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Abstract

The study of protein/peptide folding, misfolding, structure, and interactions are
vital to understanding complex biological problems. The work presented in this
thesis describes the development and application of mass spectrometry -based
techniques to investigate protein structure, aggregation and interference with
aggregation, providing insights into the self-assembly and inhibition of several

disease-related peptides.

Mass spectrometry has evolved significantly over the past decade, its applications
varying from small molecules to macromolecules. Travelling wave ion mobility
spectrometry (TWIMS), when combined with mass spectrometry (MS), has the
unique and unrivalled capability of separating molecular ions based on their
collision cross-sectional area in addition to their mass-to-charge ratio, thus
facilitating structural studies of co-populated protein conformations and structural
isomers of protein complexes that cannot be separated by molecular weight alone.
One biological system that has benefitted enormously from such advances is the

study of in vitro amyloid formation.

The ability of amyloidogenic protein/peptides to assemble into insoluble fibrils is
the basis of a vast array of human disorders. Human islet amyloid polypeptide
(hIAPP) is one such peptide able to readily assemble into amyloid fibrils in vitro at
neutral pH, despite being intrinsically disordered. Identifying oligomeric states
occupied between monomer and final fibrils creates an enormous challenge, given
that few techniques are able to separate and characterise such lowly-populated
and transient species. In addition to characterisation of fibril precursors, recent
research has focussed on the identification of small molecule inhibitors of the
amyloid cascade and understanding their mechanism of action is of great interest

to this field.

In the work presented here, the power of TWIMS-MS has been harnessed to
achieve the separation and characterisation of oligomeric precursors of the type-2
diabetes-related peptide hIAPP along with IAPP mutants and peptides
corresponding to its core sequence. In addition, the effects of small molecule

inhibitors on oligomer population and fibril formation have been studied and
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described in detail. Further, an experimentally simple, in vitro MS-based screen has
been developed and implemented that provides rapid and accurate analysis of
protein aggregation and its inhibition. All of the results highlight the powers of MS
to provide important insights into the mechanism of amyloid formation and
demonstrate the potential of this approach for screening for novel inhibitors of

disease-related amyloid assembly.
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Aims

The propensity of proteins to aggregate into amyloid has severe consequences in
human disease. Little is known about the nature of these toxic amyloid states and
current screening techniques used in the search for potential inhibitors are

expensive, time consuming and require large quantities of protein.

There is an urgent need for detailed analysis of all potentially toxic amyloid
intermediates and the generation of a high-throughput, highly sensitive, and cost-
effective assay for inhibitors of amyloid formation. Therefore, the aim of this thesis
is the observation and characterisation of oligomeric states of amyloid systems
followed by the development of an in vitro, automated, MS-based screen for

inhibitors of aggregation that could be applied to multiple aggregating systems.

The screen should; enable the selection of small molecule inhibitors of protein
aggregation of various sequences, have a low false positive and false negative rate,
have the ability to rule out self-aggregating small molecules and allow
determination of the usefulness of inhibitory compounds based upon spectral

fingerprints.

These above requirements are all been achieved using the MS-based screen for
identifying amyloid inhibitors. Chapter 3 and Chapter 4 detail the initial
characterisation of the peptide that was chosen for use in proof-of-principle
screening. Chapter 5 describes the development of the screen and its capacity to
differentiate between inhibitors and non-inhibitors of amyloid assembly, with a
classification system for compounds based on spectral fingerprints being
demonstrated. The high-throughput potential and diversity of the screen is
demonstrated by the use of automation and a second peptide system, respectively.
Finally, Chapter 6 demonstrates the application of the MS-based screen to other,

disease related aggregating proteins.
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1 Introduction

1.1 History of mass spectrometry

Mass spectrometry (MS) is an analytical technique used to measure the
mass/charge ratio (m/z) of ions in the gas phase within a mass spectrometer. It is a
technique used for determining mass, composition and structures of samples. The
sample is first ionised by a choice of methods, its ions are separated in an analyser
according to m/z and their relative abundances are recorded by a detector, see

Figure 1-1.

Vacuum

Sample
Introduced

lons
Detected

Mass
Analysed

Sample
lonised

Intensity

m/z

Figure 1-1. Schematic of a mass spectrometer. The sample is introduced, ionised in
the ion source, and the ions separated according to m/z. The detector measures ion
count detected at each m/z. A computer system converts information from the
detector into a mass spectrum.

MS has been a widely accepted tool utilised in the analysis of biological systems for
more than twenty years, since the pioneering development of electrospray
ionisation (ESI)(1, 2). ESI, along with other soft ionisation techniques, for example
matrix assisted laser desorption ionisation (MALDI)(3), have been revolutionary in
their ability to reveal new insights into protein structure and macromolecular

assemblies using MS. Not only can ESI-MS experiments of biological
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macromolecules provide accurate molecular mass measurements (2), the
technique enables structural information about proteins and their biomolecular
complexes to be acquired. Recent advances have meant that information about
protein/ligand binding, structure, stability, dynamics and post-translational

modifications can be obtained (4-6).

1.2 Synapt HDMS

The work presented in this thesis was carried out using a Synapt HDMS mass
spectrometer (Waters UK Ltd)(Figure 1-2). Samples are introduced using nano-
electrospray ionisation (ESI) (Section 1.3) and guided into the instrument which
incorporates travelling wave ion mobility spectrometry (IMS) (Section 1.4) with
Time of flight (ToF) mass spectrometry (Section 1.5) (7). Within this device, three
travelling wave ion guides (TWIGs) are situated between a quadrupole (Q) mass
analyser and a ToF analyser. The first TWIG is known as the trap region, the
second as the mobility cell and the third as the transfer region. The final electrode
of the trap TWIG is direct current (DC) only and its voltage is adjusted in order for
it to act as a gate through which ion packets move into the IMS cell to be separated.
In the mobility cell, a wave voltage is applied to the 1st and 7th pair of electrodes
followed by the 2nd and 8th pair and so on. The transfer region has a constant
travelling wave voltage applied to it to maintain temporal separation between the
mobility cell and the ToF analyser. The ToF pusher is synchronised with the gate of
the trap region and for each gate pulse, 200 pushes of the ToF analyser are
recorded for every IMS experiment. Additionally, the trap and transfer regions can

function as MS/MS collision cells for fragmentation experiments (Section 1.6).
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Figure 1-2. Schematic showing the layout of the Synapt G1 HDMS Figure adapted
from (7).

1.3 Ionisation of biological molecules

Ions can be generated by a number of methods for use in MS. In the past, electron
impact and chemical ionisation were most commonly used to generate ions from a
sample. These methods require the sample to be in the gas phase, and thus were
only suitable for the mass determination of small volatile organic molecules. More
modern, ‘soft ionisation’ methods, MALDI (3) and ESI (2), developed ~27 years
ago, have allowed mass analysis of polar and thermally labile biomolecules without
prior derivatisation (8). MALDI ionisation can be used for biological samples,
however, it results in the formation of predominantly singly charged ions (9),
meaning that valuable information about the native protein conformation is lost.

ESI results in the formation of non-fragmented, multiply charged gas phase ions.

ESI, a very gentle ionisation technique, is performed at atmospheric pressure and
is suitable for the analysis of polar molecules with a mass range of 100 Da to >1
MDa. First, the sample is dissolved in the appropriate solvent, depending on the
sample’s features, which also determine the ionisation mode (positive or negative)
of the MS. Next, the sample is sprayed through a narrow stainless steel capillary
needle into a heated evaporation chamber. The needle is held at a high potential,

with a voltage of 3-4 kV being applied to its tip. The analyte emerges from the
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capillary in the form of an aerosol of highly charged droplets. Nebulising gas,
usually nitrogen, flows around the outside of the capillary and aids formation of
such droplets. The charged droplets are attracted by a voltage to a sampling cone
at the opposite end of the desolvation chamber and move towards it. Warm
nitrogen gas, used as a drying gas, passes orthogonally across the front of the
ionisation source and aids solvent evaporation leading to decreased size of
charged droplets as they move across the chamber. When the size of the droplet
has diminished below a certain threshold for a given charge, a ‘Coulombic
explosion’ occurs. The charge repulsion at a certain radius exceeds the surface
tension and droplets split into smaller droplets, each carrying a proportion of the
charge. This cycle continues, leading to the formation of a fine spray of analyte ion-
containing samples (Figure 1-3). Eventually, charged sample ions are free of
solvent and pass through the sampling cone into the vacuum chamber. Two
opposing models exist for the formation of gas phase ions: the ‘lon Evaporation
Model’ (IEM) states that when a droplet reaches a certain radius the field strength
at the surface of the droplet becomes large enough to cause direct emission of ions
into the gas phase (10). The ‘Charge Residue Model’ (CRM) states that electrospray
droplets undergo cycles of evaporation and fission until no more solvent remains
and droplets contain, on average, one analyte ion or less (1). Despite these two
proposals, the precise mechanism of ion liberation is unknown and neither model
is able to explain all observations. It is probable that the proposed mechanisms
may operate individually or in tandem, depending on the analyte, to invoke ion
formation (11). It is thought that the IEM model may apply to ions originating from
relatively small molecules, while ions with multiple charges are likely to be formed
via the CRM model. A third, alternative mechanism for unfolded proteins has been
proposed recently by Konermann et al. (12). This chain ejection model (CEM)
states that proteins are expelled from the droplet long before complete solvent

evaporation has taken place (12).
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Figure 1-3. The mechanism of electrospray ionisation.

The efficiency of ESI has been improved by use of volatile buffers in the presence of
acids, which increase the ionic strength of the solution, therefore enhancing
droplet formation. The sensitivity of ESI can be improved by decreasing the flow
rate, which causes smaller droplets to be formed usually with few salt adducts on
the sample ions. Nano-ESI is a low flow rate version of ESI (13), in which ions are
formed and desolvated using electrostatic charging. A small amount of sample is
added to an appropriate volatile solvent (concentration 1-10 pmol/uL). A high
voltage (ca. 1000 V) is applied to a gold plated narrow, borosilicate vial which
initiates a low flow rate of 30-1000 nL/min. This means that far less sample is
consumed with respect to ESI and therefore multiple experiments can be
performed on very small volumes of sample. In 2002 John Fenn, who developed
ESI, received the Nobel Prize (14) together with Koichi Tanaka, who developed
Laser Desorption lonisation. The greatest application of ESI is the study of proteins
and protein complexes whose functions are vitally dependant on non-covalent
interactions that can be maintained in the gas phase using ESI. When performing
ESI, peptides of molecular mass <1200 Da usually give rise to singly charged,
protonated species, whereas a polypeptide of molecular mass >1200 Da is likely to
acquire multiple charges. The number of charges that a protein picks up during the
electrospray process is thought to be directly related to its solvent-exposed surface
area. Basic residues are most likely to become protonated however protons are
able to migrate to other sites of high gas-phase bascicity within the mass
spectrometer. The mass of multiply-charged protonated ions can be determined
using the equation: m/z = (M + nH*)/n. Nano-ESI has the ability to provide
effective desolvation to high mass samples of low concentrations, in the nanomolar
to picomolar range. Consequently, samples in highly aqueous solvents containing a

low salt concentration can be effectively introduced into the mass spectrometer. A
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novel method of ionisation is the Advion TriVersa Nanomate (Advion Biosciences
Inc., Ithaca, NY USA)(15). This is an automated chip-based nano-ESI device, which
uses a chip consisting of an array of 400 nanospray needles, or nozzles. The analyte
solution is sprayed from a conducting pipette tip aligned against the rear of the
chip and a small gas pressure is then used to aspirate the sample. A new nozzle is

used for each sample.

1.4 Ion mobility spectrometry-MS

One key technical advance, the pairing of MS to ion mobility spectrometry (IMS),
has seen MS emerge as a central component of the structural biology tool kit (16-
18). MS coupled to IMS allows detailed analysis of complex systems via
determination not only of their masses, but also their rotationally-averaged
collision cross-sectional areas (CCS). IMS is an analytical technique that separates
gas phase ions on the basis of their mobility through a carrier buffer gas under the
influence of an electric field. Separation of ions depends on two fundamental
principles: the CCS of the ion and the charge of the ion (as well as gas temperature
and pressure) (19). Larger, more extended ions will experience a greater number
of collisions with the buffer molecules gas and, as a result, will take longer to
traverse through the drift tube. Conversely, smaller, more compact ions of the
same m/z will undergo fewer collisions with the buffer gas molecules and hence
have a higher mobility and therefore a shorter drift time. Separation depends also
on charge, with more highly charged ions being accelerated through the drift cell
and therefore having higher mobility than ions of the same m/z but carrying fewer
charges. The many applications of IMS-MS include: separating isomers, separating
protein monomer conformations, separating protein oligomers and calculating ion

CCS (19).

When using conventional IMS in determination of drift time (tD), the equation

below is used to calculate an ion’s CCS () (Equation 1.1): (20, 21).
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Equation 1.1: Calculation of cross sectional area in conventional IMS
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Where z is the charge of the ion, e is the charge of an electron (1.602x10-1° C), Kj is
Boltzmann'’s constant (1.381x10-23 m2 kgs2 K1), T is temperature in K, tp is the
drift time of the ion, N is the number density of the buffer gas, P is pressure, m; and
my are the molecular masses of the ion and the buffer gas respectively. A ratio of
actual pressure (P) and temperature (T) are taken against standard temperature
and pressure values (273.2 K and 760 torr). The electric field is denoted by E, and
L is the length of the drift tube in meters (20, 21). Equation 1.1 allows the collision
cross-sectional area of any species to be determined providing temperature and

pressure and the drift time (tp) can be measured accurately.

The term below (Equation 1.2) is the reciprocal for reduced mass between the
analyte ion and the buffer gas. Reduced mass is the effective inertial mass of a
molecule, also described as the mass of an object measured by its resistance to

acceleration.

Equation 1.2: Calculation of Reduced mass

Reduced mass = [i + i}
mI mN

The major drawback of conventional IMS-MS is its poor sensitivity, with
approximately just 1 % of ions produced being transmitted through the IMS-MS to
the detector (22). The major cause of this insensitivity is the length of the drift tube
and the fact while a particular packet of ions is being separated, no other ions can

enter the drift cell.

Over the past decade, much effort has been directed at producing commercially
viable instrumentation. This has led to the development of ion mobility separation
based on a travelling-wave IMS system (22) (Figure 1-4). Travelling-wave ion

mobility spectrometry mass spectrometry (TWIMS-MS) uses the same basic
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principles as conventional IMS-MS except that ions are trapped until they can all be
pushed into the drift cell together, giving much higher sensitivity, with >80 % ions
being transmitted (22). TWIMS-MS has been shown to be promising for protein
analysis, being highly sensitive and having good separative power for analysis of
multiply-charged ions, and it can be used to calculate CCS values for each
component in a sample. Unlike conventional IMS experiments, drift time values are
not linearly related to Q in the TWIMS-MS system, therefore cross-sectional area
must be defined by a calibration approach. The determination of peptide cross-
sectional areas can be achieved due to the abundance of known IMS-MS cross-
sectional areas available within the literature (these can be found on Professor

David Clemmer’s website: www.indiana.edu/~clemmer) (23). For peptide

analysis, the TWIMS-MS device can be calibrated by measuring drift times of
peptides derived from commercially available proteins following tryptic digest.
Readily available proteins such as cytochrome c and alcohol dehydrogenase (ADH)
can be used and IMS-MS data for the calibrant protein are acquired under exactly
the same instrument conditions that will be used for the target protein (24).
Tryptic digests of such proteins result in a wide range of peptide sizes that are
observed as singly and doubly charged ions and a wide range of cross-sectional

areas is covered by the calibration (23).
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Figure 1-4. Schematic of separation of ions in a TWIMS-MS device. lons of a low
mobility fall off the top of the travelling wave and therefore have a longer drift time.
Figure adapted from (Giles et al, 2004)(22).

Because the electric field (E) is not uniform in a TWIMS cell, the conventional IMS
equation does not apply. The equation for calculating 2 must take into account the
wave functions of the TWIMS-MS system. This TWIMS-MS equation contains
constants A and B that describe TWIMS-MS characteristics rather than electric
field density. A is the correction factor for the electric field parameters and B is to

compensate for the non-linear effect of the TWIMS cell, shown in Equation 1.3:

Equation 1.3: Calculation of Q) when using TWIMS
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The collision cross-sections can also be stated as a charge and mass independent
value. Equation 1.3 is divided throughout by absolute charge (ze) and reduced

mass giving rise to Equation 1.4, shown below: (20)
Equation 1.4: Calculation of reduced cross section, ()’
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The calculation can be further simplified when the correction for pressure,
temperature, electric field and other constants are transformed into a single value,

A’, resulting in Equation 1.5, shown below: (20)

Equation 1.5: Use of single constant for the correction of temperature,
pressure and electric field

Q' =A’tp?
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Equation 1.3 can be then be simplified greatly by the incorporation of reduced

cross-section, (1, giving Equation 1.6, shown below; (20)

Equation 1.6: Use of reduced cross section for the calculation of cross-
sectional area

For calibrant peptides, () and drift times are known and can be used to determine
values for constants A and B under defined instrument conditions. A plot of
reduced (, (") against tp fitted allometrically will give A and B values and enable
determination of unknown peptide (s. The calculations from Equation 1.6 can be
input into an Excel spreadsheet for rapid determination of unknown peptide Qs
from experimental drift times (20). Once the CCS of an ion is known, then
additional modelling tools can be used to predict its structure. For example,
modelling of protein structures can be achieved using MOBCAL (25, 26) and/or the
more recently developed Leeds (20) and PSA methods (27) to calculate theoretical
cross sections from PDB files. These CCS values can then be compared with those
obtained experimentally. From this, it can be deduced whether a protein is in a

native-like compact state, or if a different conformer is observed.

1.5 Mass analysers used in a Synapt HDMS

A mass analyser separates ions according to their m/z after the ionisation step. The
most commonly used analysers for biomolecular studies are the quadrupole (Q)
and time-of-flight (ToF) analysers, or combinations of the two. The Q analyser
detects ions of each m/z sequentially by scanning the m/z range (Figure 1-5),

while the ToF mass analyser detects all ions simultaneously (Figure 1-6). Mass
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analysis aims to achieve high resolution, accuracy and a wide mass range and

sensitivity.

Quadrupole mass analysers are composed of four rods in parallel to one another in
a circular arrangement (Figure 1-5). The four rods are arranged as two pairs that
are connected electrically. The electric field between the pairs consists of a static
DC potential and an oscillating radio frequency (RF). Ions travel between the rods
through the centre of the quadrupole and as they travel through the mass analyser
they undergo a complex oscillating motion. This motion is a result of the oscillating
component of the electric field causing the polarity of the rods to change with time,
the ions being attracted to rods of opposite polarity. Unlike ToF analysers, where
all ions are analysed simultaneously, Q mass analysers allow ions of a particular
m/z to be detected for a given ratio of RF and DC voltages. lons with a certain m/z
will have a stable trajectory at a given ratio of voltages and will reach the detector.
All other ions will have unstable trajectories and either collide with the rods or
become lost in the walls of the analyser (Figure 1-5). Continually varying the
voltages applied to the rods allows ions with a range of m/z values to be analysed
and detected. A Q can be operated as a selection device for a particular ion(s) so
that tandem MS (MS/MS) can be carried out. Also, a Q can be used as an ion guide

to transmit all ions (above a lower mass cut-off) by operating in RF mode only.

Resonant ion
(detected)

Source slit

Figure 1-5. Schematic representation of a quadrupole mass analyser. lons with a
specific m/z (purple) will traverse through the quadrupole and reach the detector
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whilst all other ions with unstable trajectories (orange) will be deflected into the
rods. Voltages can be adjusted to transmit different m/z values.

ToF mass analysers measure the time taken for an ion to traverse a field-free
region and reach a detector, this time is then converted to m/z (28, 29). The time
taken (t) for an ion to travel a given distance, d, can be defined as t=d/v where v is
the average velocity of the ion. All ions are given a fixed kinetic energy (K.) when
they exit the ionisation source but have different velocities (v) corresponding to
their different masses (m) (Ke=1/2mv?2). ToF analysers have a theoretically
unlimited m/z range, making them suitable for use in the analysis of large
biomolecules such as proteins. These analysers also have high sensitivity due to
the parallel detection of ions, i.e. all of the time is spent looking at all of the ions. A
pulsed ion beam is used in combination with an orthogonal series of ion filters that
couple ion flow from the ESI source to the high vacuum analyser. Historically, the
major disadvantage of ToF analysers was their poor mass resolution, occurring as
a result of the range of kinetic energies produced by the source for ions of the same
m/z. However, this drawback has been overcome by several improvements
including orthogonal geometry, two-stage acceleration, delayed pulsed extraction
and the use of reflectron lenses. Delayed extraction is achieved by allowing ions to
initially move in the field-free region with velocities determined by their kinetic
energy. An extraction pulse, applied at an optimised delay time, then provides ions
with low initial kinetic energy with more kinetic energy hence decreasing the
kinetic energy spread and peak width (30). The reflectron lens system, is a feature
of modern ToF mass analysers which also enhances resolution (31). The reflectron
consists of a series of ring electrodes stacked on top of one another in the path of
the ion (Figure 1-6). It acts as a mirror and doubles the flight distance by
reflecting ions back through the flight tube towards the detector and focuses ions
of the same m/z that have slightly different kinetic energies. The reflectron
circumvents the need for extra lab space or more vacuum pumps, by doubling the
ion path length, whilst keeping the TOF dimensions (hence pumping/vacuum
system) the same. Certain analysers with dual reflectrons can be set to operate in V
or W mode, which represent ions being reflected once or twice by the reflectron

respectively. V. mode allows enhanced sensitivity with respect to W mode which
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becomes important for the detection of minor species with high resolution within

co-populated ensembles.
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Figure 1-6. Schematic representation of a TOF mass analyser. lons represented in
red and blue have the same m/z value, but slightly different kinetic energies. The
presence of the reflectron compensates for this, as higher energy ions penetrate the
reflectron deeper and have a longer flight path.

1.6 MS/MS in a Synapt HDMS

The use of hybrid instruments, such as the Synapt HDMS, allows additional
characterisation of protein or peptide samples using tandem mass spectrometry
(MS/MS). Here, MS/MS can occur most commonly via a collisional induced
dissociation (CID) mechanism (32, 33). During CID-MS/MS experiments, precursor
ions of a specific m/z are selected in the first mass analyser before being
accelerated into a region filled with an inert gas, commonly argon. The accelerated
ions collide with the buffer gas molecules, during which the kinetic energy of the
ion is converted into vibrational energy. If the vibrational energy is sufficient, the
ion will fragment. Fragmentation yields a charged and neutral ion, of which only
the charged ion is detected. In the Synapt HDMS, both the Trap and Transfer
regions can act as collision cells, with parent ions of a specific m/z isolated on the Q

mass analyser and subsequent daughter fragment ions being detected on the ToF
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mass analyser. CID-MS/MS can be applied to the study of protein/ligand and
protein/protein complexes (34, 35). Fragmentation of peptides or proteins
typically occurs via the cleavage of the peptide amide bonds, (predictably yielding
b- and y- type ions) (8, 36), where the charge can reside on either ion type
depending on the exact sequence of the peptide. The sequence of the peptide or
protein can be identified when fragmentation occurs at adjacent amide bonds
along the peptide backbone, allowing determination of the mass, and therefore
identity, of adjacent amino acids. Only one isobaric pair of amino acids exist :-

Leu/Ile, with Gln/Lys also being very close in mass.

1.7 Mass spectrometry for protein structure elucidation

Early ESI-MS studies of proteins revealed that the extent of ionisation was related
to structure (37). More compact protein structures, such as those containing
multiple disulphide bonds, acquired fewer charges during ESI with respect to more
expanded proteins (37). When a folded protein is in its native state, it has a smaller
solvent-accessible surface area therefore few sites are accessible to protonation,
therefore the ESI mass spectrum will show a narrow charge state distribution that
appears at a relatively high m/z value. On the contrary, when proteins are
denatured under acidic conditions, they have a larger solvent-accessible surface
area therefore they acquire higher charge states. This occurs because as a protein
unfolds, it becomes more accessible to the protonated solvent therefore will have a
higher charge and therefore a lower m/z. Additionally, the mass spectrum of an
unfolded protein will show a wider charge state distribution due to the increased
variety of charge states that can occur. The number of experimentally determined
charges on a native protein can therefore help to give an estimate of its surface
area and can help towards the structural characterisation of protein complexes
(38). Although protein structure estimates are possible, they are not conclusive

given the elusive nature of the relationship between structure and charge (5, 38).

Relatively few techniques are available that allow elucidation of residue-specific

information about the structure of proteins. NMR and X-ray crystallography have
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proved useful in providing atomic resolution structures of many protein systems,
that have been deposited in the PDB. However, such techniques are not applicable
to all protein systems i.e. NMR is restricted to proteins <~40 kDa in size for full
structural determination whilst dynamic samples usually elude crystallisation.
Both NMR and X-ray crystallography require mg quantities of pure protein
samples for analysis. NMR of intrinsically disordered, dynamic protein assemblies
leads to challenging data interpretation as a result of signal averaging. MS
overcomes the caveat of requiring pure protein samples required for NMR or X-ray
crystallography by ‘purifying’ samples as they are separated by their m/z, allowing
characterisation of whole species distributions, providing information relating to
both conformation and equilibria. Monomeric protein can be distinguished easily
from oligomeric species given that the charge allows determination of the mass of
each species thus defining oligomer order. Non-covalent assemblies, such as virus
capsid assembly (39-43) and amyloid intermediates (6, 44-49), that function as
complexes rather than monomeric protein can be studied in detail using MS.
Complementary techniques such as covalent labelling (50, 51) and hydrogen-
deuterium exchange (HDX) (52, 53) can be used in combination with MS. By
combining MS with these methods, high-resolution information on the structure of
protein assemblies can be gained. Of particular interest is the study of transient,

lowly populated, heterogeneous amyloid intermediates, discussed below.

1.8 Protein Folding, Misfolding and Aggregation

The protein folding process is, for the most part, spontaneous and therefore
determined by the protein’s primary structure (54). However, the exact
mechanism by which the final folded conformation of a protein is encoded in the
amino acid sequence, and how the folding process is achieved, remains elusive.
Funnel-shaped energy landscapes can be used to describe the transition from high
energy unfolded structures towards functional native states, at local minima of

folding profiles (Figure 1-7) (55-57).
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Figure 1-7. The energy landscape of both protein folding (purple) and aggregation
(pink). The purple surface shows that many intermediate conformations can lead to
to the native state (which is in a local energy minimum) by the formation of
intramolecular contacts. The pink surface shows the conformations that can lead to
amorphous aggregation or amyloid fibril formation through intermolecular contacts.
Figure adapted from references (57).

Most peptides and small proteins (<100 residues) achieve their native structure
via a one-step folding process, with only the unfolded and native state being
populated significantly (57). On the contrary, folding of large multi-domain
proteins (>100 residues) is achieved via an array of intermediate non-native states
(57, 58). Such intermediate structures may be on-pathway i.e. towards the native
state, or alternatively may be stable, misfolded conformations that are trapped in
local energy minima that have to be reorganised before the native state can be

revealed (Figure 1-7).

Aggregation is the association of two or more non-native protein molecules that
can occur due to exposure of hydrophobic amino acid residues that are buried in
the native state (56, 59). Misfolding can occur during or after folding, as a result of

cellular stress conditions (55, 59-61). Proteins can leave the folding pathway and
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enter alternative aggregation pathways, driven by hydrophobic interactions
between folding intermediates (Figure 1-7). Off-folding pathways include both the
amorphous aggregation pathway leading to the formation of disordered
aggregates and the fibril forming pathway resulting in formation of highly ordered,
thermostable assemblies (55, 57, 59). Amorphous aggregates are non-toxic and
can be cleared by the proteasome (57), however oligomeric species formed on the
fibril forming pathway are considered to be highly toxic and are associated with

the aetiology of numerous devastating pathologies (Table 1.1).

