminus
compared to WT oS, featuring fewer acidic residues and is less amyloid prone but has been
associated with Amyotrophic lateral sclerosis [316]. Intriguingly, if 3S and yS isoforms

are also knocked-out, but each isoform is returned individually, restoration of the rate of
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synaptic vesicle endocytosis occurred, highlighting the complementary function of the

synuclein isoform family [315].
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Figure. 1.26 The role of aS in synaptic vesicle exocytosis and recycling. S mediates

vesicle clustering and fusion with the plasma membrane. Redrawn from [189].

Two major models of endocytosis are debated to include aS; kiss-and-run of small
synaptic vesicles occurring in <Is time-frame, and clathrin-mediated endocytosis (CME)
occurring on a time-frame of 10-20s [317, 318]. The high affinity of aS to highly curved
membranes supports the theory that oS is implicated in the kiss-and-run mechanism of
smaller, more curved vesicles. CME involves the assembly of clathrin-coated vesicles
that bud from the plasma membrane for internalisation of synaptic vesicles, aS may
interact directly with clathrin or interact indirectly with other proteins crucial to the CME
process [319]. Using NMR, the first N-terminal 25 residues of oS monomers have been

proposed to anchor to small unilamellar vesicles [320]. This binding is enhanced by
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N-terminal acetylation and calcium binding to the C-terminal region which neutralises
negative residues, increasing interactions of the NAC-region with lipids [269, 321]. Finally,
oligomerisation of oS may play a role in its physiological function. A specific type of
oligomer; type B* which is kinetically trapped during amyloid assembly [322], induces
cellular toxicity by generating ROS and reducing mitochondrial activity within neuronal
cells [322]. Type B* oligomers induce the release of calcein from synthetic lipid vesicles
and cause the disruption of cell membranes by insertion into the hydrophobic interior of

the lipid bilayer [172].

1.11.3 Current treatments/therapeutics towards Parkinson’s disease

Our understanding of PD is constantly evolving, and there is still a journey to go in order to
understand the initiation and onset of PD to develop effective treatments. Eradication of the
disease is not yet possible, but extensive efforts towards therapeutics are constantly being
improved upon [323]. Levadopa (L.-dopa) is the most common and most effective medicine
for managing the motor symptoms associated with PD, such as tremor and bradykinesia
by exhibiting neuroprotective action [324, 325]. L-dopa is converted into dopamine in
the brain to replenish dopamine levels which are reduced due to the loss of dopaminergic
neurons. Long-term use of L-dopa however, can cause increased involuntary movements
and reduced drug potency [326]. Drugs with similar modes of action to L-dopa include
dopamine agonists which mimic the action of the neurotransmitter dopamine in the brain
such as Ropinirole [327]. Additionally drugs which act by inhibiting the enzymes that
break down dopamine also aim to maintain dopamine levels within the brain, an example is
Selegiline [328]. Other mechanisms for treating PD are more general and include diet and
lifestyle changes such as implementing a more balanced diet, stress management, adequate
sleep and exercising regularly [329]. It is clear that understanding how PD progresses and

develops at the molecular level is key to developing effective treatments. Any effors in
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drug design require that we understand and characterise a specific target linked with the

disease, which could be a specific conformation of the protein oS.

1.12 Mass spectrometry analysis of amyloid

Studying the conformations of oS at different stages of amyloid assembly presents exper-
imental challenges. Monomeric aS is a relatively small and disordered protein making
it invisible to techniques with high molecular weight cut-off’s, such as cryo-EM and
challenging for techniques which are ensemble averaging, such as NMR. Oligomers are
highly heterogeneous and individual conformations can be present at less than 1 % of the
entire ensemble, making it easy to miss specific yet essential, oligomeric states. Fibrils on
the other hand, are high mass and stable structures, making their structural elucidation by
solid-state NMR and cryo-EM ideal [220-228, 330-332]. In this section, some examples
of how MS has been used to overcome these difficulties are discussed and their effort to

advance our understanding of S as well as other amyloid proteins are emphasised.

1.12.1 Monomers

Amyloidogenic monomers generally possess intrinsically disordered regions, making
them difficult to study structurally. HDX-MS is a well established tool for studying
protein conformational dynamics, but this usually occurs on the 10s of seconds time scale
which can fail to capture more rapid dynamics on the micro-milli second timescale [120].
Seetaloo., et al recently published research applying their custom millisecond HDX-MS
set up to study the conformational dynamics of oS in different physiological matching
solution conditions [116] such as the extracellular, cytosolic, lysosomal environments or
control of Tris buffer which each differ in pH and ionic composition/strength. Firstly,
using ThT fluorescence, aS was shown to aggregate into amyloid the fastest in lysosomal

conditions, followed by cytosolic then extracellular conditions, then Tris only. As well as
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varied amyloid assembly rates, distinct fibrillar architectures were observed to assemble
by atomic force microscopy. Fibrils grown under lysosomal and extracellular mimicking
conditions had a similar twist (polymorph p3a with fibril heights of 7-9 nm). When
correlated with unique millisecond HDX-MS data, part of the C-terminal region (residues
115-135) was significantly deprotected in the lysosomal and cytosolic state, whilst the
N-terminal region and NAC core of residues 2-4, 10-17, 34-38 and 53-94 were protected.
The exposure of the C-terminal residues 115-135 is key for nucleation as these residues
become deprotected in conditions which induce faster amyloid assembly. The N-terminal
region and NAC region impact fibril elongation by becoming protected under conditions in
which fibril growth is most rapid. These findings correlate specific structural dynamics
of oS monomers with amyloid assembly behaviour and demonstrate the importance of

replicating diverse physiological conditions when studying amyloid assembly [116].

Another novel application of MS to study oS monomers utilised charge detection MS
to investigate the interaction of oS with lipid nanodiscs which are lipid nanoparticles with
a bilayer arrangement [263]. oS was shown to interact strongly with anionic lipids. Non-
covalent interactions were observed in which aS-nanodisc complexes were measurable, and
predominantly 1-2 oS molecules were detected to be bound. Mass defect analysis where
the difference between the measured mass of a complex and the mass of the individual
components was calculated (Figure 1.27). This analysis revealed the disruption of the
lipid nanodiscs by oS, where lipids are displaced from the nanodisc. This was evidenced
as the masses of intact nanodisc complexes were not significantly altered by the addition
of oS, which suggests that S instead displaces the lipids and inserts into the membrane
rather than binding peripherally. These findings are key to revealing the toxic properties
exhibited by oS in a cellular context. The addition of (-)epigallocatechin gallate (EGCQG),
which inhibits «S fibril assembly [333, 334], prevented membrane disruption but did not

alter oS association with the lipid nanodisc [263].
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" a-syn

Anionic Nanodisc Association Bilayer Disruption
Figure. 1.27 o-Synuclein interacts with lipid nanodiscs. Mass defect analysis identifies the

ability of aS to remove lipids from nanodiscs. EGCG prevents lipid removal but maintains

the interaction between oS and lipid nanodiscs.Taken from [263].

1.12.2 Oligomers

Oligomeric assemblies are particularly difficult to characterise due to their heterogeneous
and potentially unstable nature [169-171, 174, 172, 175, 14, 173]. It has been shown
that soluble oligomers of oS can be isolated and were shown to be annular by electron
microscopy [335]. Isolated soluble oligomers show an increased proportion of 3-sheet
content which potentially primes the oligomers for an oligomer-fibril transition. Using
HDX-MS to probe the backbone amide solvent exposure in isolated oligomers, more infor-
mation about the stability and structure of oligomers was revealed [7]. Strong protection
against deuterium uptake was observed in residues 5-17 in the N-terminal region of aS
oligomers, which infers that these residues in the N-terminus are involved in oligomer
assembly, whilst the C-terminal region remained solvent exposed and showed no protection
when compared with oS monomers. Additionally, peptides containing residues 39-54 and
70-89 were protected regions (Figure 1.28). The three protected regions were separated by
two regions which showed a lower level of protection such as a potentially highly dynamic
region of residues 55-76. This protection pattern matches the behaviour of 3-strands [7].
HDX-MS proved to be a powerful technique for probing dynamic structural changes in

these oligomeric species.
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Figure. 1.28 A heat map of deuterium uptake in peptides from oS oligomers. The colour
gradient from top to bottom represents deuterium uptake for time-points; 0.5, 2, 8, 32, 128

and 256 min. Taken from [7].

Research from Michael Gross’ lab at Washington University, St. Louis demonstrated
a new platform for tracking the maturation of amyloid (3, associated with Alzheimer’s
disease from monomer into fibrils [336]. Their workflow utilised covalent labelling of
proteins called fast photochemical oxidation of proteins (FPOP) coupled to MS. This
workflow relies upon the formation of hydroxyl radicals using an excimer laser operating
at 248 nm to photolyse H,O,. Hydroxyl radicals covalently label solvent exposed side
chain residues within microseconds and reveal a footprint of the solvent accessible regions
of a protein (Figure 1.29). Ki., et al used FPOP to follow the amyloid assembly of
amyloid (3 and revealed a highly complicated, multistep process [337]. LysN digestion
of covalently labelled amyloid {3 identified key regions in amyloid 3 responsible for the
assembly of higher order structures. Protection occurred in a step wise manner for the
middle segment of the protein corresponding residues 16-27 whilst the N-terminal region
remained disordered in monomers and fibrils. The C-terminal segment (residues 28-42)
also showed protection from labelling but slightly less so than residues 16-27 which
must play a key role in self-association and stabilisation of higher order species. Due to
the residue level labelling quantification, residues F19/F20 could be identified to have
the highest difference in modification, not only because phenylalanine is highly reactive

to hydroxyl radicals compared to the other residues in close proximity, but the high
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hydrophobicity of phenylalanine potentially drives the oligomerisation and self association
process [338]. Their research is a pivotal example of how MS conjugated techniques
reveal hidden details in the assembly of higher order species and is a beautiful example of
foot-printing MS transferable to other amyloids. However, no reports have yet appeared of

FPOP analysis of aS.
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Figure. 1.29 FPOP reaction. H,O;, molecules are photolysed into hydroxyl radicals which
readily label solvent accessible residues on the surface of proteins and are detected in

MS/MS.

1.12.3 Fibrils

Fibril structures are too large for direct MS analysis and are generally de-polymerised
before analysis. One example of structural MS of oS fibrils involves limited proteolysis
which is a method of using proteolytic enzymes with no specific cleavage sites such as

proteinase K, for a short amount of time to cleave peptide bonds of solvent exposed residues
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[339]. Following limited proteolysis, MS identifies easily cleaved peptides which can be
manually sequenced. They show that the C-terminal domain of S (residues 94-140) are
highly accessible to the solvent in the case of three fibril polymorphs, whilst the N-terminal
domain showed different levels of solvent exposure depending on the polymorph [339].
The confirmation of an accessible site raises the potential to design antibodies or drugs to
target this region. Additionally, the structural differences between fibril polymorphs may
have implications for their interactome within neuronal cells and thus their contribution to

PD [339].

1.13 Aims of this thesis

The amyloid assembly process of oS is extremely complex and elaborate. In order to
understand how the process begins, the earliest stages of the process must be better
understood. In this thesis, the monomer and oligomers are the target of interrogation. The
MS tool-kit is utilised to capture the dynamic, transient, heterogeneous, small disordered

protein that is «S. By chapter, the specific aims are outlined.