1.9 Amyloid formation and the study of amyloid

intermediates

Aberrant aggregation of proteins and peptides into amyloid fibrils contributes to
more than 50 human disorders (62). Amyloid diseases can be divided into three
broad classes: neurodegenerative diseases, where amyloids are deposited in the
brain and spinal cord (this class includes Alzheimer’s disease (AD), Parkinson'’s
disease (PD) and Huntington’s disease (HD)); non-neuropathic localised
amyloidosis, where aggregation occurs in a single tissue (not the brain); or

systemic amyloidoses where aggregation occurs in multiple tissues (Table 1.1).
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Some of these conditions arise in individuals with a genetic predisposition, or
alternatively can occur sporadically. The location of protein aggregates varies
between disease states and the proteins contained within such plaques share no
obvious sequence, function, or structural similarity and result in a wide variety of
symptoms (56, 63, 64). In each case, normally soluble proteins that may be folded,
partially folded or intrinsically disordered embark on alternative aggregation
energy landscapes (65) (Figure 1-7) leading to the formation of B-sheet rich,
fibrillar assemblies. The association between amyloid formation and disease
pathogenesis is common for all amyloidoses and the cytotoxic properties of
amyloidogenic peptides may also be similar (66). Identifying and characterising
the structures and dynamics of prefibrillar oligomers is vital to understanding the

mechanism of protein aggregation in amyloid diseases, identifying the specific

culprits of toxicity and designing therapeutics to prevent aggregation.

Disease Protein
Disease Location of aggregates  Clinical features
class involved
Transmissible
Prion Extracellular amyloid Dementia, ataxia,
spongiform (67)
protein fibrils in CNS psychiatric problems
encephalopathies
Extracellular amyloid
Amyloid-8
Alzheimer’s (AD) . plaques, cytoplasmic Progressive dementia | (68)
and tau
Neuro- neurofibrillar tangles
degenerative Cytoplasmic
Parkinson’s (PD) a-synuclein Movement disorder (69)
Lewy bodies
Amyotrophic
Superoxide | Cytoplasmic and axon
lateral sclerosis Movement disorder (70)
dismutase inclusions
(ALS)
Huntington’s (HD) | Huntingtin | Intranuclear neuron Dementia, motor and (71)

18




INTRODUCTION

inclusions psychiatric problems
Hyperglycaemia,
Type Il diabetes hIAPP Pancreatic amyloid
insulin deficiency and (72)
mellitus (T2DM) (amylin) plaques
Non- resistance
neuropathic | Injection-localised Injection localised Sub-therapeutic levels
Insulin (73)
localised amyloidosis plaques of insulin
amyloidoses Renal, hepatic, cardiac,
Apolipoprotein A1 | Apo A-1 Progressive renal
laryngeal or cutaneous (74)
amyloidosis fragments and/or hepatic disease
fibrillar deposits
Immuno-

Fibrillar deposits in
Amyloid light globulin
various organs, most Renal failure (75)
chain amyloidosis | light chain
commonly kidneys

fragments
Serum
Non-
Amyloid A amyloid A1l
neuropathic Kidney, liver and spleen | Renal failure (76)
amyloidosis protein
systemic
fragments
amyloidosis
Dialysis-related f32-micro- Amyloid plaques in
Paraplegia (77)
amyloidosis (DRA) | globulin joints
Fibrillar deposits in
Lysozyme
Lysozyme leukocytes and Renal failure (78)
amyloidosis

macrophages

Table 1.1. Amyloid diseases (56, 79). Table courtesy of Dr. Janet Saunders.

Several in vitro techniques have been implemented successfully in order to gain
molecular and mechanistic insights into amyloid formation. Imaging techniques
such as electron microscopy (EM) (Figure 1-8a) and atomic force microscopy
(AFM) are used routinely to confirm the presence of amyloid (80, 81). Additionally,
X-ray fibre diffraction enables detection of the cross-f structure, common to
amyloid fibrils (Figure 1-8b)(56). Small molecules such as Congo red (Figure
1-8c) and thioflavin T (ThT) (Figure 1-8d), known to bind to amyloid fibrils, are
used commonly to detect the presence of fibrils both in vitro (82, 83) and in vivo
(84, 85). Congo red exhibits apple-green birefringence upon excitation with plane-
polarised light when bound to the regular array of 3 -strands within the cross-3
structure of amyloid. Binding of ThT to amyloid fibrils can be monitored by
excitation of the dye with light at 444 nm, upon which fluorescence emission can
be measured at 480 nm (86). Although little is known about the specificity of this

interaction, it is thought that the ThT binds with its long axis parallel to the
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hydrogen bonded network within fibrils (86). In vitro, ThT fluorescence can be
monitored in real-time and is therefore routinely used in determination of fibril
formation kinetics. Typically, ordered amyloid assembly proceeds via a nucleated
assembly mechanism (87). Such an assembly mechanism begins with a lag-phase
in which a critical nucleus forms, followed by an elongation phase and ending with
a stationary phase (Figure 1-8d). Identification of species in each of these phases
is crucial for understanding the mechanism(s) of amyloid formation and for
identifying all potentially toxic species as targets for inhibition by ligand binding.
The latter could pave the way for the development of therapeutics to circumvent

amyloid-associated toxicity in numerous pathologies (Table 1.1).

[Amyloid]

ﬂ ‘\ ﬂ ‘ hdi‘fferentﬁb;il

morphologies

Time
»

Lag Phase

Figure 1-8. Techniques for characterisation of in vitro amyloid formation. (a)
Negative Stain EM image of long, straight hIAPP fibrils (scale bar = 100 nm); (b) X-
ray fibre diffraction of long, straight hIAPP (20-29) fibrils (88) showing the hallmark
amyloid pattern; (c) Congo red staining of hIAPP amyloid from a diabetic subject
(89) (scale bar: 50 um); (d) Schematic representation of amyloid fibril formation
starting from monomer (pink circles) and proceeding via oligomers (pink squares)
along seeded (dotted line) and unseeded (solid line) assembly pathways to produce
fibrils of different morphologies.
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Protein aggregation is thought to be initiated by a misfolding or unfolding event
that allows oligomerisation to proceed followed by either structural
rearrangement or assembly directly into amyloid fibrils (90). Identifying
oligomeric species both on- and off-pathway to the final fibrillar structure creates
an enormous challenge, yet is crucial to understanding the molecular mechanisms
of amyloid assembly. Whilst much attention has focussed on blocking fibril
formation using small molecules that target on-pathway oligomers, recent studies
have suggested that off-pathway oligomers are equally as interesting and exhibit
toxicity against numerous cell-lines (91, 92). Therefore, it is essential to identify
and characterise all species present within these heterogeneous ensembles. In
order to identify such species, techniques are urgently required that enable the
interrogation of different amyloid systems in great detail. To this end, systems
including beta-2 microglobulin ($2m) (44, 93, 94), a-synuclein (49, 95-97), A (45,
98-100) and IAPP (47, 48, 101, 102) have been studied using a range of biophysical
approaches including IMS-MS (Table 1.2).

Amyloid System References
IAPP (47,48,101,102)
AB40 and AB42 (45, 98-100)
a-synuclein (49, 95-97)
B2-microgloblin (44,93, 94)
Transthyretin (103)

Insulin (104, 105)
NNQQNY, VEALYL and SSTNVG peptides (46)

Prion protein fragment PrP106-126 (106)

Table 1.2. Amyloid systems studied by IMS

1.10 hIAPP amyloid assembly in vivo

IAPP is a highly amyloidogenic 37 residue peptide hormone synthesised by beta
cells of the pancreas as an 89 residue pre-prohormone. Removal of the 22 residue

signal sequence leads to the 67 residue pro-IAPP, which is further processed in the
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Golgi and in the insulin secretory granule to produce the 37 residue mature
hormone (107) (Figure 1-9). Additional post-translational modifications include
formation of an intramolecular disulfide bridge between cysteine residues at
positions 2 and 7, and amidation of the C-terminus (Figure 1-9). The mature, 37
residue peptide is stored in the insulin secretory granule at a ratio of 1:50 -1:100
relative to insulin and is co-secreted with insulin. The physiological roles of IAPP
are not completely understood in humans, however rodent models have suggested
that the peptide plays a part in the inhibition of insulin secretion, glucose
homeostasis and calcium metabolism and also affects feeding behaviour (89, 108,
109).

10 20 30
hIAPP NH, -KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-CONH,

riApp NH.,'-KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-CONH,

Figure 1-9. Comparison of human IAPP (hIAPP) and rat IAPP (rlAPP) sequences.
Both peptides have a disulfide bridge between Cys-2 and Cys-7 and have an amidated
C-terminus. Residues that differ from those of the human peptide are coloured pink in
the rat sequence.

IAPP was discovered during post mortems of patients with T2DM due to its
aggregation into insoluble amyloid deposits in pancreatic islets (109). IAPP
amyloid deposits have been reported to occur in up to 95 % of Type 2 Diabetes
Mellitus (T2DM) patients compared with less than 15 % of non-diabetic
individuals (89). T2DM is characterised by insulin resistance and beta cell failure.
Insulin resistance leads to increased insulin production by beta cells, and when
these cells fail to produce sufficient insulin, then T2DM develops (110). Elevated
glucose levels in T2DM cause increased amounts of IAPP to be secreted,
concomitant with increased insulin secretion, eventually resulting in the formation
of large extracellular beta sheet-rich aggregates. IAPP’s exact role in T2DM
remains elusive but its misfolding is thought be a pathogenic factor in the disease
as there is strong correlation between the degree of amyloid present and disease
severity (109). Amyloid formation by IAPP is thought likely to induce apoptotic cell

death of pancreatic islets (110) thus leading to the observed decrease in beta cell
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mass and function (111). Such proteinaceous deposits are restricted to the islet

area, not spread throughout the pancreas (109).

IAPP amyloid forms via a nucleation-dependent mechanism possibly via binding to
beta cell membranes (112). IAPP amyloidosis is thought to begin intracellularly;
however, deposits are extracellular leading to the following hypothesis for IAPP
amyloid: amyloid first forms intracellularly and causes cell death leaving a small
amount of extracellular amyloid to act as a seed for progressive amyloid formation
leading to development of the proteinaceous plaques observed in T2DM patients,

shown in Figure 1-10 (109).

1. Intracellular 2. Membranes are 3. Amyloid fills cell 4. Amyloid is not 5.Extracellular
accumulation of compromised and cytosol and degraded and remains deposits act as
amyloid in membrane- small deposits fuse to gpoptosis is as extracellular seeds for amyloid
bound compartments. form larger ones. induced. deposits. propagation.

Gt

Figure 1-10. Hypothesis of IAPP fibril formation during the progression of TZDM.
Figure adapted from (109).
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1.11 Sequence dependence of IAPP amyloid formation

Amyloid formation by IAPP is highly sequence specific (113). Mice and rats do not
develop islet amyloid, but cats, non-human primates and humans do. Whilst the
human polypeptide is extremely amyloidogenic, rat IAPP does not form amyloid in
vivo or in vitro, despite differing in sequence at only six amino acid positions (three
being Pro residues in rat IAPP, leading to disruption of secondary structure
formation) (Figure 1-9) (114). Much attention has been focused on the sequence
within the 20-29 region and the role it plays in controlling amyloid formation. This
region (SNNFGAILSS) forms amyloid-like fibrils readily in isolation in vitro (101,
115) and is considered to be one of the major determinants of the ability of IAPP

variants to form amyloid. The shortest IAPP sequence capable of forming fibrils is

23



INTRODUCTION

NFGAIL, whereas FGAIL forms short ribbon-like structures and GAIL is not capable
of fibril formation (115). The characterisation of designed variants of IAPP support
the significance of residues 20-29; analogs of IAPP which contain prolines or N-
methylated residues within this portion of the polypeptide are considerably less
amyloidogenic than wild type IAPP (116, 117). Although there is a strong
correlation between the primary sequence of the 20-29 segment and rate of in
vitro amyloid formation (118), mutations outside of this region significantly impact
amyloid formation, indicating other factors are involved in controlling IAPP’s

amyloid propensity.

A variety of single point mutants and a free C-terminal mutant exhibit altered rates
of amyloid formation with respect to the wild-type peptide sequence (119). The
missense S20G mutation of the human IAPP gene, known to occur in vivo, is
associated with a history of an early onset, more severe type of T2DM (120). This
substitution also enhances amyloid formation in vitro (120). A H18L mutant, in
which His-18 is replaced by Leu, a neutral residue of a similar volume, has a
significantly increased rate of amyloid formation with respect to wild-type human
IAPP (121). On the contrary, an IAPP variant with a free acid at its C-terminus
forms amyloid much more slowly (121) and the ‘non-amyloid’, single-point mutant
[26P has been shown previously to be a moderately effective inhibitor of amyloid
formation by wild-type human IAPP (116). Studies of the monomeric and
oligomeric species populated by mutant [APP sequences over time would give key

insights into the amyloid competence and possible toxicity of distinct states.

1.12 Inhibitors of amyloid formation

Given the multifaceted nature of the mechanisms involved in amyloid diseases,
alarmingly few therapies are available currently (122-126). The toxic species in
many of these disorders remains elusive, therefore any available therapies target
the symptoms rather than culprits of the disease (127). The use of small molecule
inhibitors (low molecular weight organic compounds) to bind to amyloid species

and block and/or re-direct amyloid assembly is one promising therapeutic avenue
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(125, 126). This inhibition approach was first introduced upon observations that
aromatic compounds such as ThT and Congo red could bind to and inhibit the
formation of amyloid structures, for example formed from the A peptide, when
present at high enough concentrations (122, 128-130). Small molecule inhibitors
have numerous advantages over peptide inhibitors; they are able to cross the
blood-brain barrier, avoid an immunological response, and are more stable in
biological fluids and tissues (131). A vast arrays of compounds have since been
demonstrated to interfere with the aggregation pathways of many proteins
associated with amyloid disease. Table 1.3 contains examples selected to highlight
the structural and chemical diversity of small molecules that bind to amyloid
suggesting that they may be binding to different sites and/or have different

binding modes to the proteins of interest.

Small Molecule ‘ Structure Protein Target
Congo red
* AB (129, 132), insulin
" ‘ (133), Ig domain (134)
oH AB (135), hIAPP (136-
EGCG OH
HO o O 138), TTR (139), k-
(epigallocatechin-3- O o
0 casein (140), a-syn
gallate) OH OH
(141)
aH
HaN SO3

Tramiprosate R AB (142)

X
Hemin AB (143, 144)

0.C COz
HO oH AP (145, 146), hIAPP
Curcumin
It T 9 (147, 148), a-syn
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(149), lysozyme (150)

Sy

e}

Aspirin AB (151)

Q cl

Tafamadis o 4--1—« S0 TTR (126)
e

ya

cl

Table 1.3 Select examples of small molecule inhibitors of protein aggregation. Table
courtesy of Dr. Janet Saunders.
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The most common family of small-molecule inhibitors of aggregation are
polyphenol compounds (139, 152-155) found naturally at high concentrations in
wine, tea and many plants. The compounds play protective roles including disease
prevention and protection from ultraviolet radiation damage and their human
consumption has been proposed to have potential antibacterial, antiviral,

anticancer and neuroprotective benefits (155).

Polyphenols are believed to interact with amyloid and interfere with aggregation
by means of competitive interactions with key aromatic residues within the
peptides and proteins (156-158). Aromatic rings of polyphenols can compete and
prevent stacking of aromatic residues (‘m-stacking’), believed to be pivotal for
formation of amyloid fibrils (156-158). The prevention of m-m interactions
subsequently blocks further self-assembly (155, 159, 160). This has been
demonstrated by structural analysis of the interaction between Congo red and the
aromatic moieties of insulin, an interaction which subsequently abolishes fibril
formation by insulin (133). Aromatic stacking is, however, not the sole
determinant of aggregation, as demonstrated recently with the A peptide in
which replacement of aromatic side chains with leucine or isoleucine enhances

amyloid formation (161).

One of the most intensively studied small molecules, is the tea-derived flavanol (-)-
epigallocatechin-3-gallate (EGCG) (Figure 1-11). EGCG has been shown to interact
with multiple amyloid systems and is capable of preventing oligomerisation and
fibrillation as well as disaggregating preformed fibrils both in vivo and in vitro
(102, 128, 135, 136, 138, 140, 141, 162-164). The numerous phenolic hydroxyl
groups, as well as the aromatic rings, of EGCG (Figure 1-11) are believed to play a
central role in aggregation inhibition, potentially via hydrogen bonding to the
peptide backbone of the amyloidogenic protein (135, 137). When these hydroxyl
groups are removed sequentially, the ability of the molecule to inhibit aggregation

decreases sequentially (137).

Upon incubation with EGCG, fibril formation from a-synuclein and AB40 is ablated
and small spherical species result in the place of fibrils (141, 156).

Characterisation of the spherical off-pathway species formed when EGCG is
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incubated with a-synuclein or AB40 has shown that the species formed reduce
cellular toxicity when compared with fibrillar species (162). However, the point at
which the assembly pathways switch from fibril formation to off-pathway oligomer
formation and the mechanism by which such spherical aggregates form remains to
be deduced.

OH

OH

Figure 1-11. Chemical structure of the polyphenol (-)-epigallocatechin-3-gallate
(EGCG). The high number of phenolic hydroxyl groups is pivotal to its broad anti-
amyloidogenic properties (135, 137)

One possible disadvantage of polyphenol compounds as aggregation inhibitors is
their lack of specificity. The generic structure of the final amyloid fibril formed by a
wide variety of protein sequences enables polyphenol compounds to interact with
a vast array of systems. This could be disadvantageous given that not all amyloid
sytems are disease-related. Interference with functional amyloid (56, 165, 166),
such as the fibrils formed by PMell7 in mammalian melanocytes that assist in
melanin deposition (167), would be of great detriment. Additionally, the lack of
understanding of the nature of the toxic species makes inhibitors of fibril
formation and/or fibril disaggregates potentially harmful. Each non-native species
on the aggregation pathway could potentially contribute towards the toxicity
therefore molecules that bind to monomers and prevent all stages of misfolding
and aggregation are desirable as therapeutics. Techniques for determining the
mode of action of potential inhibitors and the exact species with which they

interact is of great interest and importance to this field.
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1.13 IMS-MS for studying amyloid assembly

IMS-MS is ideally suited to the study of amyloid formation (6, 97). It allows
separation of multiple conformations of the same protein monomer with the same
m/z ratio that differ in size and/or shape, thus enabling all of the non-native states

occupied en route to fibril formation to be identified and characterised in detail.

Several studies have shown that the ESI process is capable of conserving a
protein’s solution-phase characteristics in the gas-phase and that by performing
ESI-MS alone, observation and characterisation of the different conformational
states of folded proteins is possible (95, 168). A protein’s charge state distribution
alone can provide useful information on the protein’s conformation, given that
unfolded conformations expose more ionisable sites than the more folded/
compact conformations (95, 168). This means that unfolded conformers of the
same protein will exhibit higher charge states than their folded counterparts
during the ESI process (Section 1.7). For protein systems that exhibit multiple
conformations, Gaussian distributions can be fitted to charge state envelopes to
estimate the number of conformers present (95, 168). Although fitting charge state
distributions to ESI-MS m/z spectra helps in determining the number of
conformations present, and their relative abundances, it does not allow separation
and/or detailed interrogation of these species. By contrast, using IMS-MS,
conformers of distinct CCS are separated and characterised individually. These
approaches have been demonstrated for both a-synuclein (a-syn), an intrinsically
disordered amyloidogenic protein associated with Parkinson’s disease (169) and
B2-microglobulin ($2m), a protein with an immunoglobulin fold that forms amyloid
fibrils associated with DRA (170), a debilitating osteoarticular complication of
long-term hemodialysis. In the case of a-syn, Gaussian fitting allowed identification
of four distinct conformational states, ranging from a highly structured one to a
random coil (95). The use of IMS-MS later allowed a highly amyloidogenic
fragment of a-syn (residues 72-140) to be separated from the intact protein
according to its CCS and subsequently individually characterised (171). In the case

of B2m, under low pH conditions (pH 2.5) three different conformeric families
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(compact, partially compact and expanded) of the protein monomer were first
identified by fitting the charge state distributions (168) and later separated using
IMS-MS (172). A variety of proteins and peptides that assemble into amyloid have
been studied using IMS and are listed in Table 1.2.

After IMS-MS separation and subsequent CCS determination, it is possible to use
molecular dynamics simulations and/or coarse-grain modelling to reveal potential
structures of protein conformers observed using IMS-MS and to understand the
mechanism of oligomer growth. Molecular dynamics (MD) simulations have been
utilised in conjunction with IMS-MS in the analysis of several amyloid systems
including IAPP (47), a-syn (49) and a short prion fragment (residues 106-126)
(106). In the case of IAPP (discussed in detail in Section 1.11), a distinct change in
monomer conformation associated with amyloid propensity was identified using
IMS-MS. IMS-MS revealed that human IAPP populates a more expanded
conformation than its non-amyloidogenic rat counterpart (48). MD simulations
confirmed that the expanded conformation identified in the IMS-MS analyses was
likely populated by a -hairpin structure. Similarly, NMR data suggested that fibril
formation of hIAPP is initiated through a B-hairpin intermediate (173), validating
the use of IMS-MS in combination with MD for study of early amyloid
intermediates. In a similar study, Dupuis et al. suggested a (-hairpin human IAPP
dimer structure with CCS values consistent with this species containing two f3-

hairpin IAPP monomers bound side-to-side (47) (Figure 1-12).

30



INTRODUCTION

+ hIAPP > (hIAPP)2

Figure 1-12. Mechanism of dimer formation by hIAPP: dimers have [-strand
monomer-monomer interfaces. IMS-MS and simulation data support a route to the
fibril state through an “early conformational transition” to a B-stranded conformer.
Figure take from (47).

Using the same approach, a mechanism of the prion fragment 106-126 oligomer
formation was proposed (106). An expanded conformer observed using IMS-MS
was shown likely to have a -hairpin-like structure according to MD simulations.
This B-hairpin-like conformation decreased in relative intensity over time,
concomitant with an increased intensity of a peak in the IMS spectra
corresponding to oligomeric species (Figure 1-13). Increased 3-sheet content over
time, measured using CD (106), was additional evidence for this conformational

change.
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Figure 1-13. lon mobility spectrometry-mass spectrometry of the assembly pathway
of the prion protein fragment 106-126. a) lon mobility traces for the +2 charge state
monomeric ions of the prion fragment 106-126 showing the presence of Species A
(CCS = 371 A2) together with Species B, an expanded [-sheet conformation with a CCS
of 466 A2, at early time-points. Species B is absent in the “Control” sample, a non-
amyloidogenic peptide of the same amino acid composition but with a scrambled
sequence (CCS = 391 A2). The population of expanded conformers in the “Normal”
prion protein fragment 106-126 decreases over time as species with drift times of 390
us and 425 us appear. These peaks are presumed to be oligomeric as the CCS values
are too small to belong to a monomeric conformer with +2 charges. b) Schematic
showing the proposed mechanism of PrP106-126 oligomer formation involving the
assembly of Species A and Species B into ordered small aggregates. Figure taken from
(106).
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Although IMS-MS is a relatively new addition to the structural biology tool kit, it is
now accepted as a powerful method for the interrogation of the conformational
properties of proteins which may be folded, partially folded or intrinsically
unfolded (6, 97). Given that amyloid fibril formation can be initiated via the
formation of lowly populated and highly dynamic, transient species, this is

especially useful.

1.14 Studying oligomeric intermediates using IMS-MS

A significant challenge in the study of amyloid assembly is the identification and
characterisation of oligomeric intermediates. In the early stages of amyloid
assembly multiple, rapidly-converting, transient and lowly-populated species are
co-populated in solution, so the detection and characterisation of individual
species is extremely difficult. In contrast to rival biophysical techniques, such as
light-scattering or fluorescence, IMS-MS can individually identify and characterise
oligomers that are present, rather than simply providing information on the
average properties of the species populated. ESI-IMS-MS lends itself to the study of
amyloid systems for a number of reasons. Firstly, MS enables the detection of
multiple ions within the same sample at femtomolar concentrations, and their
identification, based on their m/z. Secondly, nESI-MS allows preservation of large,
non-covalently bound biomolecular species in the gas phase that are reflective of
species populated in solution (174-177). Thirdly, IMS-MS allows ion species of the
same m/z but different CCSs to be separated, enabling different protein
conformational states and oligomeric species to be distinguished confidently (178,
179), all within a single experiment. Amyloid formation can be followed over time
and any changes in oligomer distribution and/or protein conformation can be

monitored (180).

In the past, using ESI-MS without IMS, high order oligomers occupied during fibril
formation of proteins including f2m and insulin have been identified based upon
m/z alone (94, 105). Using this approach, oligomer charge states were identified

based on the observed 13C isotope spacing or through the identification of unique,
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odd numbered charge states (94, 105). More recently, using IMS-MS, it has been
possible to establish unequivocally which species are present in solution, given
that at a particular m/z different oligomeric ions may contribute to the peak in the
ESI-MS spectrum. Oligomeric states that have coincident m/z, but different
size/shapes can be separated based on their mobility through an inert gas under

the influence of a weak electric field, as they travel through the IMS drift cell.

Multiple amyloid systems have been interrogated by IMS-MS (Table 1.2) including
the AB40 (98, 100) and AB42 (45) peptides that form extracellular plaques in AD
and contribute to cell death associated with memory loss (123). Both peptides are
aggregation prone, however A342 is more highly amyloidogenic and considered to
be significantly more neurotoxic (123). The discrepancy in amyloid propensity of
the two peptides has been proposed to be in part due to a difference in the
oligomeric states occupied during fibril formation. Bernstein et al. (98) employed
negative mode ESI-IMS-MS in order to show significant differences in the
oligomeric states populated by ABf40 and AP42 (Figure 1-14). IMS-MS data
revealed that the key structure in the aggregation pathway of AB40 is a ‘closed’
tetramer that is not amenable to further oligomerisation by monomer or dimer
addition. In contrast, AB42 occupies ‘open’ tetramers en route to a planar hexamer
which stacks to form a dodecamer, proposed to be a potential candidate for the

primary toxic species in AD (Figure 1-14).
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Figure 1-14. Differences in Ap40 /AB42 fibril formation determined by ESI-IMS-MS.
For AB40 the key structure is the tetramer that does not undergo further monomer or
dimer addition. For Af42 an ‘open’ tetramer promotes the formation of the planar
hexamer (paranucleus) and the stacked dodecamer. The AB40 tetramer is suggested
to go on to forms fibrils, but these were not observed in this study. For Af42 a rate-
limiting slow a- to (-sheet transformation was suggested for the dodecamer, but this
was not explicitly demonstrated. Fibril formation was indirectly detected through
macroscopic clogging of the spray tips used for Ap42. Figure taken from reference

(98).

Using positive mode ESI with travelling wave IMS-MS and improved m/z
resolution, however, Ktoniecki et al. observed higher order species (monomer to
13-mer) formed by the AB40 peptide (100) demonstrating the possible instrument

and settings dependence of data produced.

Comparison of IMS-MS-derived CCS values with coarse grain modelled oligomer
structures enables estimations of the mechanism by which protein monomers
assemble into fibrils. For example, theoretical isotropic and linear growth models
can be estimated by the use of equations and compared with measured CCS values.
In an isotropic growth model, 6n = OGmonomer*n?/3, where n = oligomer number, o, is
the CCS of the oligomer number n and Gmonomer is the monomer CCS (98). Similarly,
linear growth in one direction (fibril growth) can be estimated by on=a*n + k,
where a describes the CCS of a monomer within a fibril and k is the size of the fibril
cap. Such modelling has been employed in the study of oligomers formed during
the assembly of the small highly amyloidogenic peptides sequences NNQQNY,
VEALYL and SSTNVG (46) derived from the yeast prion protein Sup 35, human
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insulin and IAPP, respectively. Self-assembly of these amyloid fragments proceeds
rapidly in vitro. Comparisons with modelled structures reveal that fibrillation
proceeds via stacking of extended, fibril-like conformers. For each peptide
sequence, a transition of soluble oligomers from globular conformations into 3-
strand structures occurs at different points in the aggregation pathway, as early as
dimer (Figure 1-15). In contrast, a non-amyloidgenic control sequence leucine
enkephalin (YGGFL) forms an isotropic distribution of compact oligomers and does

not transition toward (-strand structures as aggregation proceeds (46).
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Figure 1-15. The in vitro self-assembly of peptide monomers into mature, insoluble
B-sheet fibrils. A distinct transition of IMS-detectable oligomeric states (horizontal
axis) from globular conformations into [5-strand structures occurs during the lag
phase of fibril formation. Self-assembly begins with a folded monomer (n=1) and
proceeds to soluble oligomers of increasing size (n=2, 4, 7, and 10, right). Soluble
peptide oligomers with identical mass (i.e. the same n) can occupy different
conformations such as globular (blue structures) or [3-strand conformations (flat
yellow arrows) with different CCS. CCS determination of the oligomeric states reveals
the nature of the self-assembly pathway that is taking place in solution (large, pale
blue arrow). The oligomer size at which the divergence from compact to extended
conformers occurs differs for peptides of different sequences. Figure taken from (46).
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1.15 IMS-MS can be used to unravel the mechanism of

inhibition of fibril assembly by small molecules

Over the past decade IMS-MS has been utilised successfully to gain information on
the inhibition of amyloid assembly by small molecules. The first example of a study
of this kind was performed by Robinson et al, who used ESI-MS to identify
inhibitors of transthyretin (TTR) amyloidosis (103). TTR, a native homotetramer,
is active in the serum and cerebroserum wherein it functions to transport vitamin
A and the hormone thyroxine, respectively. Upon dissociation from its tetrameric
state, however, TTR mis-folds and aggregates into amyloid fibrils (103).
Stabilisation of the native tetramer by ligand binding and therefore prevention of
the initiation of amyloid assembly is a possible therapeutic strategy. The ESI-MS-
based study demonstrated the stabilisation of the native state via binding of small
molecule ligands (103). These ligands have subsequently been evolved leading to
production of tafamadis, the first small molecule therapeutic for an amyloid

disease (126).