Chapter 3: In this chapter, the aim is to explore how different conditions affect oS
conformation and in turn, its amyloid propensity, including N-terminal acetylation and the
addition of Ca?*, Mn”* and Zn”*. Variants of «S are explored to understand the importance
of the pre-NAC sequence in the N-terminal region for determining amyloid propensity.
Results show a distinct correlation between amyloid propensity and the occurrence of
compact conformations. With the addition of Zn%*, the 8+ or 7+ charge state of N-
terminally acetylated (NTA) oS and its variants shifts its ensemble towards populating
compact conformations, and by ThT fluorescence, it is observed that amyloid propensity is
increased with the non-amyloid prone N-terminal deletion variant AA aSNTA (through

removal of a seven residue sequence **GVLYVGS*? named P1 and a thirteen residue
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sequence Y KEGVVHGVATVAE>’ named P2 both found in the N-terminal region) re-

establishing its ability to assemble into amyloid fibrils.

Chapter 4: In this chapter, the aim is to identify where Zn>* binds to «SNTA and where
exactly the protein chain undergoes compaction. This is probed by NMR, single molecule
Forster resonance energy transfer (smFRET), XL-MS and top-down fragmentation in order
to identify intramolecular interactions. XL-MS aids in elucidating the conformational dy-
namics of aSNTA to uncover new insights into the structural transitions and intermolecular
interactions of aSNTA. The results demonstrate that Zn>* interacts mostly with H50 and
D121, and that when Zn?* is present, long-range intramolecular interactions between the
N- and C-terminal regions are increased as shown by XL-MS. By evaluating peak areas

using UniDec a Kd of around 50 uM is established for Zn>* binding to «SNTA.

Chapter 5: To understand the assembly of toxic type B* oligomers of WT aS and
familial mutations G51D and A30P oligomers through HDX-MS and mass photometry.
The results show that the N-terminal region, in particualr the P1 and P2 regions are essential
for assembling the oligomeric architecture, whilst P2 remains accessible still to enable
binding of the small molecule phenol-soluble-modulin o3 which stabilises the oligomer
structure. HDX-MS reveals that the familial mutant G51D assembles oligomers with a
deprotected segment in the N-terminal region (peptide 17-38) compared to WT oligomers,
whilst the familial mutant A30P shows protected oligomers in the P2 region. Overall,
G51D oligomers appear to assemble as a unique architecture which may hint towards their

involvement in early onset PD.

Chapter 6: In this chapter, the results presented in this thesis are discussed in relation

to the aims outlined here.






Chapter 2

Materials and Methods

2.1 Materials

Table 2.1 Materials

. Catalogue
A Supplier Number
Acetic acid, glacial Fisher Scientific, Loughborough, UK A/0400/PB17
Acetonitrile Fisher Scientific, Loughborough, A/0626/15
Acrylamide 30% (w/v) : Severn Biotech, Kidderminster, UK 20-2100-10
bis-acrylamide 0.8% (w/v) ’ ’
Agar Melford Laboratories, Suffolk, UK A20250-500.0
ﬁgfﬁomum acetate 75 M gi0 4 Life Sciences, MO, USA A2706
Ammonium bicarbonate Sigma Life Sciences, MO, USA A6141
Ammonlum hydroxide Sigma Life Sciences, MO, USA 221228
solution
Ammonium chloride (!> N,  Cambridge Isotope Laboratories Inc,
99%) Cambridge, UK NLM-467-10
arr;;l)omum persulphate Sigma Life Sciences, MO, USA A7460
Ammonium Sulphate Sigma Life Sciences, MO, USA A4418
B
Benzamidine . . .
dihydrochloride Sigma Life Sciences, MO, USA B6506
Bromophenol blue Sigma Life Sciences, MO, USA B0126

C
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Calcium acetate
Calcium chloride
Carbenicillin disodium
Chloramphenicol

Cytochrome C from equine

heart

D

n-dodecyl 3-D-maltoside
(DDM)

Deuterium oxide

D-Glucose C!3

DMTMM
1,4-Dithiothreitol (DTT)
DNase

E

Ethanol

F

Formic acid (FA)

G

GluC sequencing grade
Glycerol

Guanidine hydrochloride
H

HEPES

Hydrochloric acid
HPLC grade H,O

I

Instant Blue Coomassie
Blue Stain

Isopropyl 3-D-1-
thiogalactopyranoside
(IPTG)

L

LB Miller

M

Manganese acetate
Myoglobin

P
Phenylmethanesulfonyl
fluoride (PMSF)
Phosphate buffered saline
(PBS) tablets

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA
Fromedium, Norfolk, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

Anatrace, OH, USA

Cambridge Isotope Laboratories,
Cambridge, UK

Cambridge Isotope Laboratories,
Cambridge, UK

Sigma Life Sciences, MO, USA

Formedium, Norfolk, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA

Promega

Fisher Scientific, Loughborough, UK

Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK

Expedeon, CA, USA

Formedium, Norfolk, UK

Fisher Scientific, Loughborough, UK

Sigma Life Sciences, MO, USA
Sigma Life Sciences, MO, USA

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughborough, UK

PHR1362
C5670
CARO0025
C0378

C2506

D310

DLM-4-PK

CLM-4673-0.25
74104

DTTO025
10104159001
E-8751

F0507

V1651
G/0650/17
50950

H3375

10053023
10221712

ISBILUK

IPTG100

1289-1650

330825-25G
M1882

P7762

BR0014G
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Phosphoric acid
Precision Plus Protein Dual
Xtra Pre-stained Protein

Standard
R

Rubidium chloride

S

SnakeSkin dialysis tubing

3.5KMWCO

Sodium chloride (NaCl)
Sodium dodecyl sulphate

(SDS)
T

Tetramethylethylenediamine

(TEMED)

IM Triethylammonium
bicarbonate (TEAB)

Thioflavin T

Trifluoroacetic aicd (TFA)

Tris

Trpyin protease Pierce

U
Ubiquitin
Z

ZebaSpin desalting column
7K MWCO (0.5 mL)

Zinc acetate

Sigma Life Sciences, MO, USA

Bio-Rad, CA, USA

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK

Sigma Life Sciences, MO, USA

ThermoFisher Scientific, Loughborough,
UK

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughborough, UK
Fisher Scientific, Loughborough, UK
ThermoFisher Scientific, Loughborough,
UK

Sigma Life Sciences, MO, USA

Fisher Scientific, Loughborough, UK
Sigma Life Sciences, MO, USA

695017

1610377

83979

68035
S/3/160/60
S/P530/53

T9281

90114

T3516
85183
BP152-1

90057

U6253

89883
1724703

2.2 Molecular biology, protein expression and purification

2.2.1 NatB competent cells preparation

Home-made competent BL21 DE3 cells (originally from Agilent, prepared as competent

cells by Dr Roberto Maya-Martinez, University of Leeds) expressing NatB acetylase

for post-translational modification of the N-terminus of oS were prepared as follows.

BL21 DES3 cells were transformed with the pNatB plasmid (Addgene 53613) and a single
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colony was used to inoculate a starter culture of LB media overnight with 25 pg/mL
chloramphenicol, at 37°C, 200 rpm. The overnight culture was used to inoculate a 500
mL grow until an OD of 0.4 at 600 nm was reached. Cells were pelleted at 4,500 x g for 5
min. Cells were resuspended in 30 mM potassium acetate, 10 mM CaCl,, 50 mM MnCl,,
100 mM RbCl, 15% (v/v) glycerol, pH 5.8. Cells were incubated on ice for 5 min before
pelleting and further resuspension in 10 mM MOPS, 75 mM CacCl,, 10 mM RbCl, 15%

glycerol, pH 6.5.

2.2.2 Protein expression and purification

Competent NatB-BL21 DE3 cells (Initially from Agilent, made competent as described
above) were transformed with a pET23a plasmid encoding WT human oS (expresses
under the control of a T7 promoter, carbenicillin resistance, kindly donated by Prof Jean
Baum, Department of Chemistry and Biology, Rutgers University, NJ, USA), AP1, AP2 or
AA(all generated by Dr Sabine Ulamec, University of Leeds). The C-terminal truncation
variant 119 was purchased from TWIST bioscience in a pET-(21+) vector. One colony
following transformation was selected for pre-overnight culture in LB media containing
100 pg/mL carbenicllin and 25 pg/mL chloramphenicol and was grown overnight at 37 °C
and shaking at 200 rpm. 15 mL of the overnight culture was used to inoculate 1 L of LB
media containing 100 pg/mL carbenicllin and 25 pg/mL chloramphenicol and was grown
at 37 °C, 200 rpm, until an ODgg of 0.6 was reached. Protein expression was induced
using 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG). The induced cell cultures
were grown for 4 hours before cells were harvested. For expression of N'° labelled protein,
0.5 mL of minimal media was used containing (7.5 g Na,HPOy, 10 g KoHPO4, 9 g K,SOy,
10 g KH,POy, 1 g "'NH,4CI) supplemented with 1 mM MgCl,, 100 uM CaCl, and 0.8 %

(w/v) glucose.

Cells were harvested by centrifuging at 3000 rpm for 15 minutes (rotor JA 8.1) at 4

°C. The cell pellet was resuspended for cell lysis in 25 mM tris-HCI, pH 8.0, 100 pg/mL
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lysozyme, 50 pg/mL phenylmethanesulfonyl fluoride (PMSF) and 20 pg/mL DNase and
homogenised using an IKA ultra turrant T18 homogeniser (IKA, Staufen, Germany). The
lysate was heated to 80°C for 10 min and then centrifuged at 35,000 x g for 30 min,
4°C, followed by ammonium sulphate precipitation by adding 29.1 g per 100 mL H,O.
The pellet containing oS was purified by anion exchange using a home-made 300 mL
Q-Sepharose fast flow anion-exchange column on an AKTA Prime (GE Healthcare., UK).
Bound oS was eluted in a gradient of 0-500 mM NaCl, in 20 mM Tris-HCI, pH 8.0 over
a volume of 500 mL. Fractions containing oS were dialysed against 5 x 5 L of 50 mM
ammonium bicarbonate (SnakeSkin dialysis tubing 3.5K MWCO, FisherScientific) at 4°C.
Dialysed protein was filtered (0.22 uM) and loaded onto a HiLoad 26/600 Superdex-75
column at a flow rate of 2.6 mL/min for size exclusion chromatography. Protein was eluted

in 50 mM ammonium bicarbonate, lyophilised and stored as lyophilised powder and -20°C.

2.3 Biochemistry

2.3.1 Sodium dodecyl sulphate - polyacrylamide gel electrophoresis
(SDS-PAGE)

Tris-tricine buffered SDS-PAGE gels were cast into 8 x 10 cm casts according to the
protocol in Table 2.2 shown below to make two gels. Samples were prepared according to
the relevant subsections and were diluted 1:1 with 2x loading buffer (100 mM Tris-HC1
pH 6.8, 200 mM DTT, 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (w/v) glycerol)
and boiled for ten minutes. Boiled samples were spun down in a bench-top centrifuge
for one minute and 15 pL of sample was loaded into each lane. Syl of Precision plus
protein dual colour protein ladder (BioRad, CA, USA) was loaded in the first gel lane as a
standard for molecular weight determination. Gels were placed into a tank and the inner
reservoir was filled with 1x cathode buffer (100 mM Tris-HCI, 100 mM tricine, 0.1% (w/v)

SDS, pH 8.25). The outer reservoir was filled with 1x anode buffer (200 mM Tris-HCI, pH
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8.9). Gels were run at a constant current of 30 mA until the dye front migrated through
the stacking gel and the current was then increased to 60 mA until the dye front reached
the bottom of the resolving gel. Gels were removed from casting plates and were stained
in InstantBlue Coomassie protein Stain overnight and imaged on an Alliance Q9 imager

(Uvitec).

Table 2.2 Protocol for preparing 2x Tris-tricine buffered SDS-PAGE gels used in this

thesis.

Solution component Resolving gel Stacking gel
Volume added (mL) Volume added (mL)

30 % w/v acrylamide:0.8 % w/v bis-acrylamide 7.5 0.83

3 M Tris-Cl, 0.3 % (w/v) SDS pH 8.45 5 1.55

H,0 0.48 3.72

Glycerol 2 -

10 % (w/v) ammonium persulfate 0.2 0.2

TEMED 0.01 0.010

2.3.2 ThT assays

Kinetics of oS amyloid formation were monitored in a 96-well, non-binding, flat-bottom,
half-area microplate (Corning, USA; 10438082) containing one Teflon polyball (1/8"
diameter; Polysciences Europe, Eppelheim, Germany) per each well of sample. Samples
of 100 pL containing 100 uM oS with 20 uM Thioflavin T (ThT) in 20 mM ammonium
acetate, pH 7.5 were incubated at 37 °C shaking at 600 rpm in a FLUOstar omega plate
reader (BMG Labtech, Ortenburg, Germany). Fluorescence intensity was measured by
exciting at 440 £ 10 nm and collecting emission at 482 + 12 nm using a bandpass filter.
For experiments involving the addition of metal ions, zinc acetate, manganese acetate or
calcium acetate (Sigma Life Sciences, Germany) were added at a concentration of 2.5 mM
(i.e., 25 fold excess over 100 uM protein) per well. Results were blank corrected using
wells containing 20 uM ThT in 20 mM ammonium acetate, pH 7.5 and normalised to the

maximum fluorescence value of each curve. ThT titrations with Zn>** were performed
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under the same conditions, adding 0 uM, 100 uM, 300 uM, 500 uM, 750 uM, 1.5 mM, 2.5
mM or 4 mM of Zn%*.

2.3.3 Transmission electron microscopy (TEM)

A sample of 5 uLL was taken from the ThT plate at the end-point of each reaction, loaded
onto a glow discharged (30 s; Pelco Easi-glow, Ted Pella, INC, CA, USA), 400 mesh
continuous carbon grid and incubated for 2 mins. The sample was blotted with filter paper
and washed twice with H,O before being blotted and stained twice with 2 % (w/v) uranyl
acetate. Grids were imaged on a Tecnai F20 transmission electron microscope (FEI) with a
Ceta CCD detector (FEI) in the Astbury EM facility (University of Leeds), using a nominal

magnification of 9,600x corresponding to a pixel size of 1.05 nm/pixel.

2.3.4 Fibril yields

Fibril yields were determined by pelleting 50 puL of the end point of the ThT reaction at
100,000 x g (Optima TLX ultracentrifuge, Beckman Coulter, TLA 100 rotor) at 4°C for
30 min. The amount of protein in the remaining soluble material of the sample, as well
as an unclarified sample from the reaction end point, was quantified by densitometry of
sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS PAGE) gels. Tris-
tricine buffered 30 % (w/v) acrylamide:0.8 % (w/v) bisacrylamide gels were stained
with InstantBlue Coomassie/protein stain and imaged on an Alliance Q9 imager (Uvitec,
Cambridge, UK). Band intensities were quantified using ImagelJ 1.52a. The ratio between
band intensities for the supernatant and the unclarified sample was used to determine the

amount of remaining soluble monomer at the end point of the amyloid assembly assay.

2.3.5 Circular dichroism

CD samples were prepared by incubating 100 uM WT, AP1 or AA aSNTA, with or

without a twenty-five fold excess of zinc acetate in 20 mM ammonium acetate, pH 7.5.
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Far-UV CD spectra were acquired in 0.1-mm path length quartz cuvettes (Hellma) using a
ChirascanTM plus CD Spectrometer (Applied Photophysics). CD spectra were acquired
using a 1-nm bandwidth and 1-s time step, and data were collected at 1-nm increments at

25 °C. An average of three scans (190-250 nm) were acquired per sample.

2.4 Biophysics

24.1 NMR

SN labelled protein was expressed and purified as stated in Section 2.2.2. 2D ('H, °N)
HSQC spectra of 100 upM oSNTS, with 1, 2.5, 5, 10, 15 and 25 molar equivalents of
zinc acetate, were recorded at 25°C using a Bruker AVANCE III 750 MHz spectrometer
equipped with a triple resonance TCI-cryoprobe. Spectra were recorded with 2048 and
512 complex points in the F2 and F1 dimensions respectively. Spectral widths were
set to 14.1 ppm centred on 4.7 ppm and 30.0 ppm centred on 119 ppm for F2 and F1
dimensions respectively. Spectra were processed using TopSpin 4.0.6 and analysed using
CCPN analysis software [340]. Chemical shifts were calculated using relative domain
contributions of 1 and 0.15 for 'H for N respectively. For K4 determination, chemical
shift values were plotted against ligand concentration and fit to the equation described in
for single site binding in Williamson (2013) [341]. 'H-1>N HSQC NMR experiments and

data analysis were kindly performed by Dr Ben Rowlinson.

2.5 smFRET

2.5.1 Site directed mutagenesis

Substitution of G7 to a cys residues was created into an aS plasmid generated by Dr Sabine
Ulamec, University of Leeds, which already contained the A140C mutation (pET23a

encoding A140C aS). G7C was substituted using the NEB QS5 site-directed mutagenesis
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kit. Primers are listed in Table 2.3 and were designed by Conor McKay, University of

Leeds.
Primer Name Sequence
aS A140C_G7C_Forward | CTTCATGAAAtgcCTGTCGAAAGCG
aS A140C_G7C_Reverse ACATCCATATGTATATCTCC

Table 2.3 Primer Sequences for the generation of G7C_A140C aS.

The Q5 mutagenesis was performed by polymerase chain reaction (PCR) using Q5 hot
start high fidelity DNA polymerase with template DNA and mutagenic primers using the

reaction in Table 2.4,

Component Volume (pl) in a 25 pl Reaction
Q5 High-Fidelity 2X Master Mix Cat No. M0492S | 12.5

10 uM Forward Primer 1.25

10 uM Reverse Primer 1.25

Template DNA (25 ng/ul) 1

Nuclease-Free Water 9

Table 2.4 Components and volumes for a 25 ul Q5 PCR reaction.

The reaction mixture was placed in a thermocycler and the PCR cycle conditions are

outlined in Table 2.5.

Step Temperature | Time

Initial Denaturation | 98°C 30 seconds

25-35 Cycles 98°C 10 seconds
60°C 30 seconds
72°C 3 minutes

Final Extension 72°C 2 minutes

Hold 4°C

Table 2.5 Thermocycling conditions.

Following the PCR reaction, the amplified substituted product was treated with kinase,

ligase, Dnpi (KLD) treatment. These enzymes enable phosphorylation, intramolecular
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ligation of the plasmid DNA ends and removes the template DNA, respectively. The KLD

reaction is outlined in Table 2.6 and was incubated at room temperature for 5 min.

Components Volume (pl)
PCR Product 1

KLD Reaction Buffer (2X) | 5

KLD Enzyme Mix (10X) 1
Nuclease-free Water 3

Total Volume 10

Table 2.6 Components and volumes for KLD reaction.

5 uL of the KLD reaction was added to 50 pL of competent DHSaE. coli cells (Invitro-
gen) for transformation. The KLD reaction and DHS5a cells were incubated for 30 min on
ice before heat shocking at 42°C for 45 s before being placed back on ice for 5 min. An
outgrowth step was performed by adding 950 pL of super optimal broth with catabolite
repression (SOC) to the cells and incubating at 37°C for 1 hr, 200 rpm. The SOC and
cell mixture was pelleted at 3,000 x g for 5 minutes and the pellet was resuspended in
50 uL of SOC media. Resuspended cells were then plated onto 100 pg/mL carbenicillin
containing LB agar plates and grown overnight at 37 °C. Two colonies were selected, and
each was grown in 10 mL LB broth containing 100 pg/mL carbenicillin overnight at 37
°C, 200 rpm. The culture was centrifuged at 4,000 x g and the DNA was purified using
a Miniprep kit (Qiagen Miniprep Kit, Qiagen, Cat No, ID:27106). DNA concentration
was measured using a NanoDrop™-2000 spectrophotometer (Thermo Fisher Scientific)
and 10 pL of 100 ng/uL sample was sent to Source Bioscience Genomics for T7 forward
primer Sanger sequencing. The Q5 mutagenesis, KLD reaction, transformation and se-
quencing were kindly performed by Sophie Cawood and Conor McKay, University of
Leeds. aSNTAG7c.A140c Was expressed as in Section 2.2.2 with the addition of 1 mM DTT

to all buffers.
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2.5.2 Labelling of FRET construct

The variant aSNTAG7c.A140c Was created with two Cys residues for double fluorophore
labelling. 50 uM aSNTAG7c-a140c Was incubated with 75 uM Atto-565 and 75uM Alexa-
488 for two hours in the dark at room temperature in 20 mM Tris, pH 7.4. Free dye was
removed at the end of the reaction using two rounds of ZebaSpin desalting column 7K
MWCO (0.5 mL; Fisher Scientific). The reaction was then separated on a Superdex 75
10/300 GL column on an AKTA Prime (GE Healthcare, UK) to remove dimers or higher
order aggregates, isolating only monomer. Labelled aSNTAG7c_A140c Was snap frozen and

stored at -80°C.

2.6 Intact mass analysis

N-terminal acetylation of oS was confirmed by intact denatured liquid chromatography
(LC) electrospray ionisation MS using a rapid desalting reverse-phase LC pre-column. 5
uL of protein at 1 uM concentration in 0.1% (v/v) trifluoroacetic acid was loaded onto
an M-class ACQUITY UPLC BEH C4 desalting column (300 A, 1.7 ym, 2.1 mm x 100
mm, Waters Corporation, Wilmslow, UK). LC separation was performed using solvent
A (0.1% (v/v) formic acid in H,O) and solvent B (0.1% (v/v) formic acid in acetonitrile)
with a gradient of 20-95% B at a flow rate of 50 uL./min. The column was washed with
95% B. The eluate was infused into a Xevo G2-XS Q-Tof MS (Waters, UK) via a Z-spray
electrospray source in positive TOF mode with 3 kV capillary voltage, 60 V sampling
cone, 80 V source offset, 100°C source temperature, 250°C desolvation temperature, 6 V
collision energy and a mass range of 350-3000 Da. The instrument was calibrated by a

separate injection of 200 pg/uL leucine enkaphalin.
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2.7 Native nESI-IM-MS

2.7.1 Nanospray tip pulling and coating

Borosilicate thin wall glass capillaries (0.78 mm) with filament (Harvard Apparatus, UK)
were pulled using a P-97 Flaming/Brown micropipette puller (Sputter Instrument, CA,
USA) to make two nanospray tips. The optimal procedure for the needle puller which

cycles three times was as follows in Table 2.7. Capillaries were placed into a glass petri dish

Table 2.7 Parameters of heat, pull, velocity and time used for capillary pulling.

Parameter Unit

Heat °C 560

Pull 250
Velocity 10
Time (s) 50

and coated with gold/palladium in a SC7620 mini sputter coater (Quorum Technologies.,
Sussex, UK) pressurised with argon at 2 x 102 mbar. When a current of 25-30 mA was
applied the plasma enabled gold and palladium atoms to deposit on the glass surface. The
coating time lasted 75 s after which the petri dish was rotated by 90°followed by a second

coating.