More recently, by combining IMS separation with ESI-MS analysis, the detection of
ligand binding to specific monomeric conformations and oligomeric species has
been shown to be possible. Several amyloid-small molecule interactions have been
probed to this extent, including AB42, IAPP, a-synuclein and $2m (44, 96, 181).
Bowers and co-workers, for example, studied the changes in the well-characterised
oligomerisation pathway of AB42 (98) in the presence of a known inhibitor, Z-Phe-
Ala-diazomethylketone (PADK) (99). ESI-IMS-MS data demonstrated the binding of
PADK to monomeric and oligomeric forms of AB42 resulting in both the inhibition
of assembly from monomer and the dissociation of potentially toxic high order
oligomers. The same group revealed that insulin, a potent inhibitor of hIAPP self-
assembly, interacts with the compact hIAPP monomer conformation and shifts the
equilibrium away from the extended, aggregation-prone conformation (48), thus
preventing initiation of [3-sheet formation and subsequent amyloid assembly

(182).
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The changes in the conformational properties of monomeric a-synuclein in the
presence of the known amyloid inhibitor EGCG (141, 162) have also been probed
using ESI-IMS-MS (183). The results revealed that addition of EGCG to the disease
related AS3T a -synuclein variant results in the formation of a ligand-bound off-
pathway conformer as opposed to a compact conformer previously described and
attributed to an amyloid competent state. The reverse effect can be observed in the
presence of spermine, an amyloid accelerator, that initiates the formation of a

compact state of a-synuclein (184) thereby increasing the rate of fibrillation.

The conformer-specific mechanism of inhibition of B2m fibrillation by the
antibiotic rifamycin SV was demonstrated by Woods et al. using ESI-IMS-MS. At pH
2.5, B2m occupies several monomeric conformations, i.e. compact (thought to be
native like) partially compact, and extended (20, 93). Rifamycin SV was observed
to bind all three monomeric conformers and inhibit amyloid assembly by .m (44).
By contrast, other antibiotics from the rifamycin family with very similar
structures, for example rifaximin, bind only to the most compact conformations
and fail to inhibit amyloid formation. The data suggested that the unfolded and
partially folded conformers are amyloid competent, thus revealing key insights

into the self-assembly mechanism of 32m.

Identifying amyloid inhibitors is difficult given that many protein precursors of
aggregation are partially folded or intrinsically disordered. The level of disorder of
such systems means that they are not amenable to structure-based design.
Together, the studies reviewed above clearly demonstrate the power of IMS-MS to
identify binding of ligands to specific amyloid species and to reveal the mechanism
of action of small molecules that interfere with the amyloid cascade. Furthermore,

the role of different conformers in the amyloid assembly route can be determined.
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2 Materials and methods

2.1 Materials

2.1.1 Technical equipment

Equipment
Microplate readers

FLUOstar OPTIMA plate reader
NEPHELOstar Galaxy laser-based

nephelometer

Electron microscope
JEOL JEM-1400 transmission

electron microscope

Other equipment

Grant JB1 Unstirred Waterbath
Jenway 3020 Bench pH Meter

Mass spectrometer

Manufacturer

BMG Labtech, Aylesbury, Bucks, UK
BMG Labtech, Aylesbury, Bucks, UK

JEOL Ltd., Tokyo, Japan

Grant Instruments, Shepreth, UK
Bibby Scientific, Stone, UK

Synapt High Definition Mass Spectrometry (HDMS) quadrupole-time-of-flight mass
spectrometer (Micromass UK Ltd., Waters Corpn., Manchester, UK), equipped with
a Triversa automated nano-electrospray ionisation (ESI) interface (Advion

Biosciences, Ithaca, NY, USA).
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2.1.2 Chemicals

A

Acetic acid, glacial
Acetonitrile

Acid fuchsin

Acridine orange

Alcohol dehydrogenase
Ammonium Acetate
Ammonium bicarbonate
Aspirin

Azure A

Azure C

B
1H benzimidazole-2-sulfonic acid
Benzimidazole

Bromophenol blue

C

Caffeic acid
Caesium iodide
Congo red
Curcumin

Cytochrome c

USA

Fisher Scientific, Loughborough, UK

].T.Baker, Deventer, The Netherlands

Fisher Scientific, Loughborough, UK

Fisher Scientific, Loughborough, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Alfa Aesar, Heysham, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis,
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D

Dimethyl sulphoxide, DMSO

E

(-)-Epigallocatechin-3-gallate (EGCG)

Ethanol

F

Fast Green FCF

H
Hemin
Hexafluoroisopropanol

Hydrochloric acid, HCI

L

Lysozyme (hen egg)

M

Morin hydrate
Myoglobin (horse heart)
Myricetin

USA
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Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

Fisher Scientific, Loughborough, UK

Fisher Scientific, Loughborough, UK

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Fisher Scientific, Loughborough, UK

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA
Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis,



Orange G

Orcein

P

Phenol red

R

Resveratrol

S

Silibinin

T
Thiabenzadole
Thioflavin T

Tramiprosate

U
Uranyl acetate

Ubiquitin (bovine)

Water

MATERIALS AND METHODS

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

Fisher Scientific, Loughborough, UK

Santa Cruz Biotech, Middlesex, UK

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA
Santa Cruz Biotech, Middlesex, UK

Santa Cruz Biotech, Middlesex, UK

Sigma Life Sciences, St. Louis, USA

Sigma Life Sciences, St. Louis, USA

].T.Baker, Deventer, The Netherland
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2.1.3 Acquisition of IAPP fragment peptides

Human IAPP fragment peptides H:N-24GAIL27-CO:H (372.2 Da), H2N-
22NFGAIL27-COzH (633.4 Da), H2N-20SNNFGAIL27-CO2H (834.4 Da), and H2N-
20SNNFGAILSS29-CO2H (1008.5 Da) were purchased from Protein Peptide
Research (Cambridge, UK).

2.1.4 Acquisition and Synthesis of IAPP

Human and rat IAPP were synthesised, purified and kindly provided by Ping Cao,
Cynthia Tu and Professor Daniel Raleigh (Stony Brook University, New York, USA)

according to the following procedure :

IAPP sequences were synthesised on a 0.1 mmol or 0.25 mmol scale using a CEM
Liberty peptide syntheiser, and 9-fluorenylmethoxycarbonyl (Fmoc) chemistry.
Fmoc protected pseudoproline dipeptide derivatives were incorporated to
facilitate the synthesis. 5-(4'- Fmoc-aminomethyl-3', 5-dimethoxyphenol) valeric
acid (PAL-PEG) resin was used to generate an amidated C-terminus. Double
couplings were performed for the first residue attached to the resin,
pseudoprolines, all B-branched residues and all residues directly following a 3-
branched residue. Peptides were cleaved from the resin through the use of
standard trifluoroacetic acid (TFA) methods. Crude peptides were dissolved in
20% acetic acid (v/v), frozen in liquid nitrogen and lyophilized. The disulphide
bond was formed via oxidation by use of DMSO. Peptides were purified by reverse-
phase HPLC using a Vydac C18 preparative column (10 mm x 250 mm) with buffer
A, consisting of 100% H20 and 0.045% HCI (v/v) and buffer B, composed of 80%
acetonitrile, 20% H20 and 0.045% HCI. HCI was used as the ion-pairing agent since
residual TFA can cause problems with cell toxicity assays and can influence the
aggregation kinetics of some amyloidogenic peptides. The identity of the pure
products was confirmed by mass spectrometry using a Bruker MALDI-TOF MS.
Analytical HPLC was used to confirm the purity of the peptides before each
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experiment. This is an important control because deamidation alters the

aggregation of hIAPP (185, 186).

2.1.5 Purification of AB40

The AB40 purification protocol was developed and performed by Rachel A.
Mahood (The Astbury Centre for Structural Molecular Biology, Faculty of Biological

Sciences, University of Leeds, UK), as follows.

Recombinant expression of AB40 results in an additional N-terminal methionine
(AB(M40), refered to as AB40 throughout the thesis) (187). AB40 was expressed in
BL21 [DE3] pLysS cells (Agilent) from a PetSac vector, kindly provided by Dominic
Walsh (Brigham & Women's Hospital, Boston, USA) and Sara Linse (Lund
University, Sweden) (187). Cells were grown at 37 °C in LB media, containing
ampicillin (100 ug/mL) and chloramphenicol (25 pug/mL). Expression of AB40 was
induced by the addition of 0.5 mM isopropyl-B-D-thiogalacto-pyranoside at an
ODsoo of 0.5, followed by a 3 h incubation at 37 °C. Cells were collected by
centrifugation (Beckman-Coulter JLA 8.1, 6000 g, 15 min, 4 °C) and purified using a
modified protocol provided by Walsh et al. (187). Briefly, cells were disrupted in
10 mM Tris-HCl, 1 mM EDTA, pH 8.5, containing 20 pg/mL DNase, 1 mM
phenylmethanesulfonyl fluoride and 2 mM benzamidine. The suspension was
stirred at 4 °C for 1 h before homogenization and sonication (30 s, 4 W). The
extract was then centrifuged (Beckman-Coulter JA 25.5, 20,000 g, 15 min, 4 °C).
The pellet was resuspended in 10 mM Tris-HCl, pH 8.5, containing 8 M urea and
sonicated to dissolve the inclusion bodies. The suspension was centrifuged again
and the supernatant collected, diluted 1:4 in 10 mM Tris-HCI buffer and agitated
gently with Q Sepharose Fast Flow resin (GE Healthcare, Amersham, Bucks, UK.)
for 30 min. After washing the resin with buffer containing 0 mM NaCl and then 25
mM NacCl, peptide-enriched fractions were eluted with buffer containing 125 mM
NaCl, dialysed into 50 mM ammonium bicarbonate, pH 8.0 and lyophilized. Semi-
purified AB(M1-40) was resolubilized in 50 mM Tris-HCI containing 7 M GuHCI, pH

8.5 at a concentration of approximately 10 mg/mL and purified by size exclusion
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chromatography (HiLoad Superdex 75 26/60 column, GE Healthcare, Amersham,
Bucks, UK) in 50 mM ammonium bicarbonate, pH 8.0, before finally lyophilizing
and storing at -20 °C.

2.2 Mass spectrometry

All analyses were performed on a Synapt HDMS quadrupole time-of-flight mass
spectrometer (Micromass UK Ltd., Waters Corpn., Manchester, U.K.), equipped
with a Triversa (Advion Biosciences, Ithaca, NY, U.S.) automated nano-ESI
interface. All samples were analysed by positive ionisation nanoESI (nESI). Data
were processed by use of MassLynx v4.1 and Driftscope software supplied with the
mass spectrometer. The m/z scale was calibrated with aq. Csl clusters (1 mg/ml,
m/z range 200-10000). CCSs were estimated following IMS-MS calibration using
the denatured proteins equine cytochrome c, hen egg lysozyme (disulphide bridge-
reduced), horse heart myoglobin and bovine ubiquitin (10 uM in 50:40:10, v/v/v,
acetonitrile, water, acetic acid), in addition to a range of peptides generated by
trypsin proteolysis of equine cytochrome c¢ and alcohol dehydrogenase, as

described previously (20, 188).

2.2.1 ESI-MS to detect oligomers of hIAPP peptide fragments

2.2.1.1Sample preparation

Lyophilized peptides H2N-24GAIL27-CO;H (372.2 Da), HzN-22NFGAIL27-COzH
(633.4 Da), H2N-20SNNFGAIL27-CO2H (834.4 Da), and H2N-20SNNFGAILSS29-CO.H
(1008.5 Da) were dissolved in DMSO at concentrations of 5 mM. After 24 h
incubation at 25 °C, stock solutions were diluted into 20 mM ammonium acetate,

pH 6.8, to a final concentration of 100 pM for MS analysis.
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2.2.1.2 ESI-MS analysis

A capillary voltage of 1.7 kV and a nitrogen nebulizing gas pressure of 0.8 psi. The
following instrument parameters were used: cone voltage 170 V; source
temperature 60 °C; backing pressure 4.2 mBar; ramped travelling wave height 4-
20 V; travelling wave speed 400 m/s; IMS nitrogen gas flow 20 mL/min; IMS cell
pressure 0.55 mBar. The cone voltage was optimized to transmit the higher order

peptide oligomers; the CCS of the oligomers did not alter over the range 30-170 V.

2.2.2 ESI-MS to detect oligomers of hIAPP, rIAPP and A340

2.2.2.1Sample preparation

Lyophilised hIAPP and rIAPP samples were dissolved in DMSO to a concentration
of 3.2 or 5 mM. After 24 h incubation at 25 °C, stock solutions were diluted in 200
mM ammonium acetate, pH 6.8, to give a final peptide concentration of 32/50 uM
for mass spectrometry analysis. The final concentration of DMSO was 1 % (v/v).
Lyophilised AB40 was dissolved at 32 uM in 200 mM ammonium acetate, pH 6.8, 1
% DMSO (v/v). The AB40 peptide samples were centrifuged at 13,000 rpm, 4 °C for
10 min before analysis. All samples were incubated at 25 or 37 °C in 96-well plates
(Corning Costar 3915, Corning Life Sciences, Amsterdam, The Netherlands) with or

without agitation (600 rpm).

2.2.2.2 ESI-MS analysis

A capillary voltage of 1.7 kV and a nitrogen nebulizing gas pressure of 0.8 psi were
used. The following instrumental parameters were used: cone voltage 30-100 V;

source temperature 60 °C; backing pressure 4.0 mBar; ramped traveling wave
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height 7-20 V; traveling wave speed 400 m/s; IMS nitrogen gas flow 20 mL/min;
IMS cell pressure 0.55 mBar. The cone voltage was optimized to transmit the
higher order peptide oligomers; the CCS of the oligomers did not alter over the
range 30-100 V. For ESI-IMS-MS time course experiments, 50 uM peptide samples
were incubated in 20/100/200/500 mM ammonium acetate buffer, pH 6.8, 1 %
DMSO) for 24 h. 10 uL volumes were removed from each solution and infused into
the mass spectrometer for analysis via a Triversa automated nano-ESI interface

(Advion Biosciences, Ithaca, NY, USA).

2.2.3 ESI-MS to detect ligand binding to hIAPP, rIAPP and Af340

hIAPP, rIAPP or AB40 (32/50 uM) were dissolved in 20 or 200 mM ammonium
acetate (pH 6.8) containing 32/50 uM (1:1 molar ratio small molecule:peptide) or
320/500 pM (10:1 molar ratio small molecule:peptide) of small molecule. For
analysis of these samples by nESI-MS, a sampling cone voltage of 30 V was used to
preserve protein-ligand interactions, and a backing pressure of 1.6 mbar was

applied.

Please note 32 and 320 puM are used in Chapter 4 and 50 and 500 puM are used in
Chapter 5 and Chapter 6.

2.2.4 MS/MS

2.2.4.1 Collision induced unfolding (CIU) MS/MS of hIAPP and

rIAPP monomers

CIU-MS/MS experiments were performed using the quadrupole analyser to select
monomeric ions of hIAPP or rIAPP. Increasing collision energy was applied to the

trap collision cell in 10 V increments from 10 to 100 V until the ions unfold,
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observed in extracted ion mobility plots. The dependence of the ion arrival time
distribution (ATD) versus increasing the trap energy (used to affect CIU) was

examined.

2.2.4.2 Collision induced dissociation (CID) MS/MS of hIAPP and
rIAPP oligomers

CID-MS/MS experiments were performed using the quadrupole analyser to select
isobaric m/z ions representing the dimer and tetramer, separating these ions in
the IMS device and performing CID in the transfer collision cell prior to the ToF
analyser (the pressure in the collision cell was kept constant). Increasing collision
energy was applied to the transfer collision cell in 10 V increments from 10 to 100

V until the oligomers ions were completely dissociated into monomer ions.

2.2.4.3 Collision induced dissociation (CID) MS/MS of hIAPP and
ApB40 dimers

CID-MS/MS experiments were performed using the quadrupole analyzer to select
isobaric m/z ions representing the dimer 5+ ions and performing CID in the trap
collision cell prior to the IMS device and ToF analyser. Increasing collision energy
was applied to the trap collision cell in 10 V increments from 10-100 V until the

oligomer ions were completely dissociated into monomer ions.

2.2.4.4 Collision induced dissociation (CID) MS/MS of ligand-
bound hIAPP

CID-MS/MS was carried out in the trap collision cell of the mass spectrometer. The
quadrupole analyser was used to select ions that represented ligand-bound

monomer complexes and increasing collision energy was applied to the trap
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collision cell in 10 V increments from 10 to 100 V until the ligands were completely
dissociated from the monomer ions. Quantification of precursor ion intensity

relative to total ion intensity was calculated using area under peaks.

2.3 Molecular modelling of peptide oligomers

The molecular modelling detailed in this section was performed by Hlengisizwe

Ndlovu (School of Physics & Astronomy, University of Leeds).

The different sized models were built from the PDB coordinates of a model of the
structure of SNNFGAILSS fibrils generated using ssNMR constraints (88). In this
structure, SNNFGAILSS forms fibrils in which constituent [3-sheets are organised in
a parallel structure of protofibrils consisting of a pair of two peptide-long [3-sheets
(88). The parallel model was chosen arbitrarily as the difference in CCS between
parallel and anti-parallel aggregates would be too small to be distinguishable by
ESI-IMS-MS. The Nucleic Acid Builder (NAB) software package (189) was used to
extend the length and width of the fibril by translating and joining copies of the
template, allowing a variety of models with distinct dimensions to be built. The
models were comprised of single (3-sheets with a range of 1 to 30 peptides, double
B-sheets with a range of 2 to 30 peptides, triple B-sheets with 3 to 30 peptides and
finally quadruple B-sheets ranging from 4 to 28 peptides. In all cases the 4.7 A
inter-peptide f(-strand distance was maintained. Missing hydrogen atoms,
unresolved in the ssNMR derived coordinates, were added automatically via the
LEAP module of the AMBER11 package (190). The models were then refined to
remove steric clashes by multi-step energy minimization in the NAMD2.7b1
software package utilising the Amberff99sb forcefield (191, 192). CCSs were
calculated on the energy minimized structures using an in-house projection
approximation method (20), with the default parameters for the number of

projection angles and the gas radius used.
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2.4 Invitro techniques

2.4.1 Transmission electron microscopy

Transmission electron microscope images were acquired on a JEOL JEM-1400
transmission electron microscope (JEOL Ltd., Tokyo, Japan) after incubating 32/50
uM protein (rIAPP, hIAPP and AB40) solutions in the presence or absence of 320 or
500 puM small molecules for 5 days at 25/37 °C. Carbon grids were prepared by
irradiating under UV light for 30 min and staining with 4 % (w/v) uranyl acetate

solution.

2.4.2 Thioflavin T fluorometry

100 pL samples containing 100 pM thioflavin T and 32/50 uM protein in 20/200
mM ammonium acetate, pH 6.8 and a 1 % (v/v) final concentration of DMSO were
prepared in a 96-well plate and sealed with clear sealing film (Corning Costar
3915, Corning Life Sciences, Amsterdam, The Netherlands). Plates were incubated
in a FLUOstar OPTIMA plate reader for 5 days at 25/37 °C with or without
agitation (600 rpm), as indicated in each figure. Fluorescence was excited using a

440 £ 5 nm filter, and emission intensity was measured using a 485 + 5 nm filter.

2.4.3 Nephelometry

Nephelometry was used to determine the extent of aggregation in rat and human
IAPP peptide samples. For these experiments, the samples were prepared as
described above (Section 2.4.2), except that ThT was not included. In each
experiment readings were taken every 5 min, from 2 min to 50 h. 100 pL of 50 uM
peptide samples were added to the wells of a flat-bottomed 96-well plate (CoStar,
UK). To avoid evaporation and condensation, the plates were sealed with

transparent, hydrophobic and gas permeable plastic films (Breathe Easy, Sigma
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Aldrich) during incubation and measurement. A NEPHELOstar Galaxy laser-based
microplate nephelometer (BMG LABTECH, Germany) was used to monitoring the

turbidity of the samples over time.

2.4.4 Fibril Depolymerisation

Mixed samples containing a 1:1 molar ratio of hIAPP:rIAPP or hIAPP:A340 were
prepared by diluting 3.2 or 5 mM stock solutions of each peptide in DMSO 100-fold
into 20 or 200 mM ammonium acetate, pH 6.8, to a final concentration of each
peptide of 32 or 50 pM in 1% (v/v) DMSO for MS analysis. After 7.5 hours or 5 days
of incubation at 25 or 37 °C and 600 rpm, mixed samples were centrifuged in a
Beckman ultracentrifuge at 300,000 g for 45 min. Fibrillar samples in the pellet
were depolymerised by incubation in 100 % (v/v) HFIP for 24 h at 25 °C, 200 rpm
in 200 pL Eppendorf tubes. Samples were air-dried with nitrogen gas and then re-
dissolved in 50:40:10 (v/v/v) acetonitrile/water/acetic acid, and fibril constituent

peptides were identified by ESI-MS (Section 2.2).

2.4.5 Selecting novel small molecules for analysis of fibrillation

inhibition

Compounds were selected for analysis by Charlotte H. Revill and Dr. Richard ].
Foster (University of Leeds). The structure of each of the five query molecules
(vanillin, resveratrol, curcumin, chloronaphthoquinine-tryptophan and
epigallocatechin-3-gallate (EGCG)) was minimised to the lowest energy conformer
using LigPrep (193). The minimised conformers were used as the query scaffold
for virtual screening of an in-house library of 50,000 structurally diverse, novel
small molecules using Rapid Overlay of Chemical Structures (ROCS) (194). ROCS is
a 3D method that matches the shape of a molecule to the shape of the query

molecule. ROCS also incorporates pharmacophoric features in assessing overlays
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such that the ROCS Combiscore in ROCS measures the similarity of the matched
shapes as well as the matched pharmacophoric features. Virtual hits were pooled
and ranked according to the ROCS Combiscore parameter and 20 of the top 100
compounds selected for screening based on a qualitative assessment of structural
diversity. This subset of 20 compounds chosen (Chapter 5 Table 5.2, referred to
as molecules 11-30) were then screened against hIAPP (and later AB40), along
with a further 10 compounds (molecules 31-40) which have been reported
previously to inhibit aggregation by other amyloidogenic polypeptides (Chapter 5
Table 5.2).
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3 Monitoring oligomer formation from self-aggregating

amylin peptides using ESI-IMS-MS

3.1 Introduction

The work described in this Chapter has been published in reference (101).

The structure of small peptide systems has been studied extensively by IMS-MS,
facilitated by both their commercial availability (3, 23, 46, 101, 106, 188, 195) and
the rapid and efficient nature of modern peptide synthesis methods (196). Small
peptides often serve as model systems for the interactions that occur in larger
proteins and protein complexes (197, 198) and enable the structural impact of
alterations in protein primary sequence to be investigated (188, 196-198). In-
depth IMS and modelling studies have led to the understanding of the structures
adopted by peptides in the gas-phase, thus enabling comparisons to be drawn
between gas- and solution-phase structures. The application of IMS methods to
peptide systems is not limited to monomeric species. Indeed, many peptide
sequences, particularly those implicated in amyloid disease, form large oligomeric
aggregates, via self-assembly of secondary structure elements, that are amenable
to study using ESI-IMS-MS (Chapter 1 Section 1.14). (-sheet peptide systems
have been reported frequently as models for amyloid proteins, often constituting
core amyloidogenic sequences from longer proteins and polypeptides (37, 199).
One advantage of studying smaller peptide fragments of larger amyloid proteins by
IMS is that it enables higher order oligomers to be observed, which is often not the
case for the corresponding proteins from which they are derived (106). Oligomers
of fibril-competent peptide fragments can be observed and monitored over time
under fibril-forming conditions and their estimated CCSs compared with modelled
structures to provide insights into the assembly pathways of these sequences (46,

106).

Here ESI-IMS-MS analyses of oligomers populated during the assembly of peptides

from the amyloidogenic core of the human IAPP sequence are described (Figure 3-
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1). Intact hIAPP contains several functional regions: residues 1-19 comprise the N-
terminal region that is involved in membrane binding, residues 20-29 are essential
for amyloidosis (200), and residues 30-37 form the C-terminal region that aids
amyloid formation (109, 201) (Chapter 1 Section 1.10). The ability of the full-
length IAPP to form amyloid fibrils in different species has been linked directly to
the sequence variability of residues 20-29 (20SNNFGAILSSz9 in hIAPP), suggesting
that this region of the peptide is in part responsible for the self-aggregating
properties of the polypeptide (200). This is supported by the observation that the
peptide fragment 20-29 (SNNFGAILSS) is highly amyloidogenic in vitro and forms
amyloid-like fibrils readily in isolation that have a [3-sheet morphology typical of
amyloid (118, 199). The shortest IAPP sequence capable of forming amyloid-like
fibrils is 22NFGAIL27, whereas the sequence 23FGAILz7 forms short, ribbon-like
structures, and the four-amino acid peptide 24GAILz7 is not capable of fibril or
higher-order aggregate formation, even at a monomer concentration of 25 mM
(199).

— 10 20 30
NH;—KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY—CONH2

SNNFGAILSS
SNNFGAIL

Figure 3-1. Human islet amyloid polypeptide (hIAPP) sequence and the associated
peptide fragments used in this study. Residues 20-29 (SNNFGAILSS) comprise the
amyloidogenic core (200) .

The interesting sequence and length dependency of amyloid fibril formation
observed for IAPP and its fragments provides an ideal model system for studying
the mechanism by which amyloid fibrils are formed from soluble monomers. MS-
based techniques are ideally suited to separating mixtures of heterogeneous non-
covalent oligomeric species in the early stages of fibril formation (6, 94) and
furthermore, individual structural analysis of these oligomers is enabled using
IMS-MS. Recent studies have shown that both drift tube IMS and TWIMS have the

capability to evaluate the shapes of oligomeric states in amyloid proteins and
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polypeptides (48, 93, 98). The shortest region of hIAPP that has been shown to
form fibrils, 22NFGAIL27, was chosen for study alongside two other amyloid
competent sequences, the entire amyloid core, 20SNNFGAILSS29 and a peptide
intermediate in size, 20SNNFGAILz7. Additionally, the tetrapeptide that is incapable

of fibril formation, 24GAIL27 was chosen as a control (Figure 3-1).

Characterisation of the structures of early oligomers may provide potential
therapeutic targets for inhibiting the formation of amyloid fibrils in diseases such
as T2DM. In this chapter, ESI-IMS-MS experiments are performed alongside
conventional techniques for studying amyloid including the measurement of fibril
formation kinetics using ThT fluorescence and determination of the final fibril
morphology using negative stain TEM. These data combine to provide a model for

the assembly mechanism of amyloid structures formed from the hIAPP core region.
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3.2 Results

3.2.1 Fibril formation from IAPP peptide fragments

Four peptides from the amyloidogenic core region of hIAPP were used in this
study: H2N-24GAIL27-CO:H (372.2 Da), H2N-22NFGAIL27-CO2H (633.4 Da), H:2N-
20SNNFGAIL27-CO2H (834.4 Da), and H2N-20SNNFGAILSS29-CO:H (1008.5 Da),
purchased from Protein Peptide Research (Cambridge, UK). Self-assembly of
20SNNFGAILSS29, 20SNNFGAILz7 and 22NFGAILz7, all known to aggregate into
amyloid fibrils, was studied alongside the non-assembling tetrapeptide fragment

24GAIL27 which was used as a control (Figure 3-1).
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Figure 3-2. ESI-mass spectra for (a) 20SNNFGAILSSzo, (b) 20SNNFGAILz; (c)
22NFGAILz7 and (d) 24GAILz7 demonstrating the purity of the peptides and showing
the singly charged monomer (and oligomers) observed 2 min after dilution of each
peptide (100 uM) into 20 mM ammonium acetate (pH 6.8, 25 °C). Oligomers are
denoted as 2’ for dimer, ‘3’ for trimer and so on. All ions annotated are singly
charged. Peaks are broad due to presence of sodium and potassium adducts.
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After confirming the molecular mass and purity of each of the peptides (

Figure 3-2) the generation of fibrils from solutions of the peptides in volatile, mass
spectrometry-compatible solvents and buffers was verified. For this procedure,
lyophilised peptides were dissolved in dimethyl sulphoxide (DMSO), used as a
disaggregating solvent to avoid the presence of pre-aggregated peptide seeds
(202). After 24h, the peptide solutions were diluted 50-fold with ammonium
acetate (20 mM, pH 6.8) for fibril growth analyses. ThT fluorescence was used to
monitor fibril growth over a 5 day period from samples contained in 96-well plates
at 25 °C with agitation (600 rpm) (Chapter 2 Section 2.4.2), and ESI-MS spectra
were acquired for each peptide during this time. After 5 days, an aliquot of each
sample was removed to confirm the presence of fibrils using negative stain TEM.
Figure 3-3a shows the time course of fibril formation for 20SNNFGAILSS2o,
20SNNFGAILz7 and 22NFGAIL27, monitored by the increase in the fluorescence of
ThT over time. The ThT data demonstrated rapid fibril formation kinetics for each
of the three IAPP peptide fragments 20SNNFGAILSSz29, 20SNNFGAIL27 and
22NFGAILz7 within 1-2 hours without an obvious lag-time, whilst no amyloid
formation was detected for the control peptide 24GAILz7. These results are
consistent with earlier studies by Kapurniotu and co-workers (199) who reported
the kinetic profiles of aggregation for these small, highly amyloidogenic peptides to
proceed with negligible lag-times. Similar, rapid aggregation kinetics have been

observed by others monitoring fibril growth from an hIAPP 8-37 construct (203).
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Electron micrographs taken after five days of incubation confirmed the presence of
polymorphic fibrillar aggregates for each of the three amyloidogenic peptides
under the conditions employed (Figure 3-3b i-iii), and the absence of aggregated

material for the control peptide, 24GAILz7 (Figure 3-3b iv).
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Figure 3-3. Fibril formation from hIAPP peptide fragments. a) Monitoring amyloid
fibril formation using the fluorescence of thioflavin T (ThT) for 20SNNFGAILSSz29
(blue), 20SNNFGAILz7 (pink) and 22NFGAIL;7 (green), three self-aggregating peptide
fragments from the hIAPP peptide sequence. Under the conditions used (100 uM
peptide, 20 mM ammonium acetate, pH 6.8, 25 °C, 600 rpm) fibril formation reaches
a maximum fluorescence in 1-2 h. The non-assembling tetrapeptide fragment
24GAIL;z7 (yellow) does not form fibrils under the same conditions. The data illustrated
are one representative experiment from a minimum of three independent replicates,
performed in triplicate. b) Negative stain transmission electron microscopy (TEM)
images Of i) 20SNNFGAILSS29 (blue), ii) 20SNNFGAIL7 [pink) and iii) 22NFGAIL27
(green) after 5 days under the above conditions, showing the presence of fibrillar
aggregates, and of iv) 24GAILz7 (yellow) which does not form fibrils. The scale
bar=100 nm.

3.2.2 TWIMS-MS cross-section calibration for peptide systems

As discussed in Section 1.4, TWIMS-MS yields ATD information, but in order to
obtain CCS values, calibration of the measured ATD data using standards of known

CCSs is required. The IMS-MS spectra of these calibrants must be recorded with the
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same IMS parameters as the analyte (such as the height and velocity of the voltage
waves), as these influence the arrival time and hence the obtained CCS (16).
Determination of small peptide cross-sections by TWIMS-MS is enabled by the
availability of drift tube IMS peptide CCS values obtained from tryptic digests of
protein standards e.g. equine cytochrome ¢, which can be found in Clemmer’s

cross- section library (www.indiana.edu/~clemmer/Research).

Figure 3-4 shows a three dimensional Driftscope plot (m/z vs. drift time vs.
intensity) of ions from equine cytochrome c following digestion with trypsin. Many
tryptic peptides are detected and measured from a single digest thus enabling a
peptide calibration to be achieved rapidly following analysis of a single ESI-IMS
mass spectrum. Tryptic peptides are observed as singly and doubly-charged ions
with a wide range of peptide sizes and yield many calibration data points that

cover a wide range of reduced CCS (CCS’) values (Figure 3-4).

10
Drift Time (ms)

O 1 1 1 1
. 10 15 20
Drift Time (ms)

Figure 3-4. Calibration of TWIMS-MS device three dimensional Driftscope plot (m/z
vs. drift time) of ions produced from a tryptic digest of equine cytochrome c (2 hours
at 37 °C using 1:50 (w/w) enzyme:substrate). The m/z spectrum is shown along the y
axis, and TWIMS chromatogram along the x axis.
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The cytochrome c calibration shown in Figure 3-5 covers a relatively wide range
of CCS’ values observed in tryptic peptides, particularly at low mobilities,
subsequently facilitating the analysis of larger peptide oligomers, such as those

observed during the process of amyloid fibril formation.
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Figure 3-5. ESI-TWIMS-MS drift time calibration curve. ESI-TWIMS-MS drift time
calibration using tryptic peptides derived from equine cytochrome c, analysed using a
7-20V travelling wave ramp. An allometric (y=A’x5) fit is applied to the data to yield
reduced cross-sections from drift time measurements.

3.2.3 ESI-IMS-MS analysis of pre-fibrillar oligomers of IAPP
peptides

Having confirmed that the three self-aggregating IAPP peptide fragments could
form fibrils reliably under ESI-MS-compatible solution conditions, the next step
was to identify and characterise the oligomers formed during the early stages of
aggregation using ESI-IMS-MS. As discussed in Chapter 1 Section 1.14, ESI-IMS-
MS is ideally suited to the characterisation of heterogeneous, lowly-populated
amyloid intermediates that are intractable by most conventional biophysical

methods. Figure 3-6 presents the ESI-IMS-MS 3D Driftscope plot (m/z vs. Drift
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time vs. Intensity) for 20SNNFGAILSSz9, showing the oligomers observed 2 mins
after dilution of the 10-residue peptide into 20 mM ammonium acetate (pH 6.8).
ESI-IMS-MS enables separation of all the oligomers present in solution, including
isobaric species which give rise to ions of the same m/z in the ESI-MS spectrum. As
discussed in Chapter 1 Section 1.4, protein conformers of the same mass and the
same charge that have different shapes (e.g. extended vs. compact conformations),
will have different IMS mobility and hence different drift times. More expanded
structures will experience a greater number of collisions with buffer gas molecules
and therefore will have longer drift times than their more compact counterparts. In
the case of oligomers with the same m/z ratio, but different mass and different
charge, the most highly charged species usually has the highest mobility and hence
the shorter drift time. An example of this is illustrated in Figure 3-6 for the
separation of the singly charged trimer ions, the doubly charged hexamer ions and
the triply charged nonamer ions originating from 20SNNFGAILSS29, highlighted
with a yellow box. These isobaric monomeric and oligomeric ions will contribute

to coincident peaks on a 2-dimensional ESI-MS spectrum (

Figure 3-2a) however, when separated by IMS and visualised on a 3-dimensional
Driftscope plot (Figure 3-6a), they each have separate peaks that are easily
distinguishable. Once separated, the oligomers can be identified by the isotopic
distributions of their charge states; in this case, the nonamer, with the highest

number of charges, had the shortest IMS drift time (Figure 3-6b).
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Figure 3-6. 20SNNFGAILSS29 forms monomer through 22-mers. a) ESI-IMS-MS 3D
Driftscope plot (m/z vs. Drift time vs. Intensity) for 20SNNFGAILSS29 showing the
monomer and oligomers up to and including 22-mer. (The number adjacent to each
peak represents the number of peptide subunits per oligomer e.g. 3 = trimer). b) The
characterisation of oligomers contributing to the same m/z peaks is illustrated by
the separation of the singly charged trimer, the doubly charged hexamer and the
triply charged nonamer which generate isobaric ions at m/z 3,026-3,030. (i) the IMS-
MS drift time chromatogram of m/z 3026.6 shows three peaks with drift times of
10.61, 13.42 and 19.62 ms; m/z spectra of the three peaks extracted from the
driftscope chromatogram are shown in (ii) 19.62 ms, (iii) 13.42 ms, and (iv) 10.61 ms.
The peaks are identified by their isotopic distributions; the peak with the shortest
drift time corresponds to the triply charged nonamer (93*), as these ions have the
highest number of charges and hence the highest mobility.

The Driftscope plots (Figure 3-7) of the three fibril-competent peptides
20SNNFGAILSS29, 20SNNFGAIL27 and 2:NFGAILz7; and the non-amyloid control
petide, 24GAILz7, show the oligomers observed 2 mins after dilution into 20 mM
ammonium acetate buffer, pH 6.8, concurrent with fibril formation for the amyloid
competent sequences. For 20SNNFGAILSSz9, 20SNNFGAIL27 and 22NFGAIL27,
oligomers in excess of the 20-mer were observed. For all oligomers observed using
ESI-IMS-MS, their CCS values were estimated from their drift times by use of the
calibration approach described in Chapter 1 Section 1.4 . The IMS device was
calibrated, as discussed in Chapter 1 Section 1.4, using denatured proteins
(cytochrome c, lysozyme, myoglobin and ubiquitin) and a range of peptide ions
(generated by trypsin proteolysis of cytochrome c and alcohol dehydrogenase)

whose CCS values have been determined previously using conventional drift tube
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IMS-MS (20, 188). The determined CCS values are shown in Table 3.1 for the
peptides 20SNNFGAILSSz9, 20SNNFGAIL27, and 22NFGAIL27. The drift times observed
for different oligomeric species formed from the three peptides throughout fibril
assembly were within 1 % of those measured after t = 2 min, suggesting that the
oligomers do not undergo any significant structural rearrangement that results in
a significant change to their CCS during the assembly process. The absolute errors
on the CCS estimations are ~5-8% (16, 20), however the replicated experimental

values typically vary by <1%.

Drift Time (ms)

20
Drift Time (ms) Drift Time (ms)

Figure 3-7. ESI-IMS-MS 3D Driftscope plots (m/z vs. Drift time vs. Intensity) for a)
20SNNFGAILSS29, b) 20SNNFGAILz7, c), 22NFGAIL27 and d) 24GAIL2; showing the
oligomers observed 2 mins after dilution of each peptide (100 uM) into 20 mM
ammonium acetate (pH 6.8, 25 °C, 600 rpm). The number adjacent to each peak
represents the oligomer order.

In some cases, more than one peak was detected for a single charge state of a
specific oligomer, indicating that this oligomer populates multiple conformers,
each of which can be distinguished by IMS separation and hence they have a

distinct CCS. The estimated CCSs of each species detected are shown in Table 3.1

and are plotted vs. oligomer order in Figure 3-8.
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a) Oligomer Order Charge State Cross Secfional Oligomer Order Charge State Cross SecEionaI
Area(A2) Area(A2?)
1 1 249.0 10 3 967.1
2 1 341.2 10 4 1010.0
3 1 406.8 11 3 1014.5
3 2 500.2 11 4 1054.9
4 1 460.3 12 4 1118.1
4 2 562.8 13 4 1165.6
5 1 501.1 13 5 1202.2
5 2 626.7 14 4 1218.2
6 2 682.0 14 5 1250.0
6 3 737.3 15 5 1295.5
7 2 736.4 16 5 1355.3
7 3 801.7 17 5 1406.9
8 2 782.1 18 5 1441.6
8 3 860.4 19 5 1503.4
9 4 914.3 20 5 1566.9
9 3 957.5
b) Oligomer Order Charge State Cross Secfional Oligomer Order Charge State Cross SecEionaI
Area(A?) Area(A?)
1 1 241.0 12 3 Clyzl2
2 1 321.5 12 3 1007.7
3 1 382.4 i3 3 1018.7
4 1 431.5 13 3 1031.5
5 1 471.8 14 3 1056.1
5 2 571.2 14 3 1073.2
6 2 627.2 15 4 1097.4
7 2 678.3 15 4 1124.2
8 2 724.5 16 4 1134.6
8 2 768.2 16 4 1182.6
9 2 767.0 17 4 1172.6
9 2 810.8 17 4 1218.2
10 3 805.0 18 4 1272.5
10 3 865.8 19 4 1296.0
11 3 844.4 20 4 1356.3
11 3 921.7
Oligomer Order Charge State Cross Sectional  Oligomer Order Charge State Cross Sectional
C) Area(A?) Area(A?)
1 1 201.6 13 2 856.7
2 1 283.8 14 2 835.9
3 1 334.1 14 3 889.0
4 1 382.1 15 3 854.6
5 1 421.3 15 3 928.9
6 1 452.4 16 3 971.0
7 1 482.9 17 3 1002.4
7 2 567.9 18 3 1041.9
8 2 617.4 18 3 1103.7
9 2 656.4 19 3 1066.8
10 2 701.3 19 4 1129.8
11 2 735.0 20 4 1111.3
12 2 770.3 20 4 1152.5
13 2 805.2

Table 3.1. Collision cross-sectional areas of a) 20SNNFGAILSSz9,b) 20SNNFGAILz7, and
c¢) 22NFGAIL2;7 peptide oligomers (25 °C, 20 mM ammonium acetate, pH 6.8) detected
by ESI-IMS-MS.
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Figure 3-8. Collision cross-section (CCS) vs. oligomer order detected for the peptides
a) 20SNNFGAILSSz29, b) 20SNNFGAIL2z7, c) 22NFGAILz7, and d) 24GAILz;. For the non-
amyloidogenic peptide (d) 24GAIL27, only the monomer and dimer are observed. The
yellow line in each case represents the isotropic fit (based on the CCS of the monomer
scaled by n?/3, where n=number of peptide subunits per oligomer(46)).

Figure 3-8 also shows an estimation of the CCS increase with molecular weight
expected for the peptides calculated based on isotropic growth, in which the CCS
scales from the monomer value by a factor of n2?/3 (where n is the number of
peptide subunits per oligomer (46)). For all three of the fibril-competent peptides,
the oligomers observed are of smaller CCS than that expected for a globular growth
pattern. This result suggests that monomer units are densely packed within
oligomeric species, and most likely highly ordered. The observed compactness
could be a result of conformational transitions at distinct points in the aggregation
pathway or the coming together of hydrophobic oligomers resulting a dense
arrangement of pre-fibrillar units within a fibril. The pattern by which CCS

increases with increasing oligomer order is interesting: the oligomers appear to
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extend steadily up to a certain point before taking a step-up in size, rather than
gradually increasing in CCS as oligomerisation proceeds. For example, in the case
of 20SNNFGAILz7, there is a gradual increase in CCS between monomer and
pentamer; the pentamer populates two conformers, the more extended of which is
the first in a new series of oligomers (pentamer to octamer), before another step
up in CCS is observed. Similar step-wise self-assembly patterns were observed for
the other fibril-forming peptides, 20SNNFGAILSS29 and 22NFGAIL27 (Figure 3-8a-c).
The three amyloidogenic hIAPP fragments studied here exhibit transitions similar
to those observed for the insulin, sup 35 and IAPP derived peptides (VEALYL,
NNQQNY and SSTNVG), studied by the Bowers group (46). One explanation for the
progressive behaviour observed could be the gradual transition from unstructured
oligomers to (-sheets with increasing oligomer size due to increasing [(3-sheet
content. Importantly, no oligomers higher than the dimer were detected for the
non-aggregating peptide, 24GAIL27, supporting the notion that the gas-phase

oligomers observed are involved in amyloid formation.

The detection of a wide range of oligomers, each one differing from the next by a
single monomer subunit, is consistent the growth mechanisms reported for other
amyloid systems, for example [32-microglobulin (32-m) (93) and AB40 (100) under
certain pH and buffer conditions. In the case of $2-m, at pH 3.6 and with increased
ionic strength (17 uM protein at 37 °C in 150 mM ammonium formate), high-order
oligomers up to at least 14-mer are observed during worm-like fibril formation
(94). In the case of AB40, when studied by positive mode ESI-TWIMS-MS at high
peptide concentrations and near-neutral pH (200puM peptide in 10 mM
ammonium acetate, pH 7.4), oligomeric species from monomer to 13-mer
inclusive, together with higher order species have been observed (100). These
observations are in contrast with results obtained for both 32-m and A340 under
different conditions. Under long straight fibril-forming conditions (17 pM protein
at 37 °C in 100 mM ammonium formate, pH 2.5), oligomers only as large as the
tetramer have been detected for Bz-m (93, 94). For AB40 and AB42, assembly
routes comprised of dimer and tetramer and no higher order species, and a dimer,

tetramer, hexamer and dodecamer, respectively, have also been described (98).
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The latter experiments were performed using negative mode ESI with a

conventional drift tube (30-40 pM peptide in 25 mM ammonium acetate, pH 7.4).

In the case of larger peptides and proteins, the critical nucleus required before the
final re-organisation into amyloid fibrils and the mechanism of assembly into
higher order structures remain elusive. Here, using short peptide fragments
derived from full length amyloid sequences, we are able to observe higher order
oligomeric structures thus enabling modelling of potential assembly mechanisms,

providing insights into the amyloid assembly cascade.

3.2.4 Molecular modelling of potential oligomer structures

The work presented in this section was performed by Hlengisizwe Ndlovu (School

of Physics & Astronomy, University of Leeds).

As discussed in Chapter 1 Section 1.14, Bowers and co-workers reported recently
the use of ESI-IMS-MS to determine oligomer cross-sections for a range of short-
chain peptides (46, 106). A conventional drift tube IMS-MS (rather than TWIMS-
MS) based study of amyloidogenic peptide sequences VEALYL, NNQQNY and
SSTNVG derived from the amyloid proteins insulin, yeast sup 35 and hIAPP
respectively, reported transitions from unstructured conformers to structured f3-
sheet oligomers (46). It was suggested that for fibril-competent peptide sequences,
oligomers grow isotropically (i.e. equal growth in every dimension) up to a certain
oligomer order (depending on the peptide sequence). After this point, larger
structures emerge which are not consistent with isotropic self-assembly leading to
a hypothesis that conformational transitions form isotropic to (3-sheet-containing
structures occur at different oligomer orders for different peptide systems

(Chapter 1 Section 1.14, Figure 1-15).

In order to probe the growth mechanism observed for the hIAPP peptide
fragments studied here using ESI-IMS-MS, molecular modelling was performed.
The NAB molecular building tool was employed to construct (-sheet model

oligomers of 20SNNFGAILSSz9 from a fibril structure of this peptide obtained from
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solid state NMR (ssNMR) measurements (204). This ssNMR study hypothesised
that the fibril spine consists of two [(-sheet layers arranged face-to-face, with
parallel hydrogen-bonded peptide [3- strands within each sheet (204). On the
contrary, other ssNMR studies have shown that the fibril structure is anti-parallel,
while others report both parallel and anti-parallel structures (88), demonstrating

the polymorphic nature of this region of hIAPP (204).

Singly, doubly, triply and quadruply stacked [(-sheet model structures were
generated for each oligomer order of 20SNNFGAILSS29 between monomer and 30-
mer. CCS values of the model structures were determined using a projection
approximation (20). Figure 3-9 shows the CCS values of (-sheet models for the
20SNNFGAILSS29 oligomers of different mass. Comparison of the modelled
structures with experimentally determined CCS values of 20SNNFGAILSS29
indicates that the CCS data points obtained experimentally do not wholly fit with
any one of the B-sheet models. Instead, the overall model of best fit involves a
combination of the constructed (-sheet models. The obtained CCS values are
consistent with a single 3-sheet model between monomer and pentamer, a double
B-sheet model between pentamer and decamer, a triple 3-sheet model between
decamer and 15-mer, and a quadruple (-sheet between 15-mer and 20-mer, as
illustrated in Figure 3-9. The modelled B-sheet structures are all more compact
than the isotropic growth model, and the ESI-IMS-MS data indicate that all
oligomers above the pentamer are significantly more compact than the single -
sheet model. Together, these observations suggest that the peptides are arranging

into a densely packed structure from which fibril elongation proceeds.
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Figure 3-9. Molecular models for hIAPP peptide oligomers a) Theoretical [-sheet
models showing CCSs vs. oligomer order for the 20SNNFGAILSSz9 peptide. The
structures are based upon ssNMR data of the 20SNNFGAILSSz9 peptide (204). 3-sheet
models were built using the NAB molecular building tool. Transformations and
duplications of the structure were performed to produce single, double, triple and
quadruple stranded [(-sheet fibrils. b) The assembly of 20SNNFGAILSSz9 oligomers
observed during fibril growth (blue diamonds) using ESI-IMS-MS is compared with
the isotropic growth prediction (gold dotted line), and a predicted stacked fibril
assembly (cf. Bowers et al. model where the distance between each oligomer is dimer-
monomer CCS (46)) (purple dashed line). The theoretical 3-sheet models are shown
(red triangles) as follows: single sheet pentamer, double sheet decamer, triple sheet
15-mer and quadruple sheet 20-mer.
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Time course ESI-IMS-MS experiments were performed in order to gain
measurements of oligomer CCS values for 20SNNFGAILSS29, 20SNNFGAIL27 and
22NFGAIL27 over the course of fibril assembly. All of the CCSs determined for the
three peptides measured over the 20 h time course of assembly were within 1 % of
those measured at t = 2 min, suggesting that there is no gross structural
rearrangement within the oligomers as fibrillation proceeds. This is in contrast
with other published ESI-IMS-MS studies that demonstrate conformational
rearrangement within amyloid oligomers over the course of assembly. For
example, during the lag phase of amyloid assembly by 2-microglobulin, trimeric
and tetrameric oligomers become more compact and less amenable to subunit

exchange (93).

3.3 Discussion

The data presented in this chapter show the applicability of TWIMS-MS to the
study of both peptide structure and amyloid self-assembly. Measurement of CCS
values for peptide oligomers is facilitated by the availability of conventional drift
tube IMS data on denatured proteins and tryptic peptides of commercially
available proteins. The applicability of TWIMS-MS to non-covalent systems makes
it ideally suited to the interrogation of the oligomers occupied during amyloid fibril
assembly, in terms of their relative abundances, sizes and conformations.
Comparison with coarse-grain molecular models enables experimentally derived
CCS values to be compared with known structures and assigned to potential
growth models. TWIMS enables the observation of multiple lowly populated
oligomeric states present within heterogeneous mixtures in a single spectrum thus

providing multiple CCS data points for comparison with modelled structures.

In the case of the three amyloidogenic hIAPP fragments studied here, observed CCS
values are consistent with single -sheet models for low order oligomers whilst
higher order oligomers are consistent with stacking of multiple sheets. Insights
into the detailed mechanism of aggregation are enabled by observation and

interrogation of higher order oligomeric states, particularly in 20SNNFGAILSS2o,
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where oligomers up to and including n= 22 are observed. TWIMS-MS-derived CCS
values indicate that initial assembly proceeds in one dimension via the formation
of a single [-sheet, while two dimensional self-assembly occurs in higher-order
oligomers at specific oligomer orders, observed as a separate oligomeric species

that increase in size in a step-wise manner.

This study highlights the power of TWIMS-MS for studying the mechanism of self-
assembly for amyloid systems, since all components of a complex mixture can be
observed and their CCS measured in a single experiment. It also highlights the
benefits of studying peptides as model systems for the study of protein self-
assembly, given that high order species can be observed in the gas phase and
growth mechanisms deduced as a result. The work in this chapter shows that when
ESI-TWIMS-MS is performed in conjunction with coarse-grained modelling, a
comprehensive picture of the aggregation process in self-assembling peptide
systems can be gained. Application of these methods to full-length amyloidogenic
peptides and proteins under physiological conditions may enable a greater
understanding of the elusive mechanisms that underlie amyloid assembly. This
remains a challenge, given the difficulty of maintaining non-covalent, hydrophobic
interactions in the absence of solvent. Studies of intact hIAPP, AB40 and variants of

these sequences are described in the following chapters.
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4 Jon mobility spectrometry - mass spectrometry
defines the oligomeric intermediates in amylin

amyloid formation and the mode of action of inhibitors

4.1 Introduction

The work described in this Chapter has been published in reference (102).

In order to gain an understanding of the aggregation process of amyloid-prone
peptides and proteins, the nature of oligomeric intermediates populated on- (or
off-) pathway to fibrils must be interrogated. In Chapter 3, the high order
oligomers of short peptide fragments from the amyloid core of hIAPP were
investigated. Here, by exploiting the separative and investigative powers of MS
coupled with IMS and CID-MS/MS, higher order oligomeric states populated by
full-length, 37-residue hIAPP and rIAPP petides are described and their CCS,
growth mechanism and relative gas-phase stabilities are elucidated. rIAPP is used
throughout this chapter as a non-amyloidogenic control peptide, given that it is
unable to fibrillate under any previously characterised conditions and rodents do

not develop T2DM (114).

Previous IMS-MS-based studies have proposed structural models for the IAPP
monomer (48) and dimer (47), as well as the oligomers formed during self-
assembly of peptides derived from an amyloidogenic core sequence (20-29) of
hIAPP (101) (Chapter 3). Using IMS-MS and replica-exchange molecular dynamics
(REMD) simulations, Dupuis et al. proposed that full-length monomeric hIAPP
occupies at least two conformations; both a helix-coil conformation and an
extended B-hairpin conformation that has a significantly (18%) larger CCS (48).
The extended hairpin structure was not significantly populated by the non-
amyloidogenic rIAPP peptide, leading to the conclusion that this conformer is an
amyloid precursor. In a second study, Dupuis et al. investigated and compared the
dimeric structures populated by hIAPP and rIAPP, using IMS-MS. These data

revealed that the hIAPP dimers observed are significantly more extended than
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those observed for rlIAPP, indicative of a higher percentage of (-sheet content
formed by the assembly of extended B-hairpin-containing monomers (47). These
two studies led to a proposal that a conformational transition to (-sheet-rich
conformers is an early step in hIAPP self-assembly, by contrast with other reports
which have suggested a transition to amyloid via helix-rich oligomers (205, 206).
None of these studies, however, reported the detection or identification of higher
order species. Here, hIAPP and rIAPP oligomers, monomer through hexamer,
inclusively, for both peptides are described. Their relative gas phase stabilities are
also investigated and the factors that determine their marked difference in

amyloid propensity are discussed.
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4.2 Results

4.2.1 hIAPP forms an array of oligomers early in amyloid

assembly

Prior to analysis using ESI-IMS-MS, lyophilised, synthetic hIAPP and rIAPP
peptides (Figure 4-1a) were each dissolved in 100% DMSO, to remove any pre-
formed aggregates (207), for 24 h at 37 °C. The sample was then diluted 100-fold
into 20 mM ammonium acetate, pH 6.8. The distribution of oligomeric species was
analysed immediately (time = 2 mins), and at various time points after dilution,

using ESI-IMS-MS.

As described in Chapter 1 Section 1.14, ESI-IMS-MS is ideally suited to the
characterisation of heterogeneous, lowly-populated, transient amyloid precursors.
Previous studies (205, 208, 209) have proposed the existence of oligomeric states
for hIAPP (and rIAPP) peptides. However, to date, no study has separated and/or
characterised these species in detail. The data obtained using ESI-IMS-MS (Figure
4-1b), showed that oligomers up to, and including, hexamers are formed within 2
min of dilution of hIAPP into buffer. Here, co-populated oligomeric ions with the
same m/z have been separated and identified individually (e.g. dimer3* and

tetramer®+) (Figure 4-1b).