2.7.2 Native nESI-IM-MS

Native IM-MS experiments were performed on a Synapt G1 HD mass spectrometer (Waters
Corporation, Wilmslow, UK) with travelling (T-wave) ion mobility and a nano-ESI source
using in-house generated gold and palladium coated capillaries. Protein was desalted
using a ZebaSpin desalting column 7K MWCO (0.5 mL; Fisher Scientific). oS variants
were analysed at a concentration of 20 uM and spectra were collected with and without
the addition of 500 uM zinc acetate, manganese acetate or calcium acetate (Sigma Life

Sciences, Germany) at a ratio of 1:25 aS:metal ion unless stated otherwise. The unbound
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peak profiles for all three variants were taken from an external control without metal, as
the spectra acquired with 25-fold excess of metal resulted in a loss of unbound «SNTA

signal. Instrument parameters are outlined below.

2.7.3 Calculation of CCS

MassLynx V4.1 (Waters Corporation, Wilmslow, UK) was used for data processing.
Instrument parameters were set at: capillary voltage 1.4 kV, source temperature 30 °C,
sampling cone 18 V, extraction cone 1.0 V, trap collision energy 5.0 V, transfer collision
energy 2.0 V, trap DC bias 30 V, IM wave velocity 300 m/s, IM wave height 7.0 V. Gas
pressures in the instrument were: trap cell 0.0256 mbar, IM cell 0.36 mbar. The IM spectra
were calibrated according to the Bush database [53] using denatured cytochrome c (charge
states 13+ to 19+), myoglobin (charge states 15+ to 24+) and ubiquitin (charge states 7+
to 13+) at 10 uM in 50 % (v/v) acetonitrile, 0.1 % (v/v) formic acid. TV CCSy; identifies
CCS values calculated using traveling wave ion mobility in N, buffer gas using calibtrants

acquired in N, buffer gas.

2.7.4 Zn?* titration by IM-MS

Zn** titrations were acquired using 20 uM aSNTA, AA «SNTA or 1-119 «SNTA in 20
mM ammonium acetate pH 7.5, with OuM, 2 uM, 10 uM, 20 uM, 40 uM, 60 uM, 100
uM, 150 pM, 200 uM, 300 uM, 400 uM, 500 uM or 800 uM zinc acetate each in triplicate.
Protein was desalted using a ZebaSpin desalting column 7K MWCO (0.5 mL; Fisher
Scientific). Instrument parameters were set at: capillary voltage 1.4 kV, source temperature
30 °C, sampling cone 18 V, extraction cone 1.0 V, trap collision energy 5.0 V, transfer
collision energy 2.0 V, trap DC bias 30 V, IM wave velocity 300 m/s, IM wave height
7.0 V. Gas pressures in the instrument were: trap cell 0.0256 mbar, IM cell 0.36 mbar.
Using MassLynx V4.1 (Waters Corporation, Wilmslow, UK), % binding was calculated by

extracting peak areas of bound spectral peaks versus the peak area of the unbound spectral
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peak, % compaction was calculating by extracting the peak area integration of compact

conformations versus extended conformations via arrival time distributions.

2.7.5 Collision induced unfolding

For collision induced unfolding plots, the instrument was calibrated for m/z values with
sodium iodide and parameters were identical to Section 2.7.3 except for the trap collision
energy. The collision energy was systematically increased in the trap cell positioned prior
to the TWIMS cell and an IM-MS spectrum acquired at each voltage. For the Synapt
G1 instrument, the voltage was increased from 5 V to 50 V in 5 V increments. IM data
was recorded for all detectable charge states. One charge state, typically the 8+ or 7+
charge state was selected to generate CIU plots. Drift time profiles were extracted at each
collision voltage from the spectral peak using the full width of the peak at half maximum
(FWHM) intensity. Peak intensities were normalised against the maximum and the arrival
time distribution profile was plotted using Origin Pro (OriginLab Corp, USA) to visualise

each conformation present in an ensemble.

2.7.6 Dimer abundance analysis

Native MS spectra were acquired using a Synapt G1 HD mass spectrometer (Waters
Corporation, Wilmslow, UK). Spectra were de-convolved using UniDec v6.0.3 in the
Deconvolve MS node, using the following parameters: m/z range: 400-4000 Th, subtract
curved: 5, Gaussian smoothing: 10, bin every 10 Th, charge range: 1-50, mass range: 5000-
500000 Da, sample mass: every 10 Da, peak FWHM: 0.85 Th, peak detection range: 500
Da, peak detection threshold: 0.01-0.2. Relative dimer abundance was calculated using the
following equation: Dimer abundance/(monomer abundance + dimer abundance). Relative
% dimer was plotted against t5q or molar excess of Zn>* using Origin Pro (OriginLab Corp,

USA) and plots were fitted to a linear curve or an exponential curve.
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2.8 Cross-linking-MS

2.8.1 Cross-linking-MS experimental

WT oSNTA at a concentration of 50 uM was subjected to chemical cross-linking by incu-
bation with 4 mM 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) in 20 mM HEPES pH 7.4 for 20 min at RT. The reactions were quenched by
adding 20 mM Tris-HCI pH 7.0. A sample of each reaction along with an un-cross-linked
control was analysed on an SDS-PAGE gel to check for a band shift and to confirm the
absence of dimers. Cross-linked samples were digested using the S-Trap method, an on

column digestion approach for high peptide recovery in Section 2.8.2.

2.8.2 Cross linking-MS S-Trap digestion

Cross-linked proteins were first fully solubilised by the addition of 20 uL of 10 % (w/v)
SDS solution to 20 pL. of protein at a protein concentration of 20 uM. Proteins were fully
denatured by the 1:10 (v/v) addition of phosphoric acid to a final concentration of 1.2
% (v/v). Samples were then diluted with S-Trap binding buffer 7:1 (100 mM triethylam-
monium bicarbonate (TEAB) pH 7.1 in methanol). Enzymes trypsin protease Pierce™
(ThermoFisher Scientific) and GluC sequencing grade (Promega) were added from stocks
of 0.02 pg/ uL to a ratio of 1:20 (protein:enzyme). The protein solution containing the
appropriate enzyme was quickly loaded onto the S-Trap column and centrifuged at 4000
x g for 30 s, to enable protein capture within the submicron pores of the S-Trap. The
column was washed by adding 150 uL of binding buffer before being centrifuged at 4000
x g for 30 s. 30 pL of trypsin or GluC at 0.02 pg/ uL. was added to the top of the trap to
be confined in the submicron pores of the trap with the protein to enable rapid digestion.
S-Traps were loosely capped, placed in a 1.5 mL microcentrifuge tube and heated at 37

°C for 1 h. 40 pyL of 50 mM triethylammonium bicarbonate (TEAB) was added and the

column was centrifuged at 4000 x g for 1 min. Digested peptides were eluted by adding of
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0.2 % (v/v) formic acid (FA), centrifuging the S-Trap at 4000 x g for 30 s then adding 50
% (v/v) acetonitrile (ACN) followed by a final centrifugation step at 4000 x g for 30 s. The
eluates from these steps were combined and dried using a Genevac EZ-2 Plus Evaporating
System (Marshall Scientific, NH, USA).The peptides were resuspended in 20 uL 0.1 %

(v/v) TFA for peptide mapping.

2.8.3 Cross linking-MS peptide mapping

For MS acquisitions, samples were resuspended in 0.1 % (v/v) TFA to a protein concentra-
tion of 1 uM. Samples were analysed by a 65 min 0-60% acetonitrile gradient using an
EASY-spray reversed phase LC system with column specifications as following. Particle
size: 2 uM, diameter: 75 uM, length: 500 mM, packing material: spherical, fully porous,
ultrapure silica and an EASY-IC ion source (ThermoFisher Scientific) coupled online
to an Orbitrap Eclipse Tribrid mass spectrometer (ThermoFisher Scientific). Parameters
of the run were as follows for 12 scans. MS scan properties were: Orbitrap detection,
60000 Orbitrap resolution, 450-1800 m/z scan range, RF lens (%) 80, normalised AGC
target (%) 100, 200 ms maximum injection time, positive polarity mode, microscans
1. Data-dependent MS? properties were: activation type HCD, stepped collision energy
mode, HDC collision energies (%) 25, 30, 35, Orbitrap detector type, Orbitrap resolution
of 15000, normalised AGC target (%) 200, 250 ms maximum injection time. Dynamic
exclusion properties were: exclude after 2 times, if occurs within 7s, exclusion duration
45s with high and low mass tolerance of 10 ppm. Samples were measured with included

charge states 2-8 with an intensity threshold of 5.0e4.

2.8.4 Cross linking-MS data processing

Spectra were analysed using ProteomeDiscoverer software v4.2 (ThermoFisher Scientific)
with incorporated XlinkX nodes. Analysis parameters were set as follows. Spectra were

matched against the oS sequence (UniProt ID P37840). The enzyme was set to GluC and
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the number of missed cleavages, 2 and minimum sequence length, 6. Acetyl (N-term) was
set as a fixed modification, deamidation (N), EDC (E, K, D) and oxidation (M) were set
as variable modifications. Cross-link FDR threshold was 0.01 and the cross-link spectral
match (CSM) FDR was 0.01. Precursor mass tolerance was set to 10 ppm and fragment

1on mass tolerance was set to 20 ppm.

2.9 ETD fragmentation

Experiments were conducted on an Orbitrap Eclipse Tribrid mass spectrometer (Ther-
moFisher Scientific, San Jose, CA, USA). The ion transfer tube temperature was 275°C,
proteins were ionised using in-house pulled gold/palladium coated nano-spray borosilicate
capillaries held at around 1.4 kV. The instrument was operated under high pressure mode
(20 mtorr in the ion routing multipole) and under intact protein analysis mode. The 8+
charge state (m/z: 1813) or the 12+ charge state (m/z: 1209) were selected for fragmenta-
tion under the following parameters. Scan type: MS? scan. Isolation mode: Quadrupole.
Isolation width: 3. Activation type: ETD. ETD reaction time (ms): 5. ETD reagent
target: 7.0e5. Maximum ETD reagent injection time (ms): 200. Detector type: Orbitrap.
Orbitrap resolution: 120000. Mass range: normal. Scan range: 200-2000. RF lens (%):
60. Normalised automatic gain control (AGC) target (%): 150. Maximum injection time
(ms): 100. Microscans: 1. Data were processed using ProSight Native, Proteinaceous by
importing raw data and searching against P37840 SYUA_HUMAN, UniProtKB. Fragment
ions were visualised using the TDV node with the following settings. Fragment ions:
max PPM tolerance 10 ppm, sub tolerance 3.0 ppm, cluster tolerance 0.3, charge range
1-10, minimum score terminal ions 0.6 and internal ions 0.7, S/N cut-off 3.00. General:
distribution generator Mercury7. AIM: Thrash S/N cut-off 3.00, max mass 60 kDa, max
charge state 40, Xtract S/N cut-off 3.00. [342]
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2.10 UVPD fragmentation

Experiments were conducted on an Orbitrap Eclipse Tribrid mass spectrometer (Ther-
moFisher Scientific) similarly to ETD experiments and processed as outlined in Section
2.9 [342]. For UVPD the activation type was set to: UVPD and the UVPD activation time

(ms): 80.

2.11 Cyclic IM-MS

Data was collected on a SELECT SERIES Cyclic IMS at Waters Corp, Wilmslow, UK with
Dr. Dale Cooper-Shepherd. The instrument was fitted with an electron capture dissociation
cell (e-MSion, Corvallis, OR, USA) fitted post IMS. aS samples were prepared to 20 uM in
10 mM ammonium acetate, pH 7.5 and loaded into in-house pulled gold/palladium coated
borosilicate nano-spray capillaries for direct infusion. For acquisitions the mas range was
set to 50-4000 with a 1 s scanning rate. Samples were sprayed in positive mode and the
ToF analyser was set to V-mode. Instrument parameters were set as follows, capillary
voltage: 1 kV, sampling cone 40 V, source offset 10 V, source temperature 80 °C, trap
collision energy 6 eV, transfer collision energy 4 eV. Ions enter the cyclic ions mobility
(cIM) separator with a path length of 98 cm and single pass IM resolution of 65. The cIM
chamber is filled with N, gas to a pressure of 5 mbar. The T-wave height was 0.4 V. Using
the quadrupole, the 8+ charge state (m/z 1813) was isolated and injected into the cIM for a
single pass of IM separation. For slicing acquisitions, slices of aS were extracted by ATDs
and these were 45-70 ms, 70-80 ms, 80-90 ms, 90-100ms . Each slice was individually
ejected back into the pre-store rather than toward the detector to be reinjected into the cIM
separator. For ECD experiments, the ExD WS-25x cell (eMSion) was post IMS. Data
were analysed using MassLynx v4.2 (Waters, UK) and Driftscope v3.0 (Waters, UK). For
Gaussian fitting Origin 2019b (OriginLab Corp) was used and Gaussian distributions were

fitted manually.
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2.12 K, determination

Zn?* titrations were acquired using 20 uM aSNTA in 20 mM ammonium acetate pH 7.5,
with O uM, 2 uM, 10 pM, 20 uM, 40 uM, 60 pM, 100 pM, 150 uM, 200 uM, 300 uM,
400 pM, 500 uM or 800 uM of zinc acetate. Raw data were acquired with MassLynx
4.1 (Waters, UK) for Synapt G1 data and FreeStyle (ThermoFisher) for Orbitrap Eclipse
Tribrid data and deconvolved using UniDec 6.0.3 using the following parameters: m/z
range: 400-4000 Th, subtract curved: 5, Gaussian smoothing: 10, bin every 10 Th, charge
range: 1-50, mass range: 5000-500000 Da, sample mass: every 10 Da, peak FWHM:
0.85 Th, peak detection range: 500 Da, peak detection threshold: 0.01-0.2. Kd values
were obtained by fitting titration curves in the data collector utility from UniDec with
the following parameters: "what to extract: Raw data", "How to extract: Local max",
"Window: 2 Th", "Number of proteins: 1", "Number of ligands: 5", "Protein and Ligand
Models: All KD’s free" enabling normalization of data and extraction. The equation for
Ky fitting was as follows, where R is the ratio of the intensity of protein bound to ligand

over the intensity of the unbound protein:

1 R

1+R

2.13 HDX-MS

2.13.1 HDX-MS experimental

HDX-MS experiments were performed using an automated HDX liquid handling robot
(LEAP Technologies, Ft Lauderdale, FL., USA) coupled to an Acquity M-Class LC and
HDX manager (Waters, UK). Samples contained 50 uM of oS monomer or oligomer in
PBS buffer, pH 7.4. The automated robot was used to transfer 95 uL. of deuterated buffer
(PBS, pD 7.4, 0.01 % w/v DDM) to 5 pL of protein-containing solution to achieve 95%

(v/v) D50 for labelling (20-fold dilution) and the mixture was incubated at 4 °C for 0, 0.5,
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or 1 or, 5 min. Three replicate measurements were performed for each time point and for
each protein condition. 75 pL of quench buffer (PBS buffer, 4 M guanidine HCI, 0.05
9% w/v DDM, pH 2.1) was added to 75 uL of the labelling reaction to quench deuterium
labelling. 50 pL of the quenched sample was injected onto an Enzymate immobilised
pepsin column (Waters, UK) column (20 °C). A VanGuard Pre-column [Acquity UPLC
BEH C18 (1.7 pm, 2.1 mm x 5 mm, Waters, UK)] was used to trap the peptides produced
for 3 min. A C18 column (75 pm, 2.1 mm x mm, Waters, UK) separated peptides using a
gradient of 0-40 % (v/v) acetonitrile (0.1 % v/v formic acid) in H,O (0.3 % v/v formic
acid) over 7 min at 40 uL min-1. Separated peptides from the LC column were infused
into a Synapt G2Si mass spectrometer (Waters, UK) operated in HDMSE mode. Peptides
were separated by ion mobility prior to CID fragmentation in the transfer cell for peptide

identification. Deuterium uptake was quantified at the peptide level.

2.13.2 HDX-MS data processing

Data analysis was performed using PLGS (v3.0.2) and DynamX (v3.0.0) (Waters, UK).
Search parameters in PLGS were: peptide and fragment tolerances: automatic, minimum
fragment ion matches: 1, digest reagent: non-specific, false discovery rate: 4. Restrictions
for peptides in DynamX were: minimum intensity: 1000, minimum products per amino
acid: 0.3, maximum sequence length: 25, maximum error = 5 ppm, file threshold: 3.
Peptides with significant increase/decrease in deuterium uptake were identified using a cut

off of 0.5 Da analysed in triplicate. Woods plots were generated using Deuteros [343].

2.14 Mass photometry

Mass photometry measurements were acquired using Refeyn OneM? instrument (Refeyn
Ltd, Oxford, UK). Cover glass slips were prepared by cleaning with Milli-Q water and

isopropanol and dried with Ny gas. Precut 2x2 culture well gasket (Grace Bio-Labs,
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Oregon, USA) was placed onto the coverslip. Mass photometry measurements were
performed at room temperature, 16 uLL of PBS buffer was loaded onto a well of the gasket
for focal adjustment. 4 uL. of oligomer sample was added to the same well for a final
concentration of 3 uM or 500 nM and mixed by pipetting. Sixty seconds of movie data
was recorded using AcquireMP software (Refeyn Ltd). Recordings were analysed using
DiscoverMP (Refeyn Ltd). Data were calibrated using bovine serum albumin (BSA),
thyroglobulin and aldolase measured in PBS. Data were analysed as mass distributions
and Gaussian fitting was performed over the mass histogram. The mass range was set as

0-4000 kDa.






Chapter 3

Probing the Conformational Dynamics
of Monomeric «-Synuclein and How it

Relates to Amyloid Assembly

3.1 Introduction

Many human diseases arise from the misfolding, unfolding or aggregation of proteins from
their native, functional state [141]. Alpha-Synuclein (aS) visits a large conformational
space, defined as an intrinsically disordered protein (IDP) [250]. Despite the structural
flexibility of oS, ordered structures containing elements of secondary structure are known to
form in different conditions, such as an o-helix in the N-terminal region when oS becomes
membrane-bound [344]. Two membrane-bound structures have been determined for aS
1.) a broken helix formed of two a-helices V3-V37 and K35-T92 arranged antiparallel
to each other when bound to phospholipid vesicles and ii.) an unbroken a-helix between
V3-T92 when bound to phospholipid bicelles [261, 262]. The conformational freedom

exhibited by oS may play a role in its aggregation pathway. Recently Brodie., et al (2020)
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showed that oS is indeed present in solution as a broad conformational ensemble through
cross-linking MS and single molecule Forster resonance energy transfer (smFRET) guided
molecular dynamics simulations. Their findings identified the importance of inter-residue
contacts between the N- and C-terminal regions for stabilising conformations present in the
ensemble [89]. Furthering on from this data, Chen., et al (2021) used the existing smFRET
data as an experimental restraint to guide discrete molecular dynamics (DMD) simulations

in order to generate a snapshot of the oS conformational ensemble [345].

Alternatively, toxic oligomers and fibril structures of oS are composed primarily of
(B-sheets [346-348]. The adoption of specific conformations under defined conditions
alludes to the impression that the roles of oS, be that functional or pathological, might be
related to the different conformational state of S monomers. Therefore, it is crucial to
determine how the conformational ensemble of monomeric oS relates to its aggregation
profile. Despite the importance of understanding how the monomeric ensemble relates
to amyloid formation, characterising transient and heterogeneous species in solution is
experimentally challenging by traditional structural biology techniques such as nuclear
magnetic resonance (NMR), cryo-electron microscopy (cryo-EM), circular dichroism (CD)
and X-ray crystallography which mostly rely on static states (in crystals) or are subjected
to population averaging [349]. Although these techniques are powerful biophysical tools,
the data outputs fail to capture unique structural fingerprints present in a transient mixture.
In this chapter, a combinatorial approach using native nano electrospray ionisation -ion
mobility — mass spectrometry (nESI-IM-MS) and thioflavin T (ThT) fluorescence kinetics
has been applied to capture the oS conformational ensemble under various conditions, and
relate this fingerprint to aggregation kinetics. nESI-IM-MS enables separation of ionic
species in the gas phase orthogonal to mass/charge (m/z). lons are separated based on their
mobility through a drift cell filled with neutral buffer gas molecules determined through

rotationally averaged collision cross section (CCS) as described in Section 1.5.2.
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In this chapter, variants of oS are explored in order to identify regions within the
140 amino acid protein chain that might be important in controlling the conformational
space of aS. The variants used here were first detailed by Doherty, et al (2020) where in
silico analysis was used to identify two regions in the N-terminal region of aS that exhibit
predicted low solubility and high aggregation propensity including a seven residue sequence
3GVLYVGS* (named P1) and a thirteen residue sequence  KEGVVHGVATVAE>’
(named P2; Figure 3.1) [350].

1 60 95 140
N-terminus NAC region C-terminus
P1 P2

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK
GVATVAEKTK EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE
GILEDMPVDP DNEAYEMPSE EGYQDYEPEA

AP1: *GVLYVGS*

[ .:* ] [ X* ]

AP2: “*KEGVVHGVATVAE” AA: *GVLYVGS**“KEGVVHGVATVAE”

Figure. 3.1 The P1 and P2 regions in oS.

Deleting P1 to create the oS variant AP1 inhibited aggregation at physiological pH
(pH 7.5) but not at acidic, lysosomal pH (pH 4.5). Deleting P2 alone (AP2) had no
effect on amyloid assembly. However, deleting P1 and P2 in tandem (A AaS) abolished
amyloid propensity at both physiological and lysosomal pH within 100 hours all shown by
ThT fluorescence assays (Figure 3.2) [350]. Deleting these seemingly critical N-terminal
sequences may disrupt intramolecular interactions within the protein chain which affects
the ability of «S to achieve an amyloid-competent conformation in which the NAC region
is sufficiently exposed. nESI-IM-MS offers the potential to provide an insight into how the

conformational heterogeneity of AP1, AP2 and AA aS correlate with amyloid propensity.
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Figure. 3.2 The role of the P1 and the P2 region in amyloid assembly. Amyloid assembly
kinetics of (a) WT (b) AP1 (c) AP2 and (d) AA aS measured by ThT fluorescence.

Adapted from [350].