Consistent with previous studies from Bowers and co-workers (47, 48), multiple
charge states, predominantly doubly and triply charged, and different conformers,
both compact and expanded for each charge state, are observed for the hIAPP
monomer. The doubly charged monomer ions, for example, occupy two distinct
peaks in the IMS-MS spectrum (Figure 4-1b) with drift times of 7.6 and 10.6 ms.
By use of the calibration approach described in Chapter 1 Section 1.4, the CCS of
each distinct conformation can be individually assigned (Table 4.1). Indeed, the
two conformers of the doubly charged monomer ions have CCS values that differ
by ~15% (consistent with previous results by Bowers et al. of ~18 % (48)).

Although less well-resolved, the monomer 3+ ions also exhibit two distinct
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conformations, with drift times of 6.0 and 8.0 ms, ~14% different in CCS (~680
and 790 A2, respectively). Oligomers of hIAPP also populate a range of charge
states and conformations (Figure 4-1), for each of which the CCS was determined

(Table 4.1).

a. — 10 20 30
hIAPP: NH;—KCNTATCATQRLANFLVHS SNNFGAILSSTNVGSNTY-CONH,

rIAPP: NH,"-KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-CONH,

b. |B -6000
675" 4+ 3* ~4000
b
= 545+
§ ‘34+ u

23+ s 46+ s 23+ =

3" & 3"

1% S 1 -4 - 2000
1% i 1%~

0 10  Drift Time (ms) 20

Figure 4-1. hIAPP forms an array of oligomeric species during fibril formation. a)
Comparison of hIAPP and rIAPP sequences. Both peptides have a disulfide bridge
between Cys-2 and Cys-7 and have an amidated C-terminus. Residues that differ from
those of the human peptide are colored pink in the rat sequence. b) ESI-IMS-MS
driftscope plot of the hIAPP oligomers present 2 min after diluting the monomer to a
final peptide concentration of 50 uM in 20 mM ammonium acetate, pH 6.8, 1% (v/v)
DMSO. ESI-IMS-MS Driftscope plots show IMS drift time versus m/z versus intensity (z
= square root scale) and the corresponding mass spectrum is shown on the left hand
side. Numbers adjacent to peaks denote oligomer order, with the positive charge
state of each oligomer ions in superscript. The ESI mass spectrum shows the +2 and
+3 charge state ions of hIAPP monomer (labelled 1) and minor amounts of dimer and
trimer (labelled 2 and 3, respectively).
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Oligomer Order | Charge State |hIAPP CCS (A% rIAPP CCS (A?)
1 2 513.3 (i) 509.7 (i)
1 2 606.1 (ii) 575.6 (ii)
1 3 681.6 (i) 737.3
1 3 790.4 (i) n/a
2 3 948.0 (i) 890.0 (i)
2 3 1019.8 (ii) 1037.7 (ii)
3 4 1252.3 1178.4
3 5 1346.3 1346.4
4 5 1537.7 1463.9
4 6 1614.7 1626.8
5 7 1927.7 1912.1
6 8 2202.6 2311.0

Table 4.1. Experimental CCS values of hIAPP and rIAPP oligomers. CCS of hIAPP and
rIAPP oligomers measured using ESI-IMS-MS (50 uM peptide), observed after 2 min
incubation (37 °C, 600 rpm, 20 mM ammonium acetate buffer, pH 6.8). Experimental
error is estimated to be * 5-8 % for all cross sections measured by use of an IMS-MS
calibration (16). (i) and (ii) denote different conformers of the same ion.

lIonic strength plays a pivotal role in determining aggregation propensities of
numerous amyloid systems (210-214). Similarly, previous studies have shown that
increased ionic strength increases the rate of aggregation of hIAPP (210).
Consistent with these previous data, under the conditions employed, an enhanced
rate of amyloid fibril formation is observed for hIAPP as the ionic strength is

increased from 20 to 500 mM (Figure 4-2a), as determined by ThT fluorescence.

To investigate whether the formation and subsequent disappearance of oligomers
of hIAPP is concomitant with the peptide assembling into amyloid fibrils,
oligomerisation was studied at varying ionic strengths of the buffer, with all other
conditions unchanged. The ionic-strength dependency of oligomer formation
observed using ESI-IMS-MS was then compared with the rate of fibril formation,
measured using ThT fluorescence. As the ionic strength of the buffer was
increased, a more rapid decrease in oligomer signal intensity over time was also
detected using ESI-IMS-MS (Figure 4-2c), concomitant with the abolishment of a
lag phase of fibril assembly. This result is consistent with the oligomers observed

being involved in assembly into amyloid. The gross morphology of the final fibrils
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(i.e. long, straight, typical amyloid fibrils) was unchanged under all buffer

conditions employed (a representative TEM image is shown (Figure 4-2b).

As discussed in Chapter 1 Section 1.4 CCS values for all hIAPP oligomers
observed were estimated from the ESI-IMS-MS arrival time distributions. In order
to probe the structural properties of these species, their experimentally
determined CCS values were compared with CCS values estimated for theoretical
models including a fit assuming isotropic growth (46), a globular fit based on the
average density of a protein under similar conditions (0.44 Da/A3) (62, 215) and a
‘fibril’ model that assumes growth in a single dimension (46). Comparison of the
determined CCS values with gross structural models (Chapter 1 Section 1.14)
suggests that hIAPP oligomers =4-mer in size adopt relatively extended
conformations i.e. when hIAPP oligomers grow beyond a tetramer, the measured
CCS values cannot be explained by isotropic or spherical growth (Figure 4-2d).
Further, the size, order and CCS of the oligomers observed are independent of ionic
strength (Figure 4-2d), despite being formed and consumed at different rates.
These data suggest that hIAPP oligomers form relatively elongated structures,
particularly at higher orders (=4-mer). A degree of order is likely, however, given
that given that the number of charges carried by each oligomer is never
significantly more than its number of monomer subunits. Occupying highly
unstructured conformations would result in oligomers to carrying a larger number

of charges (216).
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Figure 4-2. Dependence of hIAPP oligomer and fibril formation on ionic strength. a)
ThT fluorescence intensity of hIAPP (50 uM peptide, 37 °C, 600 rpm) in 20 mM
(squares/purple line), 100 mM (triangles/orange line) or 500 mM (circles/green
line) ammonium acetate buffer, pH 6.8. A typical data set is shown, the experiment
was performed over 5 replicates. b) The inset shows a representative negative stain
TEM image of hIAPP fibrils after 5 days in 100 mM buffer (37 °C, 600 rpm) (scale bar
=100 nm). c) ESI-IMS-MS driftscope plots of hIAPP oligomers present at t= 2 min (left
hand side) and t = 5 hours (right hand side) at different ionic strengths (20 mM, 100
mM and 500 mM). d) CCSs of hIAPP oligomers measured using ESI-IMS-MS plotted
versus oligomer order showing that oligomers have the same CCS regardless of ionic
strength: 20 mM (squares), 100 mM (triangles) and 500 mM (circles). The orange
dashed line represents a globular fit based on the average density of a protein (0.44
Da/A3) (215); the grey dashed line represents a linear growth model (46) and the
green dashed line represents an isotropic growth model (46).
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4.2.2 Non-amyloidogenic rIAPP forms a similar array of

oligomers to hIAPP

As discussed in Chapter 1 Section 1.11, rIAPP does not form ordered amyloid
fibrils under any previously characterised conditions (109). Despite its lack of
amyloidogenicity, using ESI-IMS-MS, a similar array of oligomers for rIAPP was
observed compared with that detected for hIAPP (Figure 4-3a, Table 4.1). Indeed,
oligomers corresponding to monomer through hexamer, inclusively, were
observed for the rIAPP peptide within 2 mins of dilution into buffer. Consistent
with the data for hIAPP, multiple conformers are observed for the rIAPP monomer
and oligomers, albeit at different relative intensities compared with those
observed for hIAPP. Importantly, hJAPP monomer and oligomers consistently
occupy a greater relative proportion of more expanded conformers than rIAPP

(Figure 4-4).

Although rIAPP has been reported previously not to form amyloid fibrils (109),
turbidity measurements (Figure 4-3b) and TEM images (Figure 4-3c)
demontrates that under the conditions employed here (20 mM ammoumium
acetate, pH 6.8, 1% DMSO (v/v)) rIAPP forms small globular aggregates that scatter
light. Despite some aggregation, the inability of rIAPP to form amyloid under the
conditions employed was confirmed by the lack of fibrils observed using TEM
(Figure 4-3c) and the lack of ThT fluorescence increase over a 20 h incubation

period (Figure 4-3d).

The rIAPP oligomers observed are similar in CCS, as well as size and mass, to those
of hIAPP (Table 4.1, Figure 4-4 & Figure 4-5). The vastly different amyloid
competencies of the two sequences, therefore, is not solely dependent on having

oligomers of different numbers of subunits and/or CCS.
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Figure 4-3. Oligomers formed from rIAPP resemble those of hIAPP. a) ESI-IMS-MS
driftscope plot of rIAPP oligomers present at 2 min after dilution into 20 mM
ammonium acetate buffer, pH 6.8 to a final peptide concentration of 50 uM. The
number adjacent to each peak denotes oligomer order with charge state of the
oligomer in superscript. b) Aggregation of rlAPP (diamonds) and hIAPP (circles)
monitored using turbidity at 635 nm. In both cases, 50 uM peptide was incubated in
20 mM ammonium acetate buffer, pH 6.8 (37 °C, 600 rpm). A typical data set is
shown, the experiment was performed over 5 replicates. c) Negative stain TEM image
of rIAPP aggregates after 5 days of incubation (37 °C, 600 rpm); scale bar = 100 nm.
d) ThT fluorescence intensity of rIAPP (50uM peptide, 37 °C, pH 6.8, 600 rpm). The
data are normalized to the signal intensity of a hIAPP fibril formation end point at
the same peptide concentration.
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Figure 4-4. Comparisons of hIAPP and rIAPP oligomers detected by ESI-IMS-MS. a)
CCS of hIAPP oligomers (red) and rIAPP oligomers (blue) measured using ESI-IMS-
MS plotted versus oligomer order. Experimental error is + 5% for all cross sections. b)
Arrival time distribution (ATD) of the hIAPP (red) and rIAPP (blue) 3+ dimer (i) and
3+ monomer (ii). The arrow highlights the second conformation of each ion.
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Figure 4-5. rlIAPP oligomer cross sections. CCS of rlAPP oligomers measured using
ESI-IMS-MS versus oligomer order for all charge states. The orange dashed line
represents a spherical growth model based on the average density of a protein (0.44
Da/A3) (62, 215); the purple dashed line represents a linear growth model (46) and
the green dashed line represents an isotropic growth model (46).

4.2.3 CID reveals differences in gas-phase stability between hIAPP

and rIAPP oligomers and monomers

As discussed in Chapter 1 Section 1.6, the use of hybrid instruments such as the
Synapt HDMS employed here allows peptide samples to be characterised using
MS/MS by CID. During CID-MS/MS experiments, precursor ions of a specific m/z
are selected in the first mass analyser before being accelerated, collided with the
buffer gas molecules and unfolded or fragmented. The energies at which the ions

unfold or fragment reveals their relative gas phase stabilities (217).

To compare the stabilities of the hIAPP and rIAPP monomers, the dependence of
the ATD profiles versus increasing the Trap energy was examined (Figure 4-6).
Using CID-MS/MS, the triply charged hIAPP and rIAPP monomers (m/z 1301 and
1307, respectively) were selected using the quadrupole analyser and subjected to
increasing Trap voltages in order to unfold the ions. After collisions in the Trap
cell, differentially-folded ions enter the ion mobility cell and unfolding can be
observed in the ion’s ATD profiles. More unfolded monomeric conformers will be
observed at longer drift times with respect to the more compact species. In

addition, the overall profile should become wider and hence the conformational
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ensemble more heterogeneous upon unfolding. The results of these experiments
showed that hIAPP monomer 3+ ions unfold at lower Trap collision energies than
those required for the rIAPP monomer, with hIAPP more readily converting to
expanded conformers at lower trap voltages (Figure 4-6). At low Trap energies of
10 V, the ATD profiles of hIAPP and rIAPP monomers are narrow and exist
apparently as one dominant conformation with a drift time of 6 ms and a lowly
populated, more expanded conformer observed as a tail at ~10.5 ms. The latter
species is more pronounced in hIAPP compared with rIAPP (Figure 4-6). At high
Trap energies of 275 V, the entire ATD profile of the hIAPP 3+ monomer is shifter
to longer drift times and a much larger proportion of more unfolded conformers
are observed. In contrast, the rIAPP 3+ monomer ATD profile remains narrow and
are indistinguishable from the ATD at 10 V when subject to high Trap energies,
suggesting that it is more stable hence more resistant to gas-phase unfolding

(Figure 4-6).
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Figure 4-6. ATDs of 3+ monomers of hIAPP (a) and rlAPP (b) at trap collision cell
voltages 10 V - 100 V. A 1 Da m/z window was used in selection of ions prior to CIU.
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Next, the gas-phase stabilities of oligomers of hIAPP and rIAPP were probed to
investigate whether their stability to gas-phase dissociation can be related to the
differences in the ability of these sequences to form amyloid. These oligomers are
not amenable to solution-phase stability assays, as they are so lowly populated.
Accordingly, CID-MS/MS was utilised to provide a side-by-side comparison of the
gas-phase stabilities of hIAPP and rIAPP peptides in their oligomeric states. In this
experiment, ions of specific m/z were selected by the quadrupole analyser,
followed by IMS separation of the different oligomers contributing to this m/z, and
then sequential fragmentation of the oligomer ions in the transfer collision cell
immediately prior to the time-of-flight analyser. In this instance, because ion
mobility is performed before fragmentation, unfolding and/or fragmentation are
not observed in ATD profiles, but instead dissociation is measured from the
relative contributions of oligomer and monomeric ions to the spectra after time-of-
flight analysis. In keeping with the observations for the monomeric peptides, the
data revealed that hIAPP dimers have significantly lower gas-phase stabilities
when compared with rIAPP dimers. hIAPP dimers were found to dissociate into
monomer at an energy (40 V) which is lower than that required for the equivalent
rIAPP dimers, which only began to dissociate at 70 V (Figure 4-7a). It is worth
noting that total relative ion intensity in the CID plots is greater than one, given
that the ESI-MS spectra acquired were relative to the base peak in the spectrum,
giving the base peak an ion intensity of 100% thus a total ion intensity that is

>100%.
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Figure 4-7. Differences between rIAPP and hIAPP dimer and monomer stabilities in
the gas-phase measured using CID. a) Collision Induced Dissociation (CID) MS/MS of
rIAPP (blue) and hIAPP (red) dimers (50 uM peptide, 20 mM ammonium acetate
buffer, pH 6.8). Relative intensity of the 3+ dimer ions (squares) of each peptide is
plotted versus increasing ion-accelerating voltage into the transfer T-wave collision
cell. Monomer ion intensity (diamonds) increases as dimers (squares) dissociate. Bar
chart (inset) showing the appearance of hIAPP (red) and rIAPP (blue) monomer from
dissociation of dimer ions with increasing CID voltage. b) Arrival time distributions
(ATDs) of 3+ hIAPP monomer ions 2 min after dissolving into 50 mM (green), 100
mM (orange), or 500 mM (purple) ammonium acetate, pH 6.8. Bar chart (inset)
showing relative intensity of monomer ions with increasing ion-accelerating voltage
at different ionic strengths; 50 mM (green), 100 mM (orange), and 500 mM (purple),
(25 uM peptide, 50/100/500 mM ammonium acetate buffer, pH 6.8).

89



OLIGOMERS OF HUMAN AND RAT AMYLIN

a 1 T oo ) 4
05 .. g # = Rat Tetramer
e “Q ¢ o Rat Trimer
0.8 : > o Rat Monomer
s = Human Tetramer
2 0.7 19 g © Human Trimer
2 1 ¢ Human Monomer
S 0.6. 3 3
Qo ’...fn
£ 05. S b
o s B
2 0.4 ¢ Y
© H -
E 03. :-o ¢ o
E - S0
0.2 ogﬂ’::io'
0.1- 40_ ..... o fa-..,'_;.z e,
e 10 2 30 40 50 60 70 80 90 100
CID Voltage (V)
1.
b.
091 @ Rat Monomer
0.84 @Human Monomer
> 0.7
2 0.6
0]
< 0.5-
2 04
= 0.3
™ 0.2.
0.1
o o [

10 20 30 40 50 60 70 80 90 100
CID Voltage (V)

Figure 4-8. Differences between rIAPP and hIAPP tetramer stabilities in the gas-
phase measured using CID. a) MS/MS collision induced dissociation (CID) of rIAPP
(blue) and hIAPP (red) tetramer ions. Relative intensity of the 6+ tetramer ion
(squares) of each peptide is plotted versus increasing ion-accelerating voltage into
the transfer T-wave device (CID). Monomer ion intensity (diamonds) and trimer ion
intensity (circles) increase as tetramer ions (squares) become dissociated. b) Bar
charts showing appearance of hIAPP (red) and rIAPP (blue) monomer from
dissociation of tetramer ions with increasing CID voltage.
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The significant difference in the gas-phase stability of the dimer ions of hIAPP and
rIAPP could be related to the capability of hIAPP to access amyloidogenic
conformations more easily than its rIAPP counterpart. This could help towards
explaining why two similar sequences that form the same size and order of
oligomeric states have significantly different amyloid propensities. Consistent with
this view, hIAPP monomer ions become increasingly unfolded (Figure 4-7b) and
dimer ions become less stable in the gas-phase as the ionic strength of the buffer
used is increased (Figure 4-7b), suggesting that high ionic strength
destabilizes/unfolds oligomers and increases the rate of amyloid fibril formation.
It is also possible that high ionic strength aids the formation of structurally distinct
oligomers that have altered gas-phase stability, rather than merely altering the
packing of monomer units within structurally similar species. This finding gives
further evidence to the hypothesis that peptide gas-phase stability is correlated
with the amyloid competence of IAPP. Higher order oligomeric species, including
tetramer ions with six charges, also showed subtle differences in stability for the
two sequences, the hIAPP tetramer®* ions beginning to dissociate at 30 V whereas
rat tetramer®* ions remained fully associated until 40 V (Figure 4-8). Both the
hIAPP monomer and its oligomers are, therefore, less stable than their
counterparts for the rat sequence, and hIAPP becomes increasingly unstable at
high ionic strengths. The results suggest, therefore, that hIAPP monomers and
oligomers can accesses amyloid conformations more readily than rIAPP, and even

more readily when the ionic strength of the buffer is increased.
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4.2.4 Probing the mechanism of inhibition of hIAPP fibril

formation with small molecules

Having identified the pre-fibrillar, oligomeric states populated by hIAPP, the next
aim was to attempt to inhibit the formation of these higher order species and
hence to prevent fibrillation. The mechanism of action of two known small
molecule inhibitors of hIAPP fibril formation (EGCG and silibinin), therefore, was
investigated using ESI-MS and ESI-IMS-MS. These compounds have been shown to
prevent hIAPP fibril formation (141, 218), but the point of assembly at which they
act and their mechanisms of action remained elusive. In these experiments, hIAPP
(50 uM) was incubated at 37 °C in 20 mM ammonium acetate buffer, pH 6.8, in the
presence of EGCG (141, 218) or silibinin (219) at molar ratios of small
molecule:hIAPP of 0.1:1, 1:1 or 10:1. The monomer and oligomer populations were
characterised immediately and at various time points after incubation, using ESI-
IMS-MS. To complement the gas-phase analyses, fibril formation was monitored by
ThT fluorescence and peptide aggregates were characterised using negative stain
EM. The primary objectives here were to determine how the presence (or binding)
of each small molecule affects the distribution of monomeric conformers and
populations of oligomers and, whether such changes can be correlated with the
inhibition of hIAPP amyloid formation, and hence to elucidate the precise mode of

action of each small molecule inhibitor.

4.2.4.1 The action of EGCG on fibril formation of hIAPP probed by
ESI-IMS-MS

EGCG, discussed in detail in Chapter 1 Section 1.12, is a polyphenol flavanol
extracted from green tea that has shown promise as a generic anti-amyloid agent.
EGCG has been found to redirect aggregating proteins (including hIAPP (158), a-
synuclein and AB42 (141)) onto alternative pathways (141), or to maintain them in

a monomeric state (220). It has also been shown to promote re-modelling of
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mature amyloid fibrils (218), with recent work of Kelly et al. demonstrating that
hydrophobic binding to the amyloid fibril by EGCG promotes such re-modelling
(221). To identify the effects of EGCG on hIAPP aggregation, the binding
capabilities of the hIAPP monomer for EGCG was investigated. The results revealed
that EGCG binds to monomeric hIAPP (~10% monomer remains bound in gas
phase when present at a 10-fold molar excess over peptide) (Figure 4-9a) and
alters the equilibrium of monomer charge states present. The monomer 3+ ion
becomes more highly populated in the presence of EGCG (compare Figure 4-1b
and Figure 4-9a), with a change in ratio of 3+:2+ monomer in the spectra changing
from ~1:2 to ~1:1.25. The observed ligand binding results in inhibition of the
peptide’s assembly into higher order oligomers and amyloid fibrils no longer form
(Figure 4-9b-d). Binding of EGCG is observed to both of the charge states
populated by the hIAPP monomer (2+ and 3+) (Figure 4-9a), and, indeed, to each
monomeric conformer (both the expanded and the compact form of each charge
state), (Figure 4-10). One or two copies of EGCG bind to one doubly-charged
monomer and up three EGCG molecules bind to the triply-charged monomer, when
EGCG is present at a 10-fold molar excess over hIAPP (Figure 4-9a). The low level
of binding observed, despite complete inhibition of fibrillation (Figure 4-9b), is
suggestive of a hydrophobic binding mechanism. It is possible that a greater
proportion of the hIAPP monomers and bound by hIAPP in solution but that the
ligands dissociate upon entry into the gas-phase given that hydrophobic
interactions are not wholly maintained within the mass spectrometer. A
hydrophobic binding mechanism, consistent with that proposed by Kelly et al,
may help towards explaining the ability of EGCG to inhibit a wide range of natively
unfolded polypeptides and IAPP mutants (156).

ESI-IMS-MS data (Figure 4-9c and Figure 4-11) reveal that incubation with
increasing molar ratios of EGCG:hIAPP prevents assembly into higher order
oligomers, in a dose-dependent manner. At 0.1:1 and 1:1 molar ratios of
EGCG:hIAPP, monomer through tetramer hIAPP oligomers are observed (Figure
4-9c), but no pentamer or hexamer (monomer through hexamer are observed in
the Driftscope plot of hIAPP incubated in isolation (Figure 4-1b)). At a 10:1 molar

ratio of EGCG:hIAPP, no species greater than monomer are observed (Figure
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4-9c). Under the latter conditions, there is no increase in ThT fluorescence and
TEM images (Figure 4-9d panel iii) do not show any aggregated material,
indicating complete inhibition of both aggregate and amyloid formation. Together,
these results demonstrate that EGCG binds to, and traps, low order species,
preventing the formation of higher order oligomers. This small molecule also
differentially stabilises distinct monomeric charge states of hIAPP. The result of
these combined observations is that amyloid fibrils cannot form. An alternative
explanation is that EGCG diverts low order oligomers of hIAPP onto other
aggregation pathways that result in the formation of non-amyloid aggregates. In
the latter scenario, oligomers populated must be of low abundance, low ionisation

propensity, or too heterogeneous to be detected by ESI-IMS-MS.
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4.2.4.2 Remodeling of mature IAPP fibrils by EGCG

In addition to its ability to interfere with amyloid assembly (141), EGCG has been
shown previously to interact with pre-formed amyloid, remodelling a range of
fibrils, including those formed from hIAPP (141, 158), into amorphous aggregate.
Having determined the effect of EGCG on the pre-fibrillar aggregation landscape of
hIAPP, the effect of this small molecule on the reverse reaction, fibril
depolymerisation, was investigated. TEM was used to monitor fibril loss over time
and ESI-IMS-MS was used to investigate how fibril re-modelling by EGCG alters the
populations of pre-fibrillar oligomers. Fibril samples were first formed by
incubation of hIAPP (50 uM) in the absence of small molecule at pH 6.8 for 5 days.
A 10-fold molar excess of EGCG was then added to fibrillar samples were further
incubated in 20 mM ammonium acetate buffer, pH 6.8 (37 °C, 600 rpm) for 5 days.
The loss of fibrils and change in lower order species were monitored, by TEM and
ESI-IMS-MS, respectively, at various time points after addition of the EGCG. Under
the conditions employed, clumping of hIAPP fibrils followed by re-modelling into
amorphous aggregates over a 24 h period was observed (Figure 4-9d iv-vi.). This
remodelling is concomitant with a subtle increase in intensity of the signal arising
from monomer ions, measured using ESI-IMS-MS, compared with the same sample
prior to addition of EGCG (Figure 4-11a iv and b iv). The lack of higher order
oligomers, however, suggests that fibril re-modelling by EGCG is not the reverse of
amyloid formation and does not result in the re-formation of pre-fibrillar

oligomeric species.
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Figure 4-9. Inhibition of hIAPP fibril formation by EGCG. a) Positive ion ESI mass
spectrum showing binding of EGCG (added at 500 uM to 50 uM peptide) to both the
+2 (orange) and +3 (purple) charge state ions of hIAPP monomer. Stoichiometry of
binding is shown by colour: 1:1 inhibitor molecule bound to an IAPP monomer is
highlighted in green, 2:1 in pink and 3:1 in blue. EGCG is shown as an inset. b) ThT
fluorescence intensity of hIAPP (black) (50 uM peptide, 20 mM ammonium acetate
buffer, pH 6.8, 37 °C, 600 rpm) with increasing EGCG:hIAPP molar ratios: 0.1:1 (pink)
and 1:1 (orange) and 10:1 (blue). c) ESI-IMS-MS driftscope plots of hIAPP oligomers
formed in the presence of (i) 0.1:1, (ii) 1:1 and (iii) 10:1 molar ratios of EGCG:peptide
monomer at t= 5 hours. The number of EGCG molecules bound to each species is
shown as a colored dot. d) Negative stain TEM images of hIAPP incubated with (i)
0.1:1, (ii) 1:1 and (iii) 10:1 molar ratios of EGCG for 5 days (37 °C, 600 rpm). (iv)
hIAPP fibrils alone, and aggregates formed when a 10-fold molar excess of
EGCG:hIAPP is added to preformed hIAPP fibrils after 5 h (v) and 24 h (vi), scale bar
is 100 nm.