Here, nESI-IM-MS and ThT fluorescence kinetics are used to understand whether
N-terminal acetylation of oS has an effect on its conformational dynamics and amyloid
assembly kinetics. In vivo, aS is found to be predominantly acetylated at the N-terminus
[351]. More specifically, the composition of Lewy Body deposits has been shown to
contain a high degree of N-terminally acetylated oS («SNTA) [292, 352]. NTA has been
shown to increase oS membrane binding affinity through increased helicity of the N-
terminal region, as well as to facilitate Hsp903, Hdc70, SecB and Skp chaperone binding
[269, 267]. Undeniably, using aSNTA mimics physiological oS more closely. oS in vivo
is local to presynaptic nerve terminals in the brain. The human brain contains around
10! neurons which communicate through synapses where electrical action potentials are
converted into chemical signals for neurotransmitter release. Each neuron is proposed
to contain approximately 7000 synapses [353]. Calcium ions (Caz+) are essential for the
transduction of electrical signals into chemical signals, but other metal ions have been

shown to alter synaptic transmission [354]. Further to this, heavy metal ions have been
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linked to neurotoxicity and are markedly elevated in Lewy bodies deposited in the brain
[355]. In its native, in vivo environment oS will thus experience different physiological
environments and conditions to which the protein chain needs to adapt. Due to the high
abundance of negatively charged residues in the C-terminal region of oS (Figure 3.3),
binding of positively charged ions has been observed in this region [183]. The binding
sites of multiple metal ions is shown in Figure 3.3. Binding of metal ions to residues
in the C-terminus will affect the charge distribution of oS through neutralisation of Glu
and Asp residues [183, 356]. This could influence structural changes and reshaping of
oS monomers that may affect amyloid propensity [345, 357, 358, 13]. In this chapter,
the binding of divalent ions Ca2+, Mn”" and Zn"* to «SNTA has been observed through
native MS and the resultant effects to the conformational ensemble and propensity to form

amyloid are investigated through nESI-IM-MS and ThT fluorescence, respectively.

a 119 140
Caz+ /
Ac-NH! N -terminus \ NAC region C -terminus -COOH
MDVFM ®VWHeV? "bPDNEA”
Cu?* Zn?** Fe2* Fe3* Zn%* Fe2+F 3+
Cu? Cu** Mn2+ CO
b
D, E E,, E, E E, E;, E E, Dy Ey EnEis DigEys  Eip DissEig
AcNH] R ] ! T I T N I [ I R pelety
E.os Dys Dy Eis Eiy Ey

Figure. 3.3 oS is predicted to bind metal ions primarily in the negatively charged C-
terminal region. (a) A range of monovalent, divalent and trivalent metal ions are known to
bind to negatively charged Asp and Glu residues in the C-terminal region of aS, with the
binding sites mapped by NMR [183]. Some transition metals also interact with His50 and
methionine residues in the N-terminal region [359]. (b) The full length sequence of WT
aSNTA, acetylated at the N-terminus (Ac-NH) with each Glu and Asp residue labelled

across the sequence.
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3.2 Objectives

This chapter aims to correlate the conformational dynamics of oS monomers with amyloid
propensity through a systematic study of sequence variants, N-terminal acetylation and
the presence or absence of divalent metal ions. Proteins were expressed and purified with
and without N-terminal acetylation, structurally characterised by nESI-IM-MS and the
rate of amyloid assembly measured using ThT fluorescence. As discussed, it is evident
that the structural heterogeneity of oS influences its amyloidogenic capacity and that the
limited detail of these processes offers scope for investigating the relationship between
conformational dynamics and amyloid assembly. In this chapter evidence is provided that
perturbing the charge distribution of aS, restricting conformational freedom and enhancing
compaction of the protein all have marked effects on amyloid assembly and may elucidate

the earliest stages of amyloid assembly at the monomer level.

3.3 N-terminal acetylation of «-synuclein

3.3.1 Protein production of acetylated «-synuclein

All oS WT and variant proteins were purified using the same protocol. Plasmids were
kindly provided by Dr. Sabine Ulamec, The University of Leeds. The purification of WT
aSNTA and AP1 aSNTA are shown as examples of the purification process in Figure 3.4
a-e which. Briefly, pET23a plasmids containing the relevant oS gene per variant were
transformed into competent BL21 DE3 cells for overexpression of protein as described in
Methods Section 2.2.2. For N-terminal acetylation of proteins, a competent BL21 DE3 cell
line was created which stably expresses NatB acetylase. Protein purification included a five
step protocol outlined in Figure 3.4 a. Cells were lysed, and the lysate wad heated to 80°C.
Due to the high stability of oS at high temperatures owing to its disordered structure, oS
remains in the supernatant at this stage and can be separated from cell debris and thermally

denatured proteins through ultracentrifugation. Soluble oS was salted out of solution using
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58% (w/v) ammonium sulphate precipitation and pelleted by ultracentrifugation (Section
2.2.2). Both anion exchange chromatography (AEX) and size exclusion chromatography
(SEC) were performed to exploit the physicochemical properties of oS for its purification.
Firstly, the salted out pellet of aS was re-solubilised by homogenisation in 300 mL of
20 mM Tris HCL pH 8.0 to dilute any remaining ammonium sulpahte, and loaded onto
a Q-Sepharose AEX column. «S bound to the resin and was eluted using a gradient of
0-50% of 20 mM Tris HCL, 1 M NaCl, pH 8.0. The chromatograms for WT «SNTA and
AP1 aSNTA are shown in in Figure 3.4 b-c. The main peak eluted from AEX was further
purified by SEC. At each stage of purification a sample was analysed by SDS-PAGE
(Figure 3.4e).
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Figure. 3.4 Purification of aS. (a) A schematic of the protocol used in this thesis for
purification of aS. (b) AEX chromatogram of WT aSNTA. (¢c) AEX chromatogram of AP1
aSNTA. (d) SEC chromatogram of WT- and AP1- aSNTA with calibrants: BSA (66 kDa),
chymotrypsinogen (25 kDa) and aprotinin (7 kDa). (e) SDS-PAGE showing stages of
purification of WT aSNTA, a band for S is not observed for the two ammonium sulphate
washes, as oS was salted out of solution and pelleted through ultracentrifugation. The band

for oS becomes enriched throughout the protocol. M indicates molecular weight markers.

Denaturing LC-MS was used to check the molecular weight of the purified «SNTA
protein as well as the efficiency of N-terminal acetylation (Figure 3.5 a-b). The intact

mass spectra identified one primary species with a mass of 14501.64 Da + 0.13 which is
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consistent with the expected mass of N-terminally acetylated WT oS (14502.16 Da). From
the deconvolved mass spectrum in Figure 3.5 b some non-acetylated protein is present
in the sample (14459.63 Da + 0.13), however the efficiency of labelling is around 92%
as judged by peak area integration. The technique applied here using competent BL21
DE3 stably expressing NatB is a robust, efficient protocol for expressing N-terminally

acetylated proteins.

a
+17
100
+15 WT aSNTA (B):14501.64 Da 0.13
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Figure. 3.5 Denatured LC-MS of purified WT aSNTA.(a) Mass spectrum of denatured
aSNTA which is deconvolved in (b) where A = WT oS and B = WT aSNTA. Protein was
measured at a concentration of 1 uM in 0.1% (v/v) trifluoroacetic acid on a Xevo G2-XS

QToF instrument (Waters Corporation, Wilmslow, UK).

N-terminal acetylation proved robust for AP1 (NTA expected mass 13826.37 Da
and NTA observed mass 13826.04 Da), AP2 (NTA expected mass 13224.71 Da and
NTA observed mass 13225.29 Da) and AA (NTA expected mass 12548.93 Da and NTA

observed mass 12548.57 Da) as shown in the deconvolved mass spectra in Figure 3.6.
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Figure. 3.6 Denatured LC-MS of purified oS variants. Mass spectrum of denatured (a)
AA aSNTA, (b) AP2 aSNTA, (c) AP1 aSNTA. Deconvoluted mass spectrum of (d) AA
aSNTA, (e) AP2 aSNTA, (f) AP1 «SNTA where A = NTA variant and B = non-NTA.
Proteins were measured at a concentration of 1 uM in 0.1% (v/v) trifluoroacetic acid on a

Xevo G2-XS QToF instrument (Waters, UK).

3.3.2 Effect of N-Terminal acetylation on oS amyloid assembly

Fibril growth assays were carried out in order to characterise whether acetylation of aS
had an effect on its amyloid assembly kinetics. The fluorescent dye Thioflavin T (ThT;
Figure 1.21) was used to track the onset of 3-sheet assembly in a time dependent manner.
As B-sheet rich fibrils assemble, ThT molecules can readily intercalate into the hydrogen
bond network of stacked [3-sheets [360]. Rotational freedom of the central C-C bond

connecting the benzothiazole and aniline rings becomes sterically hindered resulting in a
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characteristic red shift in the fluorescence emission where excitation occurs at 440 nm and
emission occurs at 480 nm with an increase in intensity [361]. The amyloid assembly of
aS (WT, AP1, AP2 and AA) when acetylated vs. non-acetylated are shown in Figure 3.7.
Acetylation of the N-terminus of oS slows the amyloid assembly rate for all variants.
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Figure. 3.7 Amyloid assembly ThT fluorescence kinetics of oS with and without N-
terminal acetylation. ThT fibril growth assays of 100 uM S in 20 mM ammonium acetate
pH 7.5 for (a) WT oS and WT aSNTA, (b) AP1 oS and AP1 aSNTA, (¢) AP2 S and
AP2 oSNTA and (d) AA oS and AA «SNTA. Amyloid assembly was measured at 37 °C,
shaking at 600 rpm containing one Teflon polyball (1/8" diameter; Polysciences Europe,

Eppelheim, Germany) per each well of sample.

3.3.3 Native MS of «SNTA identifies similarities

Native nESI-IM-MS experiments were performed on the acetylated and non-acetylated
isoforms of WT, AP1, AP1 and AA -aS. Initially native nESI-MS was used to compare

whether there was an effect on the charge state distribution when each protein is acetylated.
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The charge state distribution of a protein can reflect how extended or compact a protein is
based on the availability of protonation sites or the solvent accessible surface area (SASA)

[20].

Native nESI-MS for the acetylated WT oS (WT aSNTA) in Figure 3.8 a-b showed a
slight shift to populate higher charge states (+17 to +8) for WT aSNTA which may reflect
more extended protein conformations shown in Figure 3.8. However, this shift is minimal
and the same charge series (+5 to +17) can be observed for acetylated vs non-acetylated
WT aS. Similarly, in the case of AAaSNTA (Figure 3.8 c-d) a slight population shift
towards the more extended, higher charged species is also observed. This shift is minimal
as there is no loss or gain of major charge states, meaning that the overall population of

compact and extended states is comparable.
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Figure. 3.8 Native nESI-MS comparing N-terminala acetylation of WT and AA aS. (a)
WT oS, (b) WT aSNTA, (c) AA oS and (d) AA «SNTA. 1 = monomer, 2 = dimer with
the charge state in superscript. Proteins were analysed at 20 pM, in 20 mM ammonium

acetate pH 7.5.

Dimer peaks are detected in both spectra with the same charge states present for

both conditions. The charge state distributions in the spectra in Figure 3.8 are largely
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indistinguishable. The native mass spectrum comparing AP1- and AP2- oS with and
without acetylation also show no distinct differences, where +7 is the dominant charge

state in all spectra, consistent with WT oS (Figure 3.9).
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Figure. 3.9 Native nESI-MS comparing N-terminal acetylation of AP1 and AP2 aS. (a)
AP1 aS, (b) AP1 aSNTA, (¢) AP2 oS and (d) AP2 «SNTA. 1 = monomer, 2 = dimer with
the charge state in superscript. Proteins were analysed at 20 pM, in 20 mM ammonium

acetate pH 7.5.