100
100 - 1 3+
2
£ 2
% 80 -
T 60 T e e MJZ
— ) 1300 1350 1400 1450
[0}
Z 40
® 100
[0}
20 - o\°
0 v - : . : ~
4 5 6 7 8 9 10 0-F et mfz
Drift Time (ms) 1300 1350 1400 1450
100 compact conformer ~510 A®
>‘100 £ -
= ] EGCG bound
g 80 - 1 -
o) 0t iz
< 604 1900 2000 2100 2200
[}
_E 40 100 ©xpanded conformer ~610 A’
o 1|
[0}
oz 204 = LEGCG bound
0 - T T T ’ ’.»luu dﬁk:w k,,ty,rk:t,.;-ﬁmm miz
5 10 15 1900 2000 2100 2200

Figure 4-10. EGCG binds to all conformers of IAPP. Arrival time distributions (ATDs)
show that the 3+ monomer ions of hIAPP occupy two conformers (tp = ~6 & 8 ms) (a
i) and the 2+ monomer ion also occupies two conformers (tp = ~7.6 & 10.6 ms) (b i).
EGCG binds to the both the expanded conformer (green/red) and to the compact
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Figure 4-11. IMS Time courses of inhibition of hIAPP oligomer formation by EGCG.
Driftscope plots of hIAPP oligomers formed in the presence of 0.1:1, 1:1 or 10:1 molar
ratios of EGCG at t= 2 min/’0 h’ (a) and t= 5 hours (b). The right hand driftscopes
shows hIAPP alone after 24 h incubation (a iv) and after subsequent addition of a 5-
fold molar excess of EGCG (b iv) (ammonium acetate buffer pH 6.8, 37°C, 600 rpm).
Circles represent number of bound EGCG molecules.
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4.2.4.3The action of silibinin on fibril formation of hIAPP probed
by ESI-IMS-MS

Silibinin, a flavonol extracted from seeds of the herb milk thistle, has been
proposed as a potential therapeutic for amyloidosis associated with T2DM (219).
Here, the precise nature of the interaction of this small molecule with hIAPP was
also probed using ESI-IMS-MS. The resulting data (Figure 4-12a) revealed that
silibinin binds only to the 3+ charge state ions of monomeric hIAPP (~20%
remaining bound in the gas phase), with no detectable binding to the 2+ charge
state ions of the monomer. This preferential binding to one monomeric charge
state could be indicative of the selectivity of the small molecule, or alternatively
could be explained by the low abundance of the 2+ charge state in its presence.
Similar to the observation in the presence of EGCG, but more pronounced, the
presence of a 10:1 molar ratio of silibinin alters the equilibrium of the two
different charge states of monomeric hIAPP, favoring the population of the triply-
charged monomer ions. The ratio of 3+:2+ monomer in the spectra is altered from
~1:2 to ~3:1 between the absence and presence of a ten-fold molar excess of
silibinin, respectively (compare Figure 4-1 and Figure 4-12a). ESI-IMS-MS data
indicate that silibinin prevents hIAPP oligomer formation even when present at
sub-stoichiometric ratios of silibinin:hIAPP (Figure 4-12b and Figure 4-13). More
specifically, detailed analysis of the ESI-IMS-MS data reveals that the binding of
silibinin is only observed to the more expanded conformer of the 3+ monomer ions
(Figure 4-12c) 5-5but does not significantly impact the ratio of monomeric
conformations present. This expanded conformer (CCS=~790 A2) is adopted by the
hIAPP monomer but not by the rIAPP monomer (Figure 4-4b ii.). Indeed, there is
no detectable binding of silbinin to the rIAPP monomer, which lacks this
conformation, when analysed under identical conditions (Figure 4-14).
Interestingly, Bowers et al. have previously proposed that this expanded
monomeric conformer is an on-pathway, amyloid-competent conformation which
precedes the generation of extended dimers and beta-sheet rich oligomers (47,
48). Specific binding to this expanded hIAPP monomer conformation is thus

consistent with the ability of silibinin to inhibit amyloid assembly. ThT data
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(Figure 4-12d) demostrate that aggregation of hIAPP decreases significantly as
the concentration of silibinin is increased, although in a 10-fold molar excess of
silibinin a weak positive ThT signal is still observed (Figure 4-12d), likely due to
the presence of small aggregates not visible by ESI-IMS-MS. TEM images indicated
that incubation of monomeric hIAPP with silibinin for 5 days leads to few
aggregates, with none visible by TEM when a 10-fold molar excess of

silibinin:hIAPP is added (Figure 4-12e i-iii).

4.2.4.4 Re-modelling of mature IAPP fibrils by silibinin

Although silibinin has been shown previously to inhibit the forward reaction of
amyloid assembly by hIAPP (219), unlike studies on EGCG, the interaction of
silibinin with pre-formed amyloid fibrils had not been reported. Pre-formed hIAPP
fibrils were incubated, therefore, with a 10-fold molar excess of silibinin and the
effect of addition of the small molecule on the disassembly reaction was monitored
using TEM and ESI-IMS-MS. The results showed that addition of silbinin results in
the de-polymerisation of pre-formed fibrils over a 24 h time period during which
time fibrils decrease in length (Figure 4-12e iv-vi). Concomitant with fibril
depolymerisation observed by TEM, ESI-IMS-MS revealed a increase in abundance
of low-order oligomeric species (Figure 4-13b). The re-population of hIAPP
oligomers suggests that de-polymerisation may occur via oligomer release.
Alternatively, monomer release may result in the rapid re-formation of oligomers
in solution, i.e. the forward reaction is re-established. CCS measurements reveal
that the hIAPP oligomers re-formed upon fibril de-polymerisation are comparable

in size and shape to those formed during amyloid formation.

100



OLIGOMERS OF HUMAN AND RAT AMYLIN

100, 1%
1:2 binding

R
1
no binding

v |
0 L——— L‘ e ul - mlz
b. 1200 1400 1600 1800 2000 2200 2400 2600

o
o
o
<
g
o
o
o
N
o
o
=4
5 10
C. , Drift Time (ms) 100
4 +
>‘100 1
G X
2 80 ]
= 0
;CJGO' 1300 1400  miz
= 40 | 100 .
© expanded conformer ~780 A’
@ 20 2
o 0 / silibinin bound\
0ot e
4 5 6 7 8 9 10 )
T 1300 1400 m/z
Drift Time (ms)
d.
1
hlIAPP alone
0.1:1 silibinin:hIAPP
2 0.81 1:1silibinin:hlIAPP
g 10:1 silibinin:hIAPP
< 06
|—
e
|—
o 04
=
©
& 0.2
0

10 20 30
Time (hours)

e.i. — i — i, —

- RS RS 5

Figure 4-12. Inhibition of hIAPP fibril formation by silibinin. a) Positive ion ESI mass
spectrum showing binding of silibinin molecules (added at 500 uM to 50 uM peptide)
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to the 3+ monomer ions (purple) and absence of binding to the 2+ monomer ions
(orange) at a molar ratio of silibinin:hIAPP of 10:1. The structure of silibinin is inset.
b) ESI-IMS-MS driftscope plots showing the lack of hIAPP oligomers in the presence of
0.1:1, 1:1 and 10:1 molar ratios of silibinin:hIAPP at t= 5 hours. c) Arrival time
distribution of 3+ monomer ions shows two conformers are present (tp = 6 & 8 ms).
Silibinin binds to the expanded conformer of the 3+ monomer ions (pink) but does not
bind detectably to the compact conformer (blue). d) ThT fluorescence intensity of
hIAPP (black) (50 uM peptide, 20 mM ammonium acetate buffer, pH 6.8, 37 °C, 600
rpm) with increasing silibinin:hIAPP molar ratios: 0.1:1 (pink), 1:1 (orange) and 10:1
(blue). e) Negative stain TEM images of hIAPP incubated with (i) 0.1:1, (ii) 1:1 and
(iii) 10:1 molar ratios of silibinin:hIAPP for 5 days (37 °C, 600 rpm). Lower panels
show hIAPP fibrils alone (iv) and aggregates formed when a 10-fold molar excess of
silibinin:hIAPP is added to preformed hIAPP fibrils after 5 h (v) and 24 h (vi), scale
baris 100 nm.
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Figure 4-13. IMS Time courses of inhibition of hIAPP oligomer formation by silibinin.
Driftscope plots of hIAPP oligomers formed in the presence of 0.1:1, 1:1 or 10:1 molar
ratios of silibinin at t= 2 min (a) and t= 5 hours (b). The right hand driftscope plots
show hIAPP alone after 24 h incubation (a panel iv) and after subsequent addition of
a 5-fold molar excess of silbinin (b panel iv) (ammonium acetate buffer pH 6.8, 37°C,
600 rpm). Circles represent number of bound silibinin molecules.
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Figure 4-14. Positive ion ESI mass spectrum showing the absence of binding of
silibinin to rIAPP monomers (added at 500 uM to 50 uM peptide) to the 3+ monomer
ions (purple) and to the 2+ monomer ions (orange) at a molar ratio of silibinin:rIAPP
of 10:1. Zoomed regions of the spectra at which bound peaks would appear are inset.

4.2.5 Formation of hetero-oligomers and hetero-fibrils of hIAPP

and rIAPP

A range of peptide inhibitors has been developed against hIAPP (222-225). The
lack of structural information available on the intermediate states occupied by the
peptide has made it difficult, however, to rationalise why some are more effective
than others. The rIAPP peptide has been used previously as the basis for design of
an FDA approved therapy to treat T2DM (226), despite being only a moderately
effective inhibitor of hIAPP amyloid formation when added at equimolar
concentrations (114). A recent two-dimensional infrared spectroscopy study by
Zanni et al. revealed that the non-amyloidogenic rIAPP peptide can become
amyloid-competent in the presence of hIAPP, converting from a natively
disordered rIAPP monomer into an ordered [B-sheet rich complex with hIAPP

(227). To determine why the rIAPP peptide is an ineffective inhibitor of hIAPP
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assembly and to identify how the hIAPP-rIAPP complex forms, ESI-IMS-MS was
used to study the oligomeric structures present in a mixture (1:1 molar ratio) of

the two peptides.

By contrast with the decrease in oligomer populations of hIAPP observed in the
presence of the two small molecule inhibitors studied in Section 4.2.4 (EGCG and
silibinin), oligomers up to, and including, hexamer are observed upon incubation of
the hIAPP and rIAPP at a 1:1 molar ratio (Figure 4-15a), comparable with results
observed when each peptide is incubated in isolation. Consistent with previous
reports suggesting that the rat peptide must be present in an ~10-fold molar
excess to inhibit hIAPP amyloid formation (114, 227), the presence of equimolar
rIAPP does not prevent fibrillation of hIAPP under the conditions of these
experiments (Figure 4-15b). The fibrils formed from the mixed sample were of
similar morphology (long, straight) to those formed by hIAPP in isolation, as
judged by TEM (Figure 4-15c). Mixed oligomers were observed using ESI-IMS-MS
with m/z values corresponding to all-hIAPP, all-rIAPP and oligomers containing a
mixture of hIAPP and rIAPP monomer subunits. The triply-charged dimer ions
(Figure 4-153, inset), for example, have an m/z of 2608, corresponding to one
hIAPP monomer (3904 Da) and one rIAPP monomer (3921 Da), carrying three
positive charges. Mixed trimers (2:1 and 1:2 hIAPP:rIAPP monomer units) and
higher order oligomers were observed also, as well as homo-oligomers of both
peptides. The ability to form mixed oligomers helps explain why rIAPP is
inefficient at inhibiting hIAPP amyloid formation. After co-incubation of the two
peptide sequences for 5 days, fibrils formed were ultra-centrifuged and
depolymerised by incubation in 100% HFIP for 24 h with agitation (Chapter 2
Section 2.4.4). Samples were then air-dried and re-suspended in denaturing
solvent (50:40:10 acetonitrile/water/acetic acid (v/v/v)). Crucially, the resulting
mass spectra (Figure 4-15d i) revealed that both hIAPP and rIAPP monomer
subunits are incorporated into the fibrillar state, with approximately twice as
many hIAPP monomer units being incorporated into the fibrils compared with
rIAPP monomers under the conditions employed. Both monomers were also found
in the supernatant of the original mixed sample, with rIAPP monomers being in

excess in this fraction (Figure 4-15d ii).
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Figure 4-15. Lack of hIAPP inhibition by rIAPP. a) ESI-IMS-MS driftscope plot of
oligomers present at t= 2 min in a mixed sample of hIAPP and rIAPP at a 1:1 molar
ratio (50 uM final peptide concentration, 20 mM ammonium acetate buffer, pH 6.8,
25 °C). Extracted driftscope peak shows masses corresponding to a mixed dimer of
one hIAPP monomer and one rIAPP monomer (inset). b) ThT fluorescence intensity of
hIAPP: rIAPP 1:1 (50 uM final peptide concentration, 20 mM ammonium acetate
buffer, pH 6.8, 37 °C, 600 rpm). Data for three replicates are shown. c) Negative stain
TEM image of 1:1 hIAPP: rIAPP fibrils after 5 days. Scale bar = 100 nm. d) ESI mass
spectra of depolymerized fibrils showing the presence of both hIAPP and rIAPP
monomer constituents in the (i) pellet and (ii) supernatant following
ultracentrifugation.
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CID-MS/MS was next utilised in order to probe the stability of the hetero-
oligomers formed from the 1:1 hIAPP:rIAPP mixture by subjecting the hetero-
dimer and hetero-tetramer ions to increasing transfer collision cell voltages to
promote gas-phase dissociation. Interestingly, the hetero-oligomers exhibited
intermediate gas-phase stabilities with respect to homo-oligomers of hIAPP and
rIAPP of the same mass, being less stable than rIAPP oligomers, but more stable
than hIAPP oligomers (Figure 4-16.). The data indicate that mixing of the two
sequences does not greatly perturb the amyloid competence of the human
sequence but does enhance the amyloid competence of the rat sequence. The
intermediate stabilities of the mixed assemblies, however, suggest a compromise

in the properties of the two sequences with respect to homo-assemblies.

Taken together, therefore, the ESI-IMS-MS and CID-MS/MS data suggest that
differences in gas-phase stability of monomer and low order oligomers between

hIAPP and rIAPP sequences could be related to their differences in amyloid
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propensity. Indeed, de-stabilisation of the monomeric or oligomeric states, either
due to changes in amino acid sequence or conditions, correlates with increased
amyloid propensity, as seen in the comparison of the hIAPP and rIAPP stabilities

and the salt-dependence experiments, respectively.

In addition, small molecule binding to amyloidogenic hIAPP sequence prevents its
assembly into fibrils by preventing oligomer assembly via binding to monomers.
As a result, the aggregation pathway is diverted to alternative routes that result in

the formation of low order species and/or amorphous aggregates.
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Figure 4-16. Differences between the gas-phase stabilities of hIAPP, rIAPP and
hIAPP/rIAPP mixed oligomers, measured using CID. a) Collision induced dissociation
of mixed (a) dimers and (b) tetramers. a) The relative intensity of the 3+ mixed dimer
ions (squares) plotted against increasing ion-accelerating voltage into the transfer T-
wave device. hIAPP (red) and rIAPP (blue) are also plotted for comparison. b) The
relative intensity of the mixed 6+ tetramer ions (squares) plotted against transfer
voltage. Monomer (circle) and trimer (diamonds) ions appear with increasing CID
voltage and trimer ion intensity subsequently decreases again as they are dissociated
to monomer. In both cases mixed oligomers show intermediate stability with respect
to oligomers formed from hIAPP alone and rIAPP alone.
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4.3 Discussion

The study of pre-fibrillar amyloid oligomers is a significant challenge, yet is vitally
important for the unravelling of the complex mechanisms underlying protein
aggregation in disease. In order to determine the specific culprits of toxicity and to
design therapeutics to prevent their formation, all species on the energy misfolding
and aggregation landscapes, both on- and off-pathway, must be identified and
characterised. Here, using ESI-IMS-MS, oligomers of hIAPP and rIAPP have been
characterised in detail for the first time, and their structures and relative gas-

phase stabilities compared.

Previous IMS-MS data from Bowers and co-workers suggested that hIAPP
monomer and dimer undergo a conformational transition to an extended structure
early in amyloid assembly (47, 48). Here, populations of monomer through
hexamer have been detected, using ESI-IMS-MS, for both peptides. The hIAPP and
rIAPP oligomers may assemble via monomer addition, since every species from
monomer to hexamer is observed. No further monomer association into higher
order oligomers is observed for hIAPP. Fibril formation may, therefore, occur
either without a population of larger oligomeric intermediates, or with higher
order states being occupied that are too lowly populated, too transient or too

heterogeneous to be detected by ESI-IMS-MS.

CCS calculations of hIAPP oligomers indicate that elongated species, rather than
globulamers, are popluated, akin to the oligomers observed during 3,m assembly
into amyloid (93). Interestingly, oligomers of rIAPP are similar in size and CCS to
those of hIAPP, as judged by ESI-IMS-MS, but are significantly more stable in the
gas-phase as judged by CID experiments. Although solution-phase stability cannot
be directly inferred from gas-phase stability (5, 228) the difference in stability
observed may help towards explaining the difference in amyloid competence of the
two peptides. Assuming that a conformational change is necessary for fibril
formation, the greater stability of the rIAPP peptide may impede the structural re-
organisation required for amyloid assembly whereas the less stable hIAPP peptide

may transition readily.
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It was also revealed that hIAPP and rIAPP can form hetero-oligomeric species en
route to hetero-fibrils in vitro, thus rationalising why rIAPP is an inefficient
inhibitor of hIAPP amyloid formation. In theory, rIAPP would be expected to be a
good inhibitor of hIAPP since it combines a recognition motif with a [3-sheet
breaker unit (114). This study highlights, therefore, the pitfalls associated with

designing peptide inhibitors based on amino acid sequence.

Having characterised the hIAPP oligomers, the binding and mode of action of two
potent small molecule inhibitors of hIAPP (EGCG and silibinin) have been
determined using ESI-IMS-MS. Data are presented which show show that both of
the two small molecule inhibitors block oligomer and fibril assembly when added

to hIAPP monomer, prior to initiation of assembly.

Interestingly, the two small molecules show different binding characteristics and
have different effects on the equilibrium of species present, yet both inhibit
oligomerisation and fibrillation to a similar extent. EGCG was found to bind to both
observed charge states of the hJAPP monomer, inhibiting early oligomer formation
in a dose-dependent manner and preventing fibril formation. By contrast, silibinin
was found to bind only to the most expanded conformer of the monomer 3+ ion
within the dynamic ensemble of intrinsically disordered monomeric
conformations, blocking oligomerisation and fibrillation. The inhibitory effect of
silibinin, despite such specific binding, supports the notion of the role of the
extended state of the monomer 3+ species in the fibril assembly mechanism of
hIAPP. The hIAPP conformer bound by silibinin is absent in rIAPP and hence this
conformer may be an important amyloid precursor. Inhibition via monomer
binding may inhibit assembly directly or, alternatively, binding may create a
structure that associates with other monomers to generate non-amyloidogenic
aggregates. EGCG and silibinin were found to be effective as amyloid inhibitors at
sub-stoichiometric concentrations, suggesting that the small molecules may bind
to oligomers, as well as the monomer. Due to the low intensity of oligomers in the
presence of small molecules and the known disruption of hydrophobic interactions
in the gas-phase, however, binding of small molecules to oligomeric species could

not be observed by ESI-IMS.
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Both EGCG and silibinin alter the equilibrium of the monomeric charge states of
hIAPP present, with the presence of each small molecule favouring the population
of the triply-charged monomer ions. Binding to these extended species that may
be direct amyloid precursors (47, 48) then prevents monomer self-assembly into
amyloid. ESI-IMS-MS studies on 2m have previously demonstrated that altering
the equilibrium between different monomeric conformers can have profound
effects on the assembly pathways (44), diverting protein assembly from the
amyloid pathway (resulting in highly-ordered (3-sheet rich fibrillar assemblies) to
non-amyloid pathways (resulting in the formation of spherical/amorphous
aggregates). For hIAPP, these alternative aggregation pathways are presumably
kinetically or thermodynamically unfavourable in the absence of the inhibitory
small molecules, but made feasible upon ligand binding to more highly charged
(3+), unfolded hIAPP monomers. In addition to inhibiting the forward reaction of
amyloid assembly, both EGCG and silibinin are capable of disaggregating pre-
formed hIAPP amyloid fibrils. Disassembly occurs in distinguishable manners for
each small molecule, with EGCG remodelling fibrils into amorphous aggregates
without reformation of low order oligomers, and silibinin depolymerising fibrils
and re-establishing the pre-fibrillar array of monomer plus early oligomeric

species.

Early oligomeric states are widely believed to be key to protein self-assembly and
subsequent toxicity in amyloid disease; therefore elucidation of their structure and
dynamics of pre-amyloid oligomers is of vital importance. Here, using ESI-IMS-MS
the conformational properties of hIJAPP monomer and oligomeric structures have
been interrogated, revealing that specific, lowly-populated hIAPP monomeric
conformers are capable of binding small molecule ligands. Having identified
monomer through hexameric forms of hIAPP, the effect of ligand binding on each
individual species populated within heterogeneous amyloid mixtures prior to fibril
formation was assessed. The experimental results obtained provide support for a
route to hIAPP amyloid fibrils via monomer addition to form oligomers which have
relatively elongated structures. Stability may be related to the amyloidogenicity of
IAPP, given that hIAPP is less stable relative to the non-amyloidogenic rIAPP

peptide. hIAPP, therefore, may more readily unfold and occupy more extended

111



OLIGOMERS OF HUMAN AND RAT AMYLIN

monomer and oligomeric conformations that have increased amyloid propensity.
Binding to, and stabilising amyloid-prone monomer conformations, thereby
preventing their polymerisation, could be key to the mechanism of inhibition of

amyloid by EGCG and silibinin.

4.4 Conclusions

The data presented herein, and previously by Bowers and co-workers (47, 48),
support a hypothesis that hIAPP self-assembly into amyloid begins initially with
the formation of extended structures. Binding of small molecule inhibitors to these
amyloid-prone extended structures results in alteration of the distribution of
conformers present and results in the inhibition of oligomerisation and fibril
formation by hIAPP. The results obtained demonstrate that stability plays a role in
the sequence-dependence of [APP amyloid competence, given that oligomers of the
non-amyloidogenic rat peptide are similar in size and shape to those of the human
peptide, but the former oligomers are significantly more stable in the gas-phase. In
addition, results are presented which demonstrate that the mixing of hIAPP and
rIAPP sequences leads to co-polymerisation into hetero-oligomers and hetero-

fibrils, hence rationalising the lack of inhibition of hIAPP fibril formation by rIAPP.

Having characterised in detail the monomeric and oligomeric species occupied by
hIAPP and having demonstrated the suitability of ESI-IMS-MS for studying small
molecule-hIAPP interactions, the project progressed toward the screening of novel

inhibitors of amyloid assembly.
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5 Screening and classifying small molecule inhibitors of
amyloid formation using ion mobility spectrometry-

mass spectrometry

5.1 Introduction

The work described in this Chapter has been published in references (182, 229).

Due to the complex mechanisms involved in amyloid diseases and the elusive
nature of toxic species, commonly available therapies focus only on ameliorating
the symptoms (127). There are, however, a number of promising therapeutic
avenues currently being investigated, including the use of small molecule
inhibitors to block and/or re-direct aberrant aggregation pathways. The ability to
screen for small molecules that are able to interfere with protein aggregation, and
assess their mode of action, is therefore instrumental in the quest for novel
therapies against protein misfolding disorders. For folded proteins, structure-
based design can be utilised in order to create small molecules able to stabilise the
native state and thus prevent the conformational changes that precede protein
aggregation (230-232). For aggregation-prone proteins that are intrinsically
disordered, discovery of novel small molecule inhibitors of aggregation is limited
to screening assays that rely on relatively low resolution techniques, such as dye
binding assays. The majority of biophysical techniques available lack the
sensitivity and resolution to allow detection and individual characterisation of
oligomeric states occupied during aggregation and, therefore, do not allow
determination of the unique pre-fibrillar protein subspecies with which the small
molecule inhibitor interacts (233). Another caveat is that dye binding assays are
often compromised by competitive binding of the small molecule to the dye-
binding site on the protein and by inner filter effects which can interfere with the

fluorescence of the dye (234, 235).

ESI-IMS-MS circumvents the disadvantages of other in vitro screening techniques
and enables the rapid identification of small molecule inhibitors, the

characterisation of their mode of action, and the identification of the individual
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subspecies with which the inhibitor interacts (44, 102, 181). In this chapter, the
capability of ESI-IMS-MS to screen for, and analyse, the mode of interaction of a
range of small molecules is demonstrated using hIAPP and AB40 as examples of
aggregating systems. Screening using ESI-IMS-MS has a number of advantages over
conventional biophysical screening methods: it is rapid (taking <1
minute/sample), consumes low amounts of sample (~1000 molecules
screened/mg protein), does not require sample labeling or immobilisation, and
provides stoichiometric and conformer-specific information. In addition, colloidal
inhibitors that self-aggregate and physically sequester proteins non-specifically
(236), that may erroneously be classified as “hits” in other assays, are immediately

identified.

While several small molecules have been shown to inhibit the fibrillation of hIAPP
and/or AB40 in vitro (102, 141, 144, 152, 157, 162, 237), including EGCG and
silibinin detailed in Chapter 4, their mechanisms of action remain largely
undetermined. Using the selection of small molecules described below (Section
5.1.1), we demonstrate the ability of ESI-IMS-MS to differentiate and classify
compounds that do not bind (‘negatives’), those that bind specifically (‘positives’),
and those that interact non-specifically or colloidally, with hIAPP and Ap40
(Figure 5-1). Furthermore, we use the method developed to screen a further thirty
compounds to demonstrate that it can be implemented in a high throughput mode

and, in doing so, reveal new specific inhibitors of hIAPP and AB40 aggregation.
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Figure 5-1. Schematic diagram of the basis of the ESI-MS screen and a selection of
the small molecules utilised for screen validation. (a-d) Schematic of expected ESI
mass spectra resulting from different interactions between peptide/protein monomer
(denoted m) and potential inhibitors (denoted L). Oligomers are denoted o; charge
states are in superscript. (a) A specific ligand (termed ‘positive’) will result in a
binomial distribution of bound peaks (pink)(238); (b) the presence of a colloidal
inhibitor will lead to spectra containing overlapping peaks resulting from the
heterogeneous self-association of the small molecule (orange peaks); (c) a non-
specific ligand will bind and result in a Poisson distribution of bound peaks
(green)(238); (d) the addition of a non-interacting small molecule (termed
‘negative’) will result in spectra similar to those of peptide alone; (e) list of ten small
molecules analysed initially for inhibition of hIAPP aggregation during ESI-MS screen
validation. Colours correspond to binding-mode classification by mass spectra (a-d);
specific = pink, colloidal = yellow, non-specific = green, negative = grey. Figure taken
from Young et al. (182).
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5.1.1 Selection of small molecules used for screen validation

‘Positives’: Fast green FCF (FG) (1), a triarylmethane food dye, has been shown
previously to inhibit amyloid formation by hIAPP (239) and is used here as an
example of inhibition by specific binding. Previous studies, described in Chapter 4,
have shown that EGCG (102, 156, 158, 240, 241) (2) and silibinin (102, 219) (3)
also act as specific inhibitors of hIAPP amyloid formation and are included here for
comparison. EGCG is the most well characterised ‘positive’ aggregation inhibitor of
a variety of proteins (e.g. a-synuclein (162), hIAPP (102, 156, 158, 240, 241) and
AB40/42 (141, 156, 162, 181)) both in vitro and in vivo (139, 141, 156, 157, 162,
164, 242). In contrast, to our knowledge, silibinin has been reported to inhibit only

hIAPP self-assembly (102, 219).

‘Colloidal’: Congo red (CR) (4), a dye commonly used to detect the presence of
amyloid fibrils (243), was reported initially to bind to numerous protein
aggregates (132, 243, 244), prevent aggregation in vitro (133, 245) and reduce
neurotoxicity in vivo (246, 247). It has since been reported, however, to function
via a colloidal mechanism (236). This mode of inhibition is likely due to the ability
of CR to self-assemble into micelle-like species, driven by stacking of its aromatic

rings (248).

‘Non-specific’: Tramiprosate (6) has been used as a negative control for hIAPP
inhibition in vitro (237, 239). 1H-benzimidazole-2-sulfonic acid (1H-B-SA) (5),
previously not assessed against hIAPP, was included in the analysis as it possesses
a sulfonic acid moiety and is aromatic in nature, features known to be important

for the interaction of small molecules with amyloid proteins and peptides (153).

‘Negatives”: Benzimidazole (9), hemin (10) and the non-steroidal anti-
inflammatory drugs (NSAID) aspirin (7) and ibuprofen (8) contain charged and/or
aromatic functional groups which are prevalent in known amyloid inhibitors, but
have not been assessed previously for their interaction with hIAPP. Aspirin has
been reported to inhibit fibrillogenesis of AB40 and AB42 (151, 249), and
ibuprofen to reduce cognitive deficits in vivo and also to reduce A3 aggregation in

vitro (250, 251). Benzimidazole was used in the screen described here to
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determine whether the interaction observed between hIAPP and 1H-B-SA could
result from the presence of a negatively charged sulfonated group interacting with
the positively charged hIAPP in the gas-phase. Hemin has been reported previously
to inhibit fibrillogenesis of A (144), however, it has not been assessed for its

interactions with hIAPP. The mass of molecules 1-10 are listed in Table 5.1.