The native mass spectrum for monomeric oS shows a multimodal distribution across
high (+17 to +11) and low (+9 to +5) charge states, reflecting the presence of an ensemble
of conformations that vary in SASA present in equilibrium. Additionally to this, lower
charge state ions +5 to +7 were present in the spectra at a higher intensity than one
would expect for an IDP [362, 363]. Hence, under the experimental conditions used
to acquire the spectra in Figure 3.8 and Figure 3.9 oS variants populate at least three
conformational states consisting of an extended conformation with charge states +17 to
+12, and intermediate conformation with charge states +11 to +8 and a more compact
conformation with charge states +7 to +5. This insight towards the heterogeneity of
monomeric oS complements observations in the literature identifying a heterogeneous aS

monomer ensemble [89, 345, 364].
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3.3.4 Native nES-IM-MS of «SNTA identifies the same conformational

families

The conformational heterogeneity of aS is thought to be governed by the formation
of various long-range intramolecular interactions [350, 358, 364, 257, 365-367]. This
heterogeneity was identified in the native mass spectra in Figure 3.8 where it can be deduced
that oS populates both compact and extended states in equilibrium. Using denatured protein
calibrants: myoglobin, ubiquitin and cytochrome c, a logarithmic fit calibration curve was

created per each nESI-IM-MS experiment (Figure 3.10 and Table 3.1).

Logarithmic fit calibration

Equation y=a+b*x
Weight No Weighting

Residual Sum 0:00351

of Squares

. 0.99079
Pearson's r

0.98083

Adj. R-Square

Value Standard Erro
r
Intercept, 6.71477 0.0114

In(CCS")

Slope | 0.37253 0.01086

0.6 0.8 1.0 1.2 1.4 1.6

Figure. 3.10 Log-log calibration plot for nESI-IM-MS TWCCSy; calculation. 10 uM of
ubiquitin (charge states +7 to +13), cytochrome c (charge states +13 to +20) and myoglobin
(charge states +15 to +26) in 50% (v/v) acetonitrile, 0.1 % (v/v) formic aicd were used for

calibration. The R? value is shown in the table.

From this calibration, the T CCS» for each charge state for WT aS was calculated
and plotted in order to further understand the heterogeneity observed from the native charge
state distribution, and to unpick whether the intrinsically disordered structure of aSNTA

samples fewer specific conformations or a broad array of conformations.
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Calibrant MW @Da) m/z z CCSinN; (AZ)

Ubiquitin 8560 1223 7 1910
Ubiquitin 8560 1070 8 1990
Ubiquitin 8560 951 9 2090
Ubiquitin 8560 856 10 2200
Ubiquitin 8560 778 11 2340
Ubiquitin 8560 713 12 2480
Ubiquitin 8560 659 13 2600
Cytochrome ¢~ 12359 951 13 3080
Cytochrome ¢ 12359 883 14 3200
Cytochrome ¢~ 12359 824 15 3330
Cytochrome ¢ 12359 773 16 3450
Cytochrome ¢~ 12359 727 17 3600
Cytochrome ¢ 12359 687 18 3670
Cytochrome ¢ 12359 651 19 3790
Myoglobin 16960 1131 15 4060
Myoglobin 16960 1060 16 4180
Myoglobin 16960 998 17 4310
Myoglobin 16960 942 18 4440
Myoglobin 16960 893 19 4570
Myoglobin 16960 848 20 4700
Myoglobin 16960 808 21 4820
Myoglobin 16960 771 22 4920
Myoglobin 16960 737 23 5010
Myoglobin 16960 707 24 5090

Table 3.1 Denatured calibrants in 50% (v/v) acetonitrile, 0.1 % (v/v) formic acid used for
nESI-IM-MS CCS calculation. Calibrant PTCCSN? values are found in the literature taken

from the Bush database [53].

Native ion mobility mass spectra of WT oSNTA in Figure 3.11 were acquired at a
protein concentration of 20 uM in 20 mM ammonium acetate pH 7.5 and plotted as a
TWCCSn, “fingerprint” heat map. The X-axis represents the number of charges (z) plotted

against TWCCSyy values in A% on the Y-axis with the relative peak intensity in the Z-axis
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(heat map). WT aSNTA populates an extended species (charge states +8 to +17), and
intermediate species (charge states +8 to +11) and a compact species (charge states +5 to

+8).

The larger ™WCCSy; for the higher charge state series from around +12 to +18 may
arise as a consequence of the nESI charging process whereby coulombic repulsion from
the spatial concentration of protons on the molecule results in chain extension [368]. By
contrast, isolating lower charge states reflects a more native-like representation of the
protein structure [369]. With particular focus on the +8 ion, three to four conformations
are visible represented in the dashed line in Figure 3.11.
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Figure. 3.11 Three dimensional nESI-IM-MS plot of WT aSNTA. Each charge state

1500

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Charge state

detected from the native spectra (+5 to +17) is plotted as TWCCSy; calculated from the
arrival time distribution (ATD) under individual charge state peaks. Dashed lines show the

8+ charge state. ATDs were extracted using MassLynx 4.1 (Waters, UK).

The degree of separation between TV CCSy; intensities was achieved through rigor-
ous optimisation of parameters on the Waters Synapt G1 instrument for optimal tuning

conditions whilst preventing the activation of ions. For this optimisation, the +8 charge
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state of WT aSNTA in 20 mM ammonium acetate pH 7.5 was taken as a model for tuning.
The trap bias voltage, sampling cone voltage, trap pressure and IM cell pressure were
systematically manipulated and the results are displayed in Figure 3.12 a-d. The trap bias
voltage is responsible for accelerating ions from an area of relatively low pressure in the
trap cell to a region of high pressure in the TWIMS cell by energising (pushing against the
gas flow) ions upon injection into the TWIMS cell. If this transfer is too energetic then
structural rearrangement and isomerisation may occur in the analyte [370]. The calculated
TWCCSn, for WT aSNTA does indeed shift when modifying the trap bias voltage, at lower
trap voltages (20 V) WT aSNTA is significantly compacted whereas high voltages (40 V)
induce extension (Figure 3.12 a). Thus, a trap bias of 30 V was selected for nESI-IM-MS

experiments in this thesis.

Once protein samples are ionised at atmospheric pressure in the ionisation source, the
ion beam passes through the sampling cone into the vacuum system for ion extraction
from the bulk plume. When the sample cone voltage is too high (~ 50 V), extension of
the +8 charge state of WT aSNTA occurs. The sample cone was kept at 30 V for IM-MS
acquisitions in this thesis to ensure more native-like conditions are achieved. The trap
pressure which controls the gas flow into the trap cell and thus the collisions that occur
with neutral buffer gas within the trap cell was maintained at 3.5 mbar (Figure 3.12 ¢). The
IMS pressure which controls the gas flow into the IM cell showed that a high IMS pressure
results in too frequent collisions with neutral buffer gas molecules resulting in longer drift
times and analyte unfolding [371]. In this thesis, data acquired on a Synapt G1 used an

IMS pressure of 3.0 mBar (Figure 3.12 d).
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Figure. 3.12 Optimisation of Waters Synapt G1 tuning parameters on the 8+ charge state

of aS. 20 uM WT aSNTA was acquired in 20 mM ammonium acetate pH 7.5. (a) Trap bias,

(b) sampling cone, (c) trap pressure and (d) IMS pressure were optimised. All TWCCSy»

values were extracted using the 8+ charge state. Optimal conditions chosen from these

experiments were: trap bias 30 V, come voltage 18 V, trap pressure 3.5 mbar and IMS

pressure 3.0 mBar.

nESI-IM-MS experiments were performed to determine whether NTA affected the
monomeric conformational ensemble of WT, AP1, AP2 or AA aSNTA versus non-
acetylated variants (Figure 3.13 a-d). The results show that for all four variants, the
distribution of conformations — peaks in the TWC(CSy; distribution — remain similar when

each protein is acetylated. For WT oS, there is a slight shift towards populating the more
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extended conformations which may be due to the addition of the slightly polar acetyl group
with removal of the charged amino group. This small change in polarity may be significant
enough for a small, IDP such as oS to disrupt long-range intramolecular interactions.

However this difference is minimal, and the conformations that are present remain distinct.
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Figure. 3.13 Native nESI-IM-MS spectra of acetylated oS. (a) WT oS and WT aSNTA 8+
charge state, (b) AP1 oS and AP1 «SNTA 7+ charge state, (¢) AP2 aS and AP2 aSNTA
7+ charge state and (d) AA oS and AA aSNTA 7+ charge state. Spectra were acquired
using a protein concentration of 20 uM in 20 mM ammonium acetate, pH 7.5 on a Waters
Synapt G1. TWCCSy» values were calculated using ATDs extracted from MassLynx 4.1

(Waters, UK).

Globally, the protein structural space is not perturbed when acetylated at the N-terminus.

The same distribution of conformations can be observed with slight variations in intensities
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within experimental error of IM-MS experiments [372]. N-terminal acetylation has been
shown to increase the helicity of residues 1-9 of aSNTA by NMR but this is not significant
to change TWCCSy; [373]. Moving forward in this thesis, all aS proteins including any

deletion or truncation variants used are acetylated at the N-terminus unless stated.

3.4 The addition of metal ions affects amyloid Kinetics

and conformational dynamics

3.4.1 Metal ions on oSNTA increase the rate of amyloid assembly

Fibril growth assays were performed in order to characterise whether the addition of metal
ions Ca?*, Mn* or Zn>* had an effect on the amyloid assembly kinetics of WT-, AP1-,
AP2-, and AA- aSNTA. The addition of Ca%*, Mn?* or Zn?* at a molar excess of 1:25
(protein:ion) increased the rate of WT aSNTA amyloid assembly (Figure 3.14) consistent

with previous literature [183, 358].
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Figure. 3.14 WT oSNTA amyloid assembly is faster in the presence of metal ions. ThT
fluorescence intensity of WT aSNTA (grey) unbound and in the presence of 1:25 Ca®*
(green), Mn* (purple) or Zn>* (pink). ThT fluorescence was detected using 100 uM
protein in 20 mM ammonium acetate pH 7.5, at 37°C, shaking at 600 rpm with one Teflon
polyball (1/8" diameter; Polysciences Europe) per each well of sample. Three replicates
for each sample are shown for ThT fluorescence kinetics, with negative stain EM images
shown alongside with borders representing the sample colour. The scale bar corresponds

to 300 nm in all images.

For WT aSNTA, a decrease in lag time is observed through tsqg values which represent
the time taken for each signal to reach half of the plateau value (Figure 3.16). Zn>* showed
the greatest effect on t5y. This observation could offer key understandings to the behaviour
of «SNTA in its native environment within pre-synaptic nerve terminals in which all of the
three tested divalent ions can be found at varied concentrations (nM to mM) during the

transmission of neuronal impulses [372, 374].