Compound Average

MW (Da)

1 Fast Green FCF 765.9

ethyl-[4-[[4 -[ethyl-[(3-sulfophenyl) methyl]
amino] phenyl]-(4-hydroxy-2-sulfophenyl)
methylidene]-1-cyclohexa-2,5-dienylidene]-
[(3-sulfophenyl) methyl] azanium

2 Silibinin 482.4
(2R,3R)-3,5,7-trihydroxy-2-[(2R,3R)-3-(4-
hydroxy-3-methoxyphenyl)-2-
(hydroxymethyl)-2,3-dihydro-
benzo[b][1,4]dioxin-6-yl|chroman-4-one

3 EGCG 458.4
[(2R,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxy-
phenyl) chroman-3-yl] 3,4,5-
trihydroxybenzoate

4 Congo red 652.7
4-amino-3-[4-[4-(1-amino-4-sulfonato-
naphthalen-2-
yl)diazenylphenyl]phenyl]diazenyl-
naphthalene-1-sulfonate

5 1H-benzimidazole-2-sulfonic acid 198.2

6 Tramiprosate 139.2
3-Aminopropane-1-sulfonic acid

7 Aspirin 180.2
2-acetoxybenzoic acid

8 Benzimidazole 118.1
1H-benzimidazole

9 Ibuprofen 206.3
(RS)-2-(4-(2-methylpropyl)phenyl)propanoic
acid

10 Hemin 651.9

chloro[3,7,12,17-tetramethyl-8,13-
divinylporphyrin-2,18-
dipropanoato(2-)]iron(III)

Table 5.1. Molecular masses of small molecules initially screened, confirmed as MH*
ions using ESI-IMS.
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5.2 Results

5.2.1 hIAPP forms oligomeric assemblies and fibrils in absence of

inhibitor

As described in detail in Chapter 4 Section 4.2.1, hIAPP (Figure 5-2a), occupies
monomeric through to hexameric states, inclusively, under aggregating conditions.
These oligomers, which are readily observed using ESI-MS and ESI-IMS-MS
(Figure 5-2b&c), appear and subsequently disappear as aggregation proceeds,

resulting in the formation of long straight amyloid fibrils (Figure 5-2 inset).
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Figure 5-2. hIAPP forms an array of oligomeric species en route to long-straight
amyloid fibrils. (a) Primary sequence of hIAPP. The peptide has a disulfide bridge
between Cys-2 and Cys-7 and an amidated C-terminus; (b) ESI-MS mass spectrum of
hIAPP. Numbers above peaks denote oligomer order, with the positive charge state of
ions in superscript; (c) ESI-IMS-MS Driftscope plot of the hIAPP monomer (1) through
hexamer (6), present 2 min after diluting the monomer to a final peptide
concentration of 32 uM in 200 mM ammonium acetate, pH 6.8. ESI-IMS-MS
Driftscope plots show IMS drift time versus mass/charge (m/z) versus intensity (z =
square root scale). Inset: negative stain TEM image of hIAPP fibrils after 5 days in
200 mM ammonium acetate pH 6.8 buffer (25 °C, quiescent) (scale bar = 100 nm).
Figure taken from Young et al. (182).

119



SCREENING FOR INHIBITORY COMPOUNDS

5.2.2 ESI-IMS-MS-based screening approach

10 compounds (Section 5.1.1 and Table 5.1) were evaluated initially in order to
determine their mode of action and/or inhibition of hIAPP self-assembly (Figure
5-1), based on their known effect on hIAPP aggregation. These compounds, or
their analogues, have been proposed previously to inhibit, or not inhibit, amyloid
formation, as described in Section 5.1.1. In each case, molar ratios of small
molecule: hIAPP of 1:1 and 10:1 were used, with a hIAPP concentration of 32 pM in
every case. Upon incubation of the peptide with each of the small molecules in 96-
well plates, samples were infused into the mass spectrometer via an automated
sampler and the monomer and oligomer populations occupied were characterised
immediately. Small molecule binding modes were then observed and classified
(Section 2.2) (Figure 5-3). Depending on the system, this technique can be
implemented successfully to determine and rank ligand binding affinities (252-
254). However, because hydrophobic interactions are not wholly maintained in the
ESI-IMS-MS process, underestimation of binding affinity and/or false negative
results are possible (228). For this reason, fibril formation was also monitored
using ThT fluorescence and the morphologies of the resulting aggregates were
assessed using negative stain TEM. The objectives of these analyses were to (i)
observe interactions between amyloid peptide monomeric/oligomeric states and
each small molecule; (ii) determine how these interactions affect the distribution
of monomeric and oligomeric conformers populated; and (iii) elucidate whether
any changes observed can be correlated with the inhibition (or lack of inhibition)

of hIAPP amyloid assembly.
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Figure 5-3. Schematic of the ESI-IMS-MS experimental procedure. The protein of
interest (pink) is mixed individually with small molecules from a compound library in
96-well plate format via a Triversa NanoMate automated nano-ESI interface, the
samples are infused into the mass spectrometer, wherein separation occurs based on
the mass to charge ratio (m/z) and collisional cross-sectional area (CCS). The small
molecules are classified according to their protein-binding modes. Figure taken from
Young et al. (229).

5.2.3 Mode of action of a positive inhibitor of hIAPP fibril

assembly

One of the 10 compounds selected for preliminary analyses (Section 5.1.1 and
Table 5.1) was Fast Green FCF (1) (FG), a known inhibitor of hIAPP fibril
formation (239).

Consistent with previous reports (239), ThT fluorescence and TEM (Figure
5-4a,b) confirmed that FG inhibits fibril formation from hIAPP in vitro. The
mechanism by which it inhibits assembly, however, has thus far remained elusive.

Here, using ESI-IMS-MS, FG was found to bind to both the 2+ and 3+ monomer
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Figure 5-4. Inhibition of hIAPP amyloid assembly by Fast Green FCF (FG). (a) ThT
fluorescence intensity over time of hIAPP alone (black circles) (32 uM peptide, 200
mM ammonium acetate buffer, pH 6.8, 25 °C, quiescent) and with increasing
FG:hIAPP molar ratios: 1:1 (orange) and 10:1 (green), showing dose dependant
decrease in formation of ThT-postive hIAPP species upon addition of FG. (b) Negative
stain TEM images of hIAPP incubated with (i) 1:1 or (ii) 10:1 molar ratios of
FG:hIAPP for 5 days (25 °C, quiescent) (scale bar = 100 nm), showing lack of
fibrillation and formation of small/amorphous aggregate of hIAPP in the presence of
FG. (c) Positive ion ESI mass spectra showing FG alone (i), or added at 32 uM (ii), or
320 uM (iii), to hIAPP (32 uM). FG binds to the 2+ and 3+ charge state ions of hIAPP
monomer (bound peaks denoted with orange or green circles; number of circles
represents number of ligands bound), and to the 4+ charge state of the hIAPP dimer
(bound peak denoted with white circle). This binding mode is classified as ‘positive’.
Figure taken from Young et al. (182).
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The work described in Chapter 4 (102), and that of others (48), has shown that
each hIAPP monomeric charge state (2+ and 3+) populates at least two conformers
(extended and compact, with the more expanded structure proposed to be
amyloid-prone). Analysis of the ESI-IMS-MS data reveals that FG alters the
distribution of charge states and the monomeric conformers present, increasing
the relative abundance of the 3+ monomer ion (Figure 5-4c). In addition, the
proportion of compact conformers is increased compared with those observed for
hIAPP alone, especially obvious for the monomer 2+ ion (Figure 5-5). This ion
appears to be significantly compacted in the presence of FG, with dominant
conformer changing in drift time from 7.05 to 6.28 ms and a new, even more

compacted species emerging with a drift time of 5.25 ms (Figure 5-5).
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Figure 5-5. Comparisons of hIAPP monomer drift times in the absence (black) or
presence (green) of excess FG. (a) Arrival time distribution (ATD) of the hIAPP 3+
monomer ions displays one distinct conformer (drift time = ~5.8 ms) and a small
component of a more extended conformation (drift time = ~7.0 ms) in the absence
and presence of FG; (b) Arrival time distribution (ATD) of the hIAPP 2+ monomer
ions displays two distinct conformers in the absence of FG (drift times = ~7.1 and ~9.6
ms). In the presence of FG, the hIAPP 2+ monomer displays three distinct conformers
(drift times = ~5.3, ~6.3 and ~9.6 ms); (c) ESI-IMS-MS Driftscope plots of monomeric
conformers observed for hIAPP alone; and (d) when FG is present at a 10-fold molar
excess over hIAPP. Monomer peaks are enclosed by white boxes. Circles represent
number of FG molecules bound to each species. Figure taken from Young et al. (182).
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The interaction of FG likely involves the sulfonated groups forming favorable
electrostatic interactions with positively charged hIAPP at pH 6.8 (hIAPP pl = 8.9).
Consistent with this, the extent of binding is dependent on the buffer ionic strength
(Figure 5-6a), with a lesser extent of binding being maintained as the ionic

strength of the buffer is increased from 10 mM to 100 mM.
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Figure 5-6. lonic strength dependence of ligand binding. Positive ion ESI mass
spectra showing (a) FG; (b) EGCG; and (c) 1H-B-SA added at a 1:1 molar ratio to
hIAPP (32 uM) in 10 mM (a. i, b. i, c. i) or 100 mM (a. ii, b. i, c. ii) ammonium acetate
buffer, pH 6.8. Ligand bound peptide peaks are highlighted in green (FG), pink
(EGCG) and blue (1H-B-SA). Figure taken from Young et al. (182).
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Factors other than electrostatic complementarity must contribute to the specific
binding of FG, however, as not all sulfonated small molecules are inhibitors of
hIAPP amyloid assembly (Section 5.1.1, Figure 5-1e and Figure 5-10). For the
two other known positive inhibitors described in Chapter 4, EGCG (102, 157) (2)
and silibinin (102, 219) (3), low levels of binding are observed, despite complete
inhibition of fibrillation, indicative of hydrophobic interactions playing a role in the
binding interface. Unlike the hIAPP-FG interaction, this mode of binding is
relatively insensitive to buffer ionic strength (Figure 5-6b), with comparable
amounts of ligand binding being observed as the ionic strength of the buffer is

increased from 10 mM to 100 mM.

5.2.4 Colloidal inhibition characterized using ESI-IMS-MS

The influence of the presence of Congo red (CR) (4), a known colloidal inhibitor, on
the self-assembly of hIAPP was analysed next (243). At a 1:1 molar ratio of hIAPP:
CR, a small increase in the rate of fibril formation was observed (Figure 5-7a,b),
with no significant change in the monomer or oligomeric states observed in the
hIAPP mass spectrum (Figure 5-7a-c). However, at a 10:1 molar ratio of CR:
hIAPP, no fibrillation was observed (Figure 5-7a,b). These data are consistent with
previous reports that CR promotes fibril formation in some systems at low
concentrations (255) but inhibits protein self-assembly when present at high

concentrations (100-200 uM)(236).
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Figure 5-7. Colloidal inhibition and non-specific binding observed using ESI-IMS. ThT
fluorescence intensity of hIAPP (black) (32 uM peptide, 200 mM ammonium acetate
buffer, pH 6.8, 25 °C, quiescent) with Congo red (CR):hIAPP molar ratios: 1:1
(orange) and 10:1 (red) and with 1H-benzimidazole-2-sulfonic acid (1H-B-SA):hIAPP
molar ratio: 10:1 (blue). Significant inhibition of the formation of ThT-positive
species is observed only in the presence of excess (10x)CR. (b) Negative stain TEM
images of hIAPP incubated with 1:1 (i) or 10:1 (ii) molar ratios of CR or a 10:1 molar
ratio of 1H-B-SA (iii) for 5 days (25 °C, quiescent) (scale bar = 100 nm). Fibrils are
observed in the presence of equimolar CR and excess (10x) 1H-B-SA but not in the
presence of excess (10x)CR. (c) Positive ion ESI mass spectra showing CR added at 32
UM (i) or 320 uM (ii) or 1H-B-SA added at 320 uM (iii), to hIAPP (32 uM). CR is not
observed to bind to hIAPP when added at 32 uM (i) or 320 uM (ii), however CR self-
aggregates at 320 uM (ii) (denoted n**, where n is the number of CR molecules and x
is the charge state of the aggregate (red peaks). This binding mode is classified as
colloidal. Multiple copies of 1H-B-SA bind to the 2+ and 3+ charge state ions of hIAPP
monomer (bound peaks denoted with blue circles, number of circles represents
number of ligands bound), and to the hIAPP dimer (bound peaks denoted with white
circles). This binding mode is classified as non-specific. Figure taken from Young et al.
(182).
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Using ESI-IMS-MS, it is possible to observe the self-association of CR at high
concentrations (320 pM), with aggregates ranging in size from ~5-11 copies
(Figure 5-8). No direct binding of CR monomer to monomeric hIAPP was observed
(Figure 5-7c), consistent with colloidal inhibition resulting from supramolecular
assemblies of CR inhibiting self-association of amyloid proteins at high ligand

concentrations.
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Figure 5-8. ESI-MS spectrum of 320 uM Congo red (200 mM ammonium acetate, pH
6.8), showing self-aggregation (5- to 11-mers). Figure taken from Young et al. (182).

5.2.5 Non-specific binding and lack of inhibition characterised

using ESI-IMS-MS

Although not reported previously as an inhibitor of hIAPP amyloid formation, 1H-
B-SA (5) possesses both aromatic and anionic moieties known to be important for
the interaction of small molecules with amyloid proteins and peptides (153). The
mass spectrum of a 10:1 molar ratio of 1H-B-SA and hIAPP clearly demonstrates a
non-specific binding profile which results in a series of ions with multiple ligands
bound, following a Poisson-like distribution (238, 252) (Figure 5-7c iii.). As an
interaction of this type (electrostatic/hydrophilic) is often determined by charge
and size complementarity, it is less sensitive to structure but can be well
maintained during the ESI process (252). Further, these types of interactions can

be more stable in the gas-phase than hydrophobic interactions (254), such as
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thoseproposed between hIAPP and EGCG (2)(102) thus resulting in more
extensive ligand-binding being observed for non-specific interactions with respect
to specific interactions. Consistent with this, the ion intensity of the 1H-B-SA:
hIAPP complex is decreased at increased ionic strength (Figure 5-6c), with less
intense bound peaks being observed when the ionic strength of the buffer was
increased from 10 mM to 100 mM. Non-specific interactions can be distinguished
from specific interactions (that show a binomial distribution (238)) by comparison
of the binding profiles (Figure 5-1a and c). To confirm annotation as a non-specific
binding ligand, a second analysis performed at lower ligand: peptide ratio may be
required to avoid ambiguity that may arise by specific binding of molecules
forming multiply bound complexes at high ligand: peptide ratios. ThT fluorescence
and TEM data confirm that the non-specific binding of 1H-B-SA to hIAPP does not
inhibit fibril formation by the peptide (Figure 5-7a,b). Similarly, the mass
spectrum of a 10:1 molar ratio of tramiprosate (3-amino-1-propanesulfonic acid)
(6) and hIAPP is also indicative of a non-inhibitory, non-specific interaction, which

is confirmed by TEM (Figure 5-9).
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Figure 5-9. ESI-MS spectrum of hIAPP (32 uM) in the presence of tramiprosate(320
uM). Protein-ligand bound peaks are coloured pink. Inset shows negative stain TEM
image of fibrils formed by hIAPP when incubated with a 10:1 molar ratio of
tramiprosate: hIAPP for 5 days (25 °C, quiescent) (scale bar = 500 nm). Figure taken
from Young et al (182). Contaminants in small molecule sample lead to peak
broadening and adducts.
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Although non-specific binding interactions between ligands and the amyloid
protein are encountered in some instances due the nature of the screen, a lack of
any interaction between ligand and peptide is the most likely scenario in the
absence of an inhibitory effect. Indeed, for the compounds aspirin (7), ibuprofen
(8), benzimidazole (9) and hemin (10) (Section 5.1.1 and Table 5.1), no evidence
for binding to monomeric hIAPP, alteration in the monomer charge state
distribution, or oligomer population, was observed using ESI-IMS-MS (Figure
5-10). In each case, incubation of hIAPP with an excess of a non-binding small
molecule, fibrils were formed, as observed by TEM (Figure 5-10 a-d inset). Earlier
studies using CD spectroscopy and Congo red binding assays incorrectly
determined that aspirin is an inhibitor of hIAPP amyloid formation (256),

demonstrating the efficacy of ESI-IMS-MS in circumventing false positive results.
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Figure 5-10. Lack of inhibition of hIAPP amyloid assembly by (a) aspirin; (b)
ibuprofen; (c) benzimidazole; and (d) hemin. Positive ion ESI mass spectra showing
no observed binding when each small molecule is added at 320 uM to hIAPP peptide
(32 uM). Insets: negative stain TEM images of hIAPP incubated with 10:1 molar
ratios of small molecule: hIAPP for 5 days (25 °C, quiescent) (scale bar = 100 nm).
Figure taken from Young et al. (182).The peak at m/z 2000 in the hIAPP + 10 x
ibuprofen spectrum is an adduct that results from contaminants in the small
molecule sample.
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The relationship between the structure of a small molecule, including the
functional groups that it possesses, with its ability to interact with a peptide or
protein of interest is not straight-forward. Indeed, predicting the inhibitory
potential of small molecules against amyloid formation from their structure alone
is a significant challenge, demonstrated by the fact that analogues can show
significant variability in aggregation inhibition. Rifamycin SV, for example, can
block fibril formation by B2m, while other structurally similar rifamycins are
ineffective (44). Similarly, derivatives of EGCG have marked differences in their
inhibitory capacity (158), and no single feature of EGCG is crucial in determining
inhibition (158). In order to investigate the diversity in hydrophobicity of the
compounds tested and to determine whether there is any correlation with their
ability to inhibit amyloid formation, the LogP value (the log of the
aqueous/hydrophobic partition coefficient) of each small molecule was calculated
using www.molinspiration.com software, which determines the hydrophobic
parameters of the substituents (Figure 5-11). The LogP values of the positive
inhibitors range from -4.4 (FG) to +2.2 (EGCG), demonstrating that polarity is not
the only important factor required for binding to target. Both hydrophilic FG and
hydrophobic EGCG inhibit hIAPP aggregation, confirming that the MS-based
method for screening inhibitors is capable of observing both electrostatic and
hydrophobic interactions between amyloidogenic peptides and aggregation

inhibitors.
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Figure 5-11. LogP values (the log of the aqueous/hydrophobic partition coefficient)
were calculated for the ten small molecules. using www.molinspiration.com software,
which determines the hydrophobic parameters of the substituents. Molecules with
high +ve LogP values have high hydrophobicity and molecules with high -ve LogP
values are highly polar. Colours denote inhibitor classification: positive (red),

colloidal (yellow), non-specific (green) and negative (grey). Figure taken from Young
etal (182).
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Further analyses using Collision Induced Dissociation (CID) MS/MS (Section
2.2.4) showed that the specific inhibitors bind more tightly to hIAPP than their
non-specific counterparts, as judged by the gas-phase stability of the peptide-
ligand complexes (Figure 5-12). The quadrupole analyser was used to select
ligand-bound peptide ions and increasing collision energy was applied to the trap
collision cell in 10 V increments from 10 to 100 V until the ligands were completely
dissociated from the monomer ions. Quantification of precursor ion intensity

relative to total ion intensity was calculated using area under peaks.

Indeed, 1H-B-SA dissociates from hIAPP at lower collision energies (10 V) than
that required to dissociate either the hydrophobically bound ‘positive’ EGCG or the
electrostatically bound ‘positive’ FG, which begin to dissociate after 30 and 50 V,
respectively. This MS/MS method of interrogation provides an additional means of

selecting ligands for further analysis after the initial screening for binding has been

performed.
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Figure 5-12. Differences between peptide-ligand complex stabilities in the gas-phase
measured using Collision Induced Dissociation (CID). CID MS/MS of FG-hIAPP
(green), EGCG-hIAPP (pink) and 1H-B-SA-hIAPP (blue) complexes (32 uM peptide,
320 uM ligand, 200 mM ammonium acetate buffer, pH 6.8). Relative intensity of the
2+ monomer ions bound to ligand is plotted versus increasing ion-accelerating
voltage into the trap collision cell. Percentage of ligand associated is relative to base
peak in spectrum, which in the case of FG and 1-H-B-SA is ligand bound peptide and
in the case of EGCG is apo-hIAPP. Figure taken from Young et al. (182).
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Arrival time distribution (ATD) plots from ESI-IMS-MS experiments also provide
evidence for the type of interaction occurring. By extracting the whole-spectrum
IMS-MS ATD data, observation of the average conformation of species present
within a heterogenous mixture is enabled. The samples may consist of a mixture of
protein-only species, ligand-only species and ligand-bound protein species. In the
absence of small molecule, the hIAPP alone whole-spectrum ATD (Figure 5-13a) is
comprised of intense peaks at short drift times (~3-10 ms) owing largely to the
presence of the monomeric ions and less intense oligomeric contributions at
longer drift times (~7-17 ms). With FG bound, there is a shift in the ATD plot
towards more compact hIAPP monomeric protein species (compare Figure 5-13a
and b). Additionally, there is a decrease in the oligomeric contributions at longer
drift times in the presence of FG, likely due to inhibition of monomer assembly.
When CR is bound, the overall ATD shifts to longer drift times (Figure 5-13c) due
to the presence of CR aggregate and no compaction of the monomer is observed. In
the presence of 1H-B-SA, a tail in the hIAPP monomer ATD profile is observed due
to the presence of the non-specific binding (Figure 5-13d). There is an absence of
species having longer drift times, possibly due to large amounts of non-specific
binding masking signal from any lowly populated oligomeric states occupied in the
presence of 1H-B-SA. The changes in whole-spectrum ATDs demonstrated can be
explained more clearly when analysing Driftscope plots (Section 5.2.6) that allow

unambiguous identification of every individual species present.
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Figure 5-13. ATDs of hIAPP in the absence or presence of inhibitors. Comparisons of
whole spectra arrival time distributions (ATDs) of hIAPP (a) in the absence (grey) or
presence of a 10-fold molar excess of (b) FG (green), (c) CR (red) or (d) 1H-B-SA
(blue). Figure taken from Young et al. (182). A clear overall compaction of hIAPP
monomeric conformations is observed in the presence of FG (b)with respect to hIAPP
alone (a).
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5.2.6 Oligomer formation in the presence of small molecule

inhibitors

The ability of ESI-IMS-MS to monitor oligomerisation of amyloid proteins enables
the screen not only to observe binding of ligands to a protein monomer of interest,
but further, to determine the impact this binding may or may not have on the
higher order species populated in the aggregation landscape. Here, ESI-IMS-MS
was utilised to determine the individual nature and abundance of the lowly-
populated hIAPP oligomers in the presence of each class of small molecule. In the
absence of small molecule, hIAPP forms monomer through hexamer, inclusively,
within 2 minutes of dilution into buffer (Figure 5-2c) (102). In the presence of a
10-fold molar excess of a ‘negative’, non-interacting small molecule such as
ibuprofen (8), the same array of oligomers is observed as for the peptide alone
(Figure 5-2c and Figure 5-14a). When a ‘positive’ specific inhibitor (e.g. FG) (1) is
present, binding of the small molecule to the peptide monomer is observed, with
an absence of higher order hIAPP species detected (Figure 5-14b). This lack of
oligomers is likely due to perturbation of self-assembly achieved by small molecule
binding to the monomeric peptide. When a non-specific binder (e.g. 1H-B-SA (5)) is
present, multiple copies of ligands (< seven molecules) can be seen binding to each
monomeric charge state (Figure 5-14c), indicative of a non-specific interaction.
Conversely, the spectrum of hIAPP in the presence of CR (4) (Figure 5-14d) shows
a multitude of higher order species. However, the majority of these peaks have m/z
values corresponding to multimers of CR, rather than hIAPP, resulting from self-
association of the small molecule alone. Peptide monomers are observed in the
spectrum, but no peptide oligomers are visible, resulting either from their low
intensities compared with CR aggregates, or their absence. The ESI-IMS-MS data
presented reveal clear differences between the spectral ‘fingerprint’ of hIAPP
undergoing no interaction, specific inhibitory interactions, non-specific
interactions and colloidal interactions with small molecules. ‘Hits’ from screens of
potential small molecule inhibitors can thus be distinguished visually from

negative, colloidal or non-specifically bound molecules using ESI-IMS-MS and
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selected for further characterisation or optimisation based on simple

categorisation of the spectral features.
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Figure 5-14. ESI-IMS-MS  demonstrates the mode of inhibition
(specific/colloidal/non-specific) or lack of inhibition of hIAPP amyloid formation by
small molecules. a-d, ESI-IMS-MS Driftscope plots of hIAPP and ibuprofen (a), FG
(b), 1H-B-SA (Hb) (c) and CR (d) (all at 320 uM) to hIAPP (32 uM). Examples of a
negative (a), a positive (b), a nonspecific (c) and a colloidal inhibitor (d) are
illustrated. The numbers on the Driftscope plots indicate the oligomer order and the
adjacent superscript numbers show the charge state of those ions. In b, the bound
peaks are denoted with yellow (13* bound) or green (12* bound) circles (the number
of circles represents the number of ligands bound); in c, the bound peaks are denoted
with blue circles; in d, the colloidal aggregates are denoted nx+, where n is the
number of CR molecules and x is the charge state of the aggregate. Background noise
observed in Driftscope plots is a result of displaying the data on a log scale. Figure
taken from Young et al. (182).
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5.2.7 Screening mixtures of small molecules using ESI-IMS-MS

To validate the high-throughput potential of this ESI-IMS-MS-based screen for
small molecule interactions with aggregating proteins/peptides, several small
molecules were mixed together and added to hIAPP in combination. In the mixed
samples, the ability to categorise the compounds according to the simple ESI-IMS-
MS ‘spectral-fingerprint’ analysis was assessed. These analyses test the
applicability of the screen to differentiate between molecules able to bind
specifically to the target protein/peptide from their non-binding or non-specific
binding counterparts, when added in combination to the target peptide. This
approach has two advantages: firstly, it decreases the time taken to screen a
library of compounds (5-10 molecules/min rather than 1 molecule/min); secondly,
in competition, the best binders as observed in the gas-phase should out-compete
negative, weak or colloidal inhibitors. This method is demonstrated using FG
(positive) (1), CR (colloidal) (5), 1H-B-SA (non-specific) (5) and four small
molecules that do not bind to hIAPP (negative) (7-10). When added to hIAPP (32
uM) in combination (160 pM each small molecule), FG and CR behave as each one
behaved when added individually, i.e. the ‘positive’ compound FG binds specifically
to the target peptide and the colloidal compound CR self-associates without any
specific protein interaction being observed (Figure 5-15a). Further, the presence
of equimolar CR does not prevent FG from interacting with hIAPP, nor does the
presence of equimolar FG prevent the self-association of CR. The ability of FG to
bind hIAPP in the presence of mixtures of small molecules that do not bind (aspirin
(7), ibuprofen (8), benzimidazole (9) and hemin (10)) was also tested. The results
showed that of the five small molecules present, only FG binds to hIAPP (Figure
5-15b).
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Figure 5-15. Screening mixtures of positive, colloidal and negative compounds.
Positive ion ESI mass spectra and corresponding ESI-IMS-MS Driftscope plots
showing hIAPP peptide (32 uM) with mixtures of (a) FG (160 uM) and CR (160 uM);
and (b) FG (160 uM), aspirin (160 uM), ibuprofen (160 uM), benzimidazole (160 uM)
and hemin (160 uM). FG bound monomer peaks denoted with yellow (13* bound) or
green (12+ bound) circles and a white circle when dimer bound. Number of circles
represents number of ligands bound. ESI-IMS-MS Driftscope plots are shown to the
right of the corresponding spectra. Figure taken from Young et al. (182).

Further, the presence of an excess of the non-specifically binding ligand, 1H-B-SA,
did not perturb the ‘positive’ interaction between FG and hIAPP (Figure 5-16a). In
the statistically unlikely event that two positive inhibitors are encountered in the
same mixture, the molecule which binds most stably in the gas-phase should out-
compete the other. This is the case when FG (1) and EGCG (2) are each added in a
5-fold molar excess to hIAPP (Figure 5-16b). FG and hIAPP have favourable
electrostatic interactions (239), whereas EGCG is thought to bind principally via
hydrophobic interactions (156). Given that electrostatic interactions are more
likely to be maintained in the gas-phase over their hydrophobic counterparts, FG
out-competes EGCG. The relative affinity of these two different ligands for hIAPP,
therefore, cannot be deduced from these data. Thus, in order to control for the

effects of the chemistry of binding determining the relative intensity of bound
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peaks observed by ESI-MS (252, 253), the Kq of small molecules identified as a “hit”
in a mixture of compounds should be confirmed using other biophysical methods
in solution. Additionally, when a positive inhibitor is encountered, all compounds
within the mixture could be re-examined against the target separately, to avoid any

false-negative results.
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Figure 5-16. Screening mixtures of positive and non-specific compounds. Positive ion
ESI mass spectra and IMS-MS Driftscope plots showing hIAPP peptide (32 uM) in
solution with mixtures of compounds. (a) hIAPP with Fast Green FCF (FG) (160 uM)
and 1H-benzimidazole-2-sulfonic acid (1H-B-SA) (160 uM), FG bound monomer
peaks denoted with green circles and a white circle when dimer bound, 1H-B-SA
bound monomer peaks denoted with blue circles; (b) hIAPP with Fast Green FCF (160
uM) and EGCG (160 uM). FG bound monomer peaks denoted with green circles. EGCG
bound peaks are denoted with purple circles. Number of circles represents number of
ligands bound. Background noise observed in Driftscope plots is a result of displaying
the data on a log scale. Figure taken from Young et al. (182).
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5.2.8 ESI-IMS-MS as a generic screen for amyloid inhibitors

Having demonstrated successfully the applicability of the ESI-IMS-MS-based
screen to classify inhibitors of hIAPP aggregation, the same method was applied to
AB40 assembly (257). These analyses were performed in order to assess the
method developed as a generic tool for screening and classifying inhibitors of
aggregating systems. The 37-residue hIAPP (Figure 5-2a) and 40-residue AB40
(Figure 5-18a) sequences share 25 % identity and 47 % similarity (Figure 5-17).
The core sequences of each peptide, AB40 (residues 26-32) and hIAPP (residues
21-27), believed to be involved in the self-assembly of each peptide (101, 199,

258), are most similar.

1 10 20 30 40
Ap1-40 (M) DPLEFRHDSGYEVHHTHL?FFEE DVGSNEGAIIG-LMVGEVV

hlIAPP  ————- KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH,
1 10 20 30 37

Figure 5-17. Sequence alignment of AB40 and hIAPP. Recombinant expression of
AP40 results in an additional N-terminal methionine (187). The intramolecular
disulfide bond in hIAPP is indicated by a blue line, and the amidated C-terminal is
shown. Lines between hIAPP and A340 sequences indicate exact amino acid matches,
dashes indicate chemical similarity.

Here, AB40 (expressed recombinantly, Section 2.1.5) (32 uM) was incubated alone
or with tramiprosate (6), hemin (10) or EGCG (2) at 10:1 molar ratio of small
molecule to AB40. Preliminary analysis of AB40 in isolation using ESI-MS revealed
that the peptide gives rise to dominant 3+ and 4+ monomer charge state ions
(Figure 5-18b) and oligomeric species (dimer > pentamer) (Figure 5-18c) en

route to long straight amyloid fibrils.
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Tramiprosate (6) has been shown previously to inhibit AB40 and Af342 fibrillation
in vivo, likely via competition with glycosaminoglycan (GAG) binding to the peptide
(259, 260). The mass spectrum of a 10:1 molar ratio of tramiprosate:AB40 peptide
(Figure 5-18d) indicates a non-specific interaction which may help towards
explaining how tramiprosate interferes with glycosaminoglycan (GAG) binding to
AB in vivo (259). ThT and TEM data reveal fibrillation in the absence and presence
of tramiprosate (6) (Figure 5-18e and f ii), corroborating the findings that this
interaction is non-specific and non-inhibitory. Hemin (10) (along with other
porphyrins) has also been reported to interfere with A fibrillation (144, 245). On
the contrary, here, hemin has no observed effect on AP self-assembly,
demonstrated by its inability to bind to AB40 as judged by ESI-MS (Figure 5-18d
ii) and the resultant formation of AB40 fibrils in its presence, as judged by TEM
(Figure 5-18f iii). Notably, no increase in ThT fluorescence is observed in the
presence of hemin, presumably because the small molecule either interferes with
ThT fluorescence or prevents ThT binding (Figure 5-18e), a common caveat of
screening methods reliant on ThT data to infer inhibition. Conversely, EGCG (2),
binds specifically to AB40 monomer, forming a 1:1 EGCG: AB40 complex (Figure
5-18d iii), resulting in the formation of amorphous aggregates and the absence of
long straight amyloid fibrils (Figure 5-18e and f iv). The results demonstrate,
therefore, the applicability of ESI-MS as a generic screen for inhibitors of two
different amyloid systems. Further description of AB40 peptide oligomers and

small molecule screening using AB40 as a target are discussed in Section 5.2.10.2.
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Figure 5-18. ESI-mass spectra of Af40 alone and with non-specific, negative and
specific binding small molecules. (a) Primary sequence of recombinantly expressed
AP40 (with an additional methionine at the N-terminus); (b) ESI mass spectrum of
AP40. Numbers adjacent to peaks denote oligomer order, with the positive charge
state of each oligomer ions in superscript; (c) ESI-IMS-MS Driftscope plot of the Ap40
alone (32 uM in 200 mM ammonium acetate, pH 6.8). ESI-IMS-MS Driftscope plots
show IMS drift time versus m/z versus intensity (z = square root scale); (d) positive
ion ESI mass spectra showing 320 uM tramiprosate (i), hemin (ii) or EGCG (iii) added
to AP40 peptide (32 uM). Tramiprosate binds multiple copies to the 3+ and 4+ charge
state ions of AB40 monomer (bound peaks denoted with pink circles, number of
circles represents number of ligands bound). This binding mode is classified as non-
specific. Hemin (ii) does not bind and is classified as negative, and EGCG (iii) binds to
both the 3+ and 4+ charge state ions of Af40 monomer (bound peaks are denoted
with blue circles) and is classified as specific. (e) ThT fluorescence intensity of AB40
alone (black circles) and with tramiprosate (pink circles), EGCG (blue circles) and
hemin (orange circles) all present at small molecule:A40 molar ratios of 10:1 (25 °C,
quiescent). Significant inhibition of the formation of ThT-positive species is observed
in the presence of excess EGCG and interference with ThT fluorescence is observed
only in the presence of excess hemin. (f) Negative stain TEM images of AB40 alone (i)
or incubated with 10:1 molar ratios of tramiprosate (ii), hemin (iii) or EGCG (iv) for
5days (25 °C, quiescent); scale bar = 100 nm. Fibrils are observed by AB40 alone and
in the presence of excess tramiprosate and hemin but not in the presence of excess
EGCG. Figure taken from Young et al. (182).
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5.2.9 Focused screen for the identification of novel inhibitors of

amylin amyloid formation

To validate further the MS-based assays and to begin screening for new inhibitors,
[ next performed the ESI-IMS-MS screen using a library of novel molecules (11-30)
with structural similarity to the aggregation inhibitors previously reported (Table
5.2). We reasoned that a focussed screen of this type would be a rigorous test for
the ESI-IMS-MS assay and indicate the suitability of this approach for high
throughput screening (HTS).

The selection of compounds via virtual screening was performed by Charlotte H.
Revill and Richard ]. Foster (School of Chemistry, University of Leeds), as described
in Chaper 2, Section 2.4.5.

Focused screening is a method well-versed in improving the hit-rate of a HTS by
seeding a screening library with compounds which have a higher probability to
bind to and/or inhibit the target with respect to random screening (261). This
screening method uses the structural information from known bioactive ligands to
identify novel compounds with similar structure, and hence greater potential for
biological activity against a target of interest. For initial proof of principle
experiments, five inhibitors of hIAPP and/or AB40 amyloid formation from the
literature (vanillin (262), resveratrol (263), curcumin (264),
chloronaphthoquinine-tryptophan (265) and EGCG (102)) were selected as
queries from which to seed a focussed library of compounds for screening using
ESI-IMS-MS. In the seeding process, each of the inhibitors is assessed for structural
similarity to an in-house, structurally diverse library of 50,000 lead-like small
molecules using the programme Rapid Overlay of Chemical Structures
(ROCS)(194). After seeding, a subset of 20 compounds was then chosen for
analysis using the comparator (ROCS Combiscore) with consideration to maximal
structural diversity of the proposed screening set. This subset of 20 compounds
(molecules 11-30) were then screened against hIAPP, along with a further 10
compounds (molecules 31-40) which have been reported to inhibit aggregation by
other amyloidogenic polypeptides (Table 5.2). LogP values of all 30 compounds

are shown in Figure 5-19.
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Table 5.2. Focused high throughput screen (HTS) results. Molecule number 26
inhibits hIAPP aggregation by specific binding (red peaks); compounds 13, 25, 27
exhibit non-specific binding (green peaks). TEMs are shown only for compounds in
which binding is observed (scale bar in nm is indicated at the foot of each TEM
image). Table taken from Young et al. (182).
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Table 1.2 continued
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Table 1.2 continued
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Figure 5-19. LogP values of the 20 compounds identified from the focused screen and
10 other small molecules : LogP values (the log of the aqueous/hydrophobic partition
coefficient) were calculated for the 20 small molecules identified from the focused
screen (compounds 11-30) using www.molinspiration.com software, which
determines the hydrophobic parameters of the substituents, plus 10 other small
molecules reported to inhibit amyloid formation by other polypeptide sequences
(compounds 31-40). Molecules with high +ve LogP values have high hydrophobicity.
Colours denote inhibitor classification: positive (pink), non-specific (green) and
negative (grey). Figure taken from Young et al. (182).
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Of these 30 compounds assayed in this screen, one was found to bind specifically
and inhibit hIAPP aggregation (compound 26), three demonstrated non-specific
binding to hIAPP (compounds 13, 25 and 27) but a lack of inhibition, and the
remainder did not bind, nor did they inhibit (Table 5.2). The newly discovered
‘positive’ inhibitor (compound 26) is a non-obvious structural mimetic of
chloronaphthoquinine-tryptophan (Figure 5-20), selected only as a result of

focussed screening and ROCS analysis.

Figure 5-20. ROCS-derived overlay of molecule number 26 with
chloronaphthoquinine-tryptophan (a) Chemical structure of chloronaphthoquinine-
tryptophan; (b) chemical structure of molecule number 26; (c) ROCS-derived overlay
of chloronaphthoquinine-tryptophan (green sticks) and molecule number 26 (cyan
sticks). Figure taken from Young et al, kindly provided by Charlotte H. Revill (School
of Chemistry, University of Leeds) (182).

In the presence of a 10-fold molar excess of compound 26, hIJAPP monomer shows
evidence of specific ligand binding (Figure 5-21a), lack of high order oligomer
formation (Figure 5-21b) and amorphous aggregates are formed in the absence of
fibrils (Figure 5-21 inset). These data highlight the applicability of a focused ESI-
IMS-MS screen to rapidly identify novel small molecules capable of inhibiting

aggregating peptides in a specific manner.
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Figure 5-21. ESI-IMS-MS analysis of ‘hit’ compound number 26. Inhibition of hIAPP
fibril formation by compound 26. (a) Positive ion ESI mass spectrum showing binding
of compound 26 (6-([4-(2-fluorophenyl)-1-piperazinyl]carbonyl)-3-methyl-5H-
[1,3]thiazolo[3,2-a]pyrimidin-5-one) (added at 320 uM to 32 uM peptide) to both the
+2 and +3 charge state ions of hIAPP monomer (bound peaks coloured red). The
structure of compound 26 and negative stain TEM images of hIAPP incubated with
10:1 molar ratios of molecule:hIAPP for 5 days (25 °C, quiescent) are inset; (b) ESI-
IMS-MS Driftscope plot shows hIAPP species detected in the presence a 10:1 molar
ratio of compound 26:peptide monomer at t = 2 min. Bound monomer peaks are
denoted with a white circle. Figure taken from Young et al. (182).

Use of an automated sampling device enables the utility of ESI-MS to identify novel
compounds from focused libraries in the form of a semi-HTS. For proof of
principle, I performed analyses from a 96-well plate format, with data acquisitions
of one minute per well. The results demonstrate that in doing so, spectra of high
quality can be obtained in a reproducible manner (Figure 5-22). Using robotic
automation, a minimum of 96 novel potential inhibitors could be screened per
plate, consuming ~1 mg peptide thus ~1000 compounds can be screened in less
than 24 hours. By assaying mixtures of five compounds in parallel, 480 molecules
could be screened per plate, increasing the screening rate to ~5000 novel

compounds per day.

150



SCREENING FOR INHIBITORY COMPOUNDS

a.A 1-12 Caesium lodide

B 1-12 hIAPP (32 uM) TV ERREEEL

C1-12 hIAPP + 10 x FG (L)
CEhDVososeoean

D1-12 hIAPP +10 x CR LE 00

€%
| €

Seecnee0eccs ¢
"‘\.' ------

E1-12 Caesium lodide
F1-12 AB40 (32 uM)

F1-12 FG alone (320 uM)
H1-12 CR alone (320 uM

c. 100 Caesium lodide 100 1% hIAPP (32 uM)
A1 3 B1
° o 1
R R
2| gy
0l WL Ly m/z 0 A m/z
1000 2000 3000 1000 2000 3000
100 Caesium lodide 100 13‘ ¥ hIAPP (32 HM)
< ‘ A12 e B12
‘ ‘ 2" 3" 2
0 - L . m/z 0 m/z
1000 2000 3000 1000 2000 3000
100 ) hlIAPP + 10 x FG 100
= C1
R X

hlIAPP + 10 x CR
D1

0 m/z 0 m/z
1000 2000 3000 1000 2000 3000
100 hIAPP +10xFG 100
Cc12

1+FG

%
%

hlAPP + 10 x CR

0- m/z 0 D12 py/z
1000 2000 3000 1000 2000 3000
100 Caesium lodide 100 1> 5. AB40 (32 uM)
E1 1 F1
X X
1“ 25.
0—Lllil m/z 0~ m/z
1000 2000 3000 1000 ., 2000 3000
100 Caesium lodide 100, 1 4> AB40 (32 uM)
R E12 . F12
X X
’ 1+ 2%
(o) R Ll m/z O m/z
1000 2000 3000 1000 2000 3000
100 FG alone (320 ym) 100 CR alone (320 pM)
G1 H1
S X
0 m/z 0 m/z
1000 2000 3000 1000 2000 3000
100 FGalone (320 M) 100 CR alone (320 uM)
o\° G12 < H12
0: m/z 0 m/z
1000 2000 3000 1000 2000 3000

Figure 5-22. Proof of principle 96-well plate automated semi-HTS Proof of principle
96-well plate automated semi-HTS by ESI-MS. (a) 10 uL samples containing aqueous
Csl (A/E 1-12) for calibration, hIAPP (B1-12), hIAPP:FG (C1-12) hIAPP:CR (D1-12),
AP40 (F1-12), FG alone (G1-12), and CR alone (H1-12) were prepared in 96-well
plates. Peptide samples (32 uM) were dissolved in 200 mM ammonium acetate (pH
6.8) in the absence or presence of 320 uM small molecule; (b) samples were infused
into the mass spectrometer via a Triversa NanoMate automated nano-ESI interface;
(c¢) spectra resulting from the first and twelfth well of each row of the 96-well plate
(annotated Al, A12, respectively) demonstrate the reproducibility of the assay.
Figure taken from Young et al. (182).
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5.2.10 Screen for the inhibitors of A amyloid formation

To validate further the use of MS-based assays in conjunction with focussed
screening for the discovery of novel inhibitors of multiple amyloid systems, I next
performed the screen of compounds 11-30, previously assayed against hIAPP

(Section 5.2.9), against AB40. This work has been published in reference (229).

5.2.10.1 Ap40 forms an array of oligomers early in amyloid

assembly

Prior to performing screening, I first investigated the higher order oligomeric
states populated by A40, under conditions compatible both with ESI-MS and fibril
formation (as judged by TEM) (Figure 5-23a), and elucidated the CCSs of species
formed. AB40 was dissolved initially in 100 % DMSO to remove any preformed
aggregates and diluted 100-fold into 200 mM ammonium acetate buffer, pH 6.8
before centrifugation (13,000 g, 4 °C, 10 min) to remove any larger order species
that may persist. The distribution of soluble oligomeric species was then analysed
immediately (within 2 min, post centrifugation), using ESI-IMS-MS. The data
obtained (Figure 5-23) showed that high order oligomers are formed within 10
min of dilution of AB40 into buffer, consistent with previous analyses (98, 100).
Co-populated oligomers with the same m/z can be separated using IMS-MS, for
example, the dimer#* and trimer®* ions (Figure 2b). Multiple charge states,
predominantly triply and quadruply charged, and different conformers, both
compact and expanded, are observed for the AB40 monomer (98, 100). AB40
oligomer CCSs were estimated from the ESI-IMS-MS arrival time distributions and
compared with CCSs estimated for theoretical oligomer growth models (described
in Section 1.14) including a fit assuming isotropic growth (46), a fit assuming
globular oligomers based on the average density of a protein under similar
conditions (0.44 Da/A3) (93), and a model that assumes growth in a single
dimension (linear growth) (46). CCS determination suggests that AB40 oligomers >

trimer in size adopt relatively extended conformations rather than spherical or
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isotropic growth conformations (Figure 5-23a). More detailed analysis of
oligomeric structures under different solution and MS conditions is required in
order to agree or disagree with any previously published growth models for this
sytem (98, 100). Ultimately, under the conditions used, long, straight fibrils typical
of amyloid form (Figure 5-23 inset).
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Figure 5-23. Analysis of AB40 oligomer distribution and CCSs. a. ESI-MS mass
spectrum of AB40. Numbers above peaks denote oligomer order, with the positive
charge state of ions in superscript. Inset: negative stain TEM image of AB40 fibrils
after 5 days in 200 mM ammonium acetate buffer, pH 6.8 (25 °C, quiescent) (scale
bar = 500 nm). b. ESI-IMS-MS Driftscope plot of the A540 oligomers present 12 min
after diluting the monomer to a final peptide concentration of 32 uM in 200 mM
ammonium acetate, pH 6.8, 25 °C. ESI-IMS-MS Driftscope plots show IMS drift time
versus m/z versus intensity (z = square root scale); c. CCSs of AB40 oligomers
measured using ESI-IMS-MS versus oligomer order; the CCS of the lowest charge state
of each oligomer is shown (black triangles). The orange dashed line represents a fit
based on globular oligomers and the average density of a protein (0.44 Da/A3) (39),
the purple dashed line represents a linear growth model (46) and the blue dashed
line represents an isotropic growth model(46) (models described in detail in Section
1.14). Figure taken from Young et al. (229).
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5.2.10.2 Focused screen for the identification of novel

inhibitors of A amyloid formation

Using the ESI-IMS-MS-based screening approach described above and in Sections
5.2.2 and 5.2.9, the exact same 20 compounds (11-30), selected by ROCS analysis
(Charlotte H. Revill and Richard J. Foster School of Chemistry) based upon their
structural similarity to bioactive ligands o-vanillin (262), resveratrol (263),
curcumin (264), chloronaphthoquinine-tryptophan (CI-NQTrp) (265) and (-)-
epigallocatechin gallate (EGCG) (102, 153) (Table 5.3), previously analysed for
bidning to hIAPP (Table 5.2. Focused high throughput screen (HTS) results.), were
added individually to monomeric Af40 and the binding mode of each was assessed
by analysis of the resulting ESI-IMS-mass spectra. In parallel, the ability of the
molecules to inhibit fibril formation was determined using negative stain TEM,

after 5 days incubation at a 10:1 molar ratio of small molecule to AB40.

The compounds were categorised according to the binding mode classification
system described in Section 5.2.2. Of the 20 compounds screened, two were found
to inhibit AB40 aggregation (compound 13 and compound 26, Table 5.3 and
Figure 5-24a), one exhibited colloidal binding (compound 19) (Table 5.3 and
Figure 5-24b) and two demonstrated non-specific binding, (compounds 25 and
27) (Table 5.3 and Figure 5-24c). The remainder did not bind to AB40 (Table
5.3).

It is important to note that the ability to distinguish between specific and non-
specific binding is not always straight forward. At a ten-fold molar excess of small
molecule, it is conceivable that a ‘positive’ small molecule will bind multiple copies
to its target protein. Additionally, the nature of interaction i.e. hydrophobic or
electrostatic will contribute to the number of observed ligands bound, with a
higher proportion of electrostatic binding being maintained in the gas-phase. In a
screen of this nature, it would be beneficial to take all binding compounds forward,
both those that appear initially to be specific and those that appear to be non-

specific. All binders should be assayed at eqimolar concentrations with the target
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peptide and EM images should be taken of the products of their incubation with

the target. Only then should they be definitively classified according to this system.
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Table 5.3. Focused high throughput screen (HTS) results. Mass spectra labels
indicate number of ligands (L) bound to each charge state of Af40. Binding modes as
determined from the mass spectra are denoted as positive, negative, non-specific or
colloidal. Molecule numbers 13 and 26 exhibit positive (specific) binding to AB40
(purple peaks); compounds 25 and 27 exhibit non-specific binding (pink peaks) and
compound 19 exhibits colloidal binding (green peaks; each multimer of the small
molecule is denoted nL, where n=oligomer number. The interaction of each small
molecule with hIAPP is also shown (182). Table taken from Young et al. (229).
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Binding mode classification
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Table 5.3 continued
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Despite interacting with AB40, non-specific and colloidal binding of small
molecules to target proteins is not useful therapeutically. The newly discovered
inhibitors, compound 13 and compound 26 are structurally similar to, but
chemically distinct (as determined by ROCS Combiscore), from the known
inhibitors of AP40 aggregation, resveratrol (263) and CI-NQTrp (265),
respectively (Figure 5-25). In the presence of a 10-fold molar excess of either
compound, AB40 shows evidence of specific ligand binding and depletion of higher
order oligomers such that only dimers and trimers are observed. Neither of the
latter species is detected to bind the small molecule. TEM analysis confirms that
fibril formation is inhibited and amorphous or short fibrillar aggregates
accumulate (Figure 5-24a). The low levels of binding observed for the ‘positive’
inhibitors, despite complete inhibition of fibrillation, are consistent with the fact
that hydrophobic interactions are not wholly maintained in the gas-phase. Similar
low levels of binding have been observed for ‘positive’ inhibitors of hIAPP,
including EGCG (102). Gas-phase analysis of hydrophobic interactions between
protein and ligands could lead to underestimation of binding affinity and/or false

negative results (254).
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Figure 5-24. Positive, colloidal and non-specific binding molecules from focused HTS.
a) Molecule numbers 13 (i) and 26 (ii) exhibit ‘positive’ (specific) binding to Af40
monomer (purple peaks) according to the ESI-IMS-MS classification system and
negative stain TEM images of AB40 incubated with 10:1 molar ratios of molecule:
AP40 for 5 days in 200 mM ammonium acetate buffer, pH 6.8 (25 °C, quiescent) show
the absence of fibrils after incubation. b) Compound 19 (i) exhibits colloidal binding
to itself (peaks denoted + nL where n is the number of small molecules present in the
aggregate) and to Af40 (green peaks). c) Compounds 25 (i) and 27 (ii) exhibit non-
specific binding to AB40 (pink peaks). Compounds 19, 25 and 27 fail to prevent
fibrillation of AB40 (scale bar in nm is indicated at the foot of each TEM image).
Circles in ESI-IMS-MS Driftscope images indicate the number of small molecules
bound to each ion. Figure taken from Young et al. (229).
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Remarkably, 18 of the 20 lead compounds screened exhibit similar interactions
with human islet amyloid polypeptide (hIAPP) (182) and AB40 (Table 5.3). The
two exceptions are compound 13 (specific binding to AB40, non-specific binding to
hIAPP (182)) (Table 5.3) and compound 19 (colloidal binding in the presence of
AB40, no binding in the presence of hIAPP (182)) (Table 5.3). Interestingly,
compound 26 binds specifically to both hIAPP and AB40, and inhibits fibrillation of
both peptides in vitro (182). Although hIAPP and AB40 share only 25 % sequence
identity and 47 % sequence similarity (Figure 5-17), the core sequences of both,
believed to key for self-assembly (4, 40), share 57 % identity and 86 % similarity
(NNFGAIL in hIAPP, SNKGAII in AB40). The ability of compound 26 to interrupt the
fibrillation process of both these peptides suggests that this small molecule may be
either interacting directly with these comparable amyloidogenic sequences, or
with an early oligomeric species with interaction interfaces common to both

fibrillation pathways.

Combined with previous success in the discovery of new inhibitors of hIAPP
aggregation (Section 5.2.9) (182), I envision that ESI-IMS-MS will play a pivotal

role in future compound discovery in the anti-amyloid therapeutic field as a whole.

a. b.

Compound 13 Resveratrol Compound 26 CI-NQTrp
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Figure 5-25. Structural comparison of AB40 inhibitors with their parent compounds
in ROCS analysis. a. Compound 13 (blue) and the parent molecule resveratrol
(green). b. Compound 26 (blue) and the parent molecule CI-NQTrp (green). Figure
taken from Young et al. (229).
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5.3 Conclusions

The data presented in this chapter demonstrate the utility of ESI-IMS-MS as a HTS
for inhibitors of self-assembly from amyloid proteins. This approach allows rapid
identification of protein-ligand interactions, using microliter sample volumes and
milligrams of protein, and provides information-rich data concerning the identity
of the interacting species (monomer or oligomer), the nature of binding (specific,
non-specific or colloidal) and the effect of the ligand on protein aggregation
(monomer binding, shift in monomer equilibrium, disassembly of oligomers). The
use of IMS in conjunction with ESI-MS serves further to allow a reliable and easily
interpretable visual screen based purely on the appearance of 3D Driftscope plots,
without requiring complex data analysis. The results establish this method as a
powerful tool with unique analytical capability for the discovery of small molecule
leads in the anti-amyloid drug discovery field. Additionally, novel inhibitors of both
hIAPP and A340 aggregation have been identified based on analysis of a library of

small molecules, illustrating the potential of this method as a HTS.
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6 Concluding remarks and future directions

Inhibition of aberrant protein aggregation is a vital step towards alleviating some
of the developed world’s most prevalent diseases, ranging from neurodegenerative
disorders including AD to systemic diseases including T2DM. These amyloid
diseases share the key pathological hallmark of large fibrillated structures known
as amyloid plaques that form as a result of the accumulation of
misfolded/aggregated peptides and proteins (89, 266). The current hypothesis in
the amyloid field is that prefibrillar intermediates (rather than mature fibrils),
either low molecular weight soluble oligomers or higher order prefibrillar

aggregates, are the agents of toxicity (66, 72, 267, 268).

The principle achievements of this thesis was the characterisation of the transient
oligomeric species present during the lag-phase of amyloid fibril formation of
hIAPP and the observation of the alterations in the aggregation landscape in the
presence of small molecule inhibitors. The thesis focussed primarily on
interrogating the amyloidogenic peptide hIAPP associated with T2DM, and the
AB40 peptide associated with AD has been probed as a secondary system. The
aims were accomplished by applying a range of synergistic mass spectrometry-
based approaches, including ESI-MS to observe protein-ligand binding, ESI-IMS-MS
to interrogate co-populated oligomeric states occupied during amyloid assembly
and ESI-IMS-MS-CID fragmentation to determine the stability of protein-protein
and protein-ligand complexes. Combined, these techniques have yielded significant
insights into the mechanisms of hIAPP fibril formation in vitro and have lead to
new methods for identifying novel inhibitors of amyloid assembly using ESI-IMS-
MS. The work presented demonstrates that ESI-IMS-MS can facilitate the
identification and analysis of protein-ligand interactions required for amyloid
inhibition thereby offering new avenues for the development of novel therapeutic

strategies to circumvent fibrillation and/or cytotoxicity in amyloid disease.

Firstly, this thesis showed the capability of ESI-IMS-MS to probe the mechanism of
amyloid assembly from both short fragment peptides derived from amyloid
sequences (Chapter 3) and full length amyloidogenic peptides (Chapter 4). The

data in Chapter 3, demonstrate that when ESI-IMS-MS is performed in conjunction
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with coarse-grained modelling, a comprehensive picture of the aggregation
process in self-assembling peptide systems can be gained. In Chapter 4, oligomers
from an otherwise intractable amyloid system, I[APP, are identified and
characterised in detail for the first time. From the ESI-MS and ESI-IMS-MS data
presented, it remained unclear as to whether the subtle differences observed in the
structure and relative abundances of hIAPP and rIAPP oligomers could account for
their stark differences in amyloidogenicity. MS/MS experiments were performed
and revealed significant differences in the gas-phase stabilities of the two peptides
both in the monomeric and oligomeric states, which may explain the striking
differences in their aggregation landscapes. In Chapter 4, the use of mass
spectrometry-based techniques to study amyloid inhibition is also demonstrated,

which inspired the development of the screening method detailed in Chapter 5.

Having characterised amyloid oligomers formed from several peptides, the next
aim was to prevent the formation of these, and any other potentially toxic species.
One approach to prevent aggregation of amyloid proteins is the use of small
molecules that bind specifically to the protein of interest, and inhibit the initial
stages of misfolding and/or aggregation (269-271). IAPP and A40, along with
many aggregation-prone peptides and proteins, are intrinsically disordered, and,
therefore their structural intricacies remain elusive and screening against the
monomer