Under identical conditions to WT «SNTA, in the absence of metal ions, AP1 «SNTA
slowly begins to show signs of assembled fibrils with a ThT positive signal within 100
hours (Grey trace in Figure 3.15 a). Upon the addition of Ca?* at a molar excess of

1:25, AP1 oSNTA strikingly enters an amyloid-competent state. Mn?* and Zn>* addition
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accelerates fibril formation more rapidly than the same concentration of Ca>*, similar
to that of the WT aSNTA. All three ions also speed up the rate of amyloid assembly of
AP2 aSNTA (Figure 3.15 b). In the case of AA aSNTA, which does not assemble into
ThT positive amyloid in the absence of metal ions, the addition of the tested metal ions
here exert an effect similar to AP1 aSNTA with the greatest effect observed with Zn >+ >
Mn?* > Ca®* (Figure 3.15 c). The resistance exhibited by AA «SNTA to assemble into
amyloid fibrils is remarkable. The deletion of both P1 and P2 may exert a synergistic
effect whereby intramolecular interactions that would ideally form within residues of these
peptide sequences in WT aS are removed. The disruption of these suggested intramolecular
interactions might impair the ability of AA aSNTA to adopt a specific partially compact
structure which is on pathway for amyloid formation, but this conformation could be
induced in the presence of metal ions. Hence, whether this conformational effect occurs

can be visualised by native nESI-IM-MS was next explained.
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Figure. 3.15 Deletion variants of aSNTA form amyloid faster in the presence of metal
ions. (a) ThT fluorescence intensity of AP1 «SNTA (grey) unbound and in the presence of
1:25 Ca®* (green), Mn?* (purple) or Zn>* (pink). (b) as in (a) but for AP2 «SNTA, and
(c) as in (a) but for AA «SNTA. ThT fluorescence was detected using 100 uM protein in
20 mM ammonium acetate pH 7.5, at 37°C, shaking at 600 rpm with one Teflon polyball
(1/8" diameter; Polysciences Europe) per each well of sample Three replicates for each

sample are shown.
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tso values for all three variants of oS identify Zn®* as the most effective ion at speeding
up amyloid assembly in Figure 3.16. Each ion may exert specific effects through different
biding capacities or resulting conformational changes.
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Figure. 3.16 Meal ions decrease the t5q values for all variants. tso values identify the time
taken for each ThT fluorescence signal to reach half of the plateau final value. tsqg values

were determined using AmyloFit 2.0 [182].

To confirm that the ThT signals represent the formation of fibrillar material, a pelleting
assay was performed followed by densitometry (Figure 3.17). The percentage of aggregates
at the end point of the ThT reaction for WT aSNTA and AP2 a«SNTA show minimal
variation in the presence or absence of metal ions, suggesting that due to monomer
availability becoming the limiting factor, it is mostly the lag time which is impacted. A
weak ThT signal is observed for AP1 «SNTA control in the absence of metal ions in the
later stage of the ThT reaction (between 90-100 h), pelleting reveals that fibril material is
unlikely responsible for this, and that perhaps oligomers with [3-sheet content are present.
However the percentage of pelleted material increases to almost near comparable values
to WTNTA in the presence of metal ions for both AP1- and AA -aSNTA in Figure 3.17.

SDS-PAGE gel images used for densitometry are shown in appendix Figure A.1.
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Figure. 3.17 Aggregate yields determined through pelleting and densitometry. A sample
was taken at the end point of the ThT containing a mixture of monomers and fibrils if
present. A separate sample was taken for pelleting at 100,000 x g. Samples were boiled
to depolymerise fibrils and analysed by SDS-PAGE. The percent aggregate yield was

determined by densitometry of the resulting bands as described in Section 2.3.4

3.4.2 Multiple metal ion binding events revealed by nESI-MS

The ThT fluorescence traces in Figure 3.14 and Figure 3.16 provide evidence that Ca>*,
Mn?* and Zn>* all enhance the rate of amyloid assembly of WT-, AP1- and AP2- «SNTA.
The literature shows that metal ions predominantly bind to negatively charged Glu and Asp
residues in the C-terminal region of aS (Figure 3.3) [183, 358, 321]. Since the C-terminal
region remains untouched in the deletion variants used in this thesis thus far, binding to

that region of the protein theoretically should still occur.

Native nESI-MS is a powerful tool for determining binding stoichiometry at low
concentrations and ratios of protein:ligand. Firstly, binding of Ca**, Mn** and Zn?** was

characterised for WT aSNTA in Figure 3.18. For WT oSNTA all three metal ions bind
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with a range of stoichiometries between six and seven ions binding per «SNTA monomer
for all detected charge states. Metal ions are also observed to bind to dimers (Figure A.2).
Upon the addition of Zn**, there is almost a complete loss of the unbound peak as shown
in the insets for charge states 1>+ and 8+ (Figure 3.18). This effect is less prevalent when
Mn?* is added and even less so in the presence of Ca>* where one less ligand (six) binds to
WT oSNTA. Zn?* appears to be the strongest binder and also exerts the greatest reduction

in tso (Figure 3.16).
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Figure. 3.18 Native nESI-MS identifies binding of metal ions to WT «SNTA. The whole
spectrum and insets for the +8 and +12 charge states of WT aSNTA (a) Zn>* bound (pink
squares), (b) Mn2* bound (purple squares) and (c) Ca2* bound (green squares). The protein
concentration was 20 uM in 20 mM ammonium acetate pH 7.5 and the concentration of
metal ion added was 500 uM to give a molar ratio of 1:25. Spectra were acquired using a

Synapt G1 instrument (Waters, UK).

Binding of metal ions to AP1 «SNTA also occurs to all charge states with a range of

five — seven ions bound per oS monomer. Similarly to WT «SNTA, Zn* binding results in
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the greatest intensity reduction of the unbound ions for charge states 12+ and 7+ (Figure
3.19).
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Figure. 3.19 Native nESI-MS identifies binding of metal ions to AP1 «SNTA. The whole
spectrum and insets for the +7 and +12 charge states of AP1 «SNTA (a) Zn** bound (pink
squares), (b) Mn?* bound (purple squares) and (c) Ca?* bound (green squares). The protein
concentration was 20 uM in 20 mM ammonium acetate pH 7.5 and the concentration of
metal ion added was 500 uM to give a molar ratio of 1:25. Spectra were acquired using a

Synapt G1 instrument (Waters, UK).

Native nESI-MS was repeated for AP2 aSNTA and AA aSNTA oS and showed
identical binding patterns of binding to WT aSNTA and AP2 «SNTA at the 25-fold molar
excess of ions used here. AP2 «SNTA binds up to five ligands (Figure 3.20). AA aSNTA

binds six — seven ions (Figure 3.21).
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Figure. 3.20 Native nESI-MS identifies binding of metal ions to AP2 aSNTA. The whole
spectrum and insets for the +7 and +12 charge states of AP2 «SNTA (a) Zn>* bound (pink
squares), (b) Mn2* bound (purple squares) and (c) Ca?* bound (green squares). The protein
concentration was 20 uM in 20 mM ammonium acetate pH 7.5 and the concentration of
metal ion added was 500 uM to give a molar ratio of 1:25. Spectra were acquired using a

Synapt G1 instrument (Waters, UK).

All variants of aSNTA show a similar affinity for all three metal ions as defined by the
number of metal ions bound, inferring that the molar excess of ions here saturates binding
in all cases. This narrows down the effect of t5y of amyloid formation to the resultant
conformational effects for binding of the different metal ions to each variant of aSNTA.
Next nESI-IM-MS was used to identify any perturbations in 1" CCSy; caused by metal

ion binding to the different variants.
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Figure. 3.21 Native nESI-MS identifies binding of metal ions to AA aSNTA. The whole
spectrum and insets for the +7 and +12 charge states of AA aSNTA (a) Zn** bound (pink
squares), (b) Mn?* bound (purple squares) and (c) Ca®* bound (green squares). In all
cases, the protein concentration was 20 pM in 20 mM ammonium acetate pH 7.5 and the
concentration of metal ion added was 500 uM to give a molar ratio of 1:25. Spectra were

acquired using a Synapt G1 instrument (Waters, UK).

3.4.3 Metal ion binding causes compaction of «SNTA by Native nESI-

IM-MS

Ion mobility MS can detect subtle changes in compaction or extension which may not
already be visible from the nESI charge state distribution as discussed in Section 1.5.1.
Here, the effect on TWCCSn» when different metal ions; Ca*, Mn2* or Zn* bound to the
8+ charge state of WT aSNTA or the +7 charge state of AP1-, AP2- and AA -aSNTA
(as this is the most populated charge state for each variant). Each metal ion bound peak,

the unbound peak from an external control that can be detected in the native MS spectra
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contains a drift time profile used for TWCCSNZ determination. In Figure 3.22, the calculated
TWCCSn, values for each variant bound to either four Ca2*, Mn?* or Zn2* ions are shown.
Ions were added at a molar ratio of 1:25. The peak for monomer bound to four ions was
selected as all proteins bound four ions for each ion condition presenting spectral peaks

with clear mass resolution from the baseline.

In Figure 3.22 a, when compared to the control unbound protein, Ca%*, Mn>* and Zn**
binding all shift the population intensity towards more compact conformations for WT
aSNTA with the greatest conformational shift observed in the presence of Zn>*. Divalent
ions are known to bind to negatively charged residues in the C-terminal region of aS
(Figure 3.3), therefore the compaction effect observed could be a result of neutralisation of
negative residues and the resultant collapse of the C-terminal region of the protein [183, 13].
Alternatively, compaction could be a result of metal ion coordination of multiple amino
acid residues along the protein chain to one ligand. Such conformational rearrangements

might expose the hydrophobic NAC region resulting in accelerated amyloid kinetics.
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Figure. 3.22 Native nESI-IM-MS spectra. "W CCSy; plots of (a) WT aSNTA, (b) AP1
aSNTA, (c) AP2 aSNTA, and (d) AA aSNTA each unbound and bound to four Ca®*,
Mn?* or Zn* ions. Spectra were acquired using a protein concentration of 20 uM in
20 mM ammonium acetate, pH 7.5. Spectra with ions present were acquired with the
addition of 500 uM ion acetate conjugate. All spectra were acquired on a Waters Synapt

G1. ™WCCSy; values were calculated using ATDs extracted from MassLynx 4.1 (Waters,

UK).

The effect of metal ion binding for both AP1 «SNTA and AP2 aSNTA are highly
comparable, whereby all three of the tested metal ions result in compaction, with the
greatest effect occurring in the presence of Zn?*. All three metal ions also result in
compaction of AA aSNTA. In this case, the compaction effect due to Ca’* and Mn**
binding is less pronounced than that observed for the other two variants and WT oS, but

the most compact ion occurred with Zn%*, as observed for all variants showed here. The
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compaction effect in the presence of Zn>* is shown in Figure 3.23 for WT and AA «SNTA
bound to one to seven Zn>* ions. Compaction occurred at one binding event highlighting
how effective with Zn>* is at structurally remodelling «S. For WT «SNTA, two stages of
TWCCSNZ shifts are observed, one shift at 1-3 Zn%* and a second shift around 5-7 Zn%*

ions bound. A similar effect is observed for AA aSNTA.
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Figure. 3.23 Native nESI-IM mass spectra showing compaction of WT and AA «SNTA
when Zn2* ions bind. (a) TWCCSx» fingerprints of the 8+ charge state of WT aSNTA
unbound and bound to one to seven Zn*. (b) TWCCSn» fingerprints of the AA aSNTA 7+
charge unbound and bound to one to seven Zn’*. Spectra were acquired using a protein
concentration of 20 uM in 20 mM ammonium acetate, pH 7.5. A 25-fold molar excess
of zinc acetate was added. TWCCSn» values were calculated using ATDs extracted from

MassLynx 4.1 (Waters, UK).

When studying conformational changes by IM-MS, it is important to consider all
charge states from the broad, multi-modal distribution, as this reflects the entirety of the
conformational ensemble [362, 357]. The native nESI mass spectra of WT and AA aSNTA
show Zn”* binding to all charge states to a similar extent at the 25-fold molar excess used.
Since Zn?* exhibited the greatest accelerator effect on amyloid formation and greatest
effect on the extent of compaction for both variants, 7Zn** was selected for analysis of

TWCCSy; effects. The TWCCSyy» fingerprint for each charge state is plotted in Figure
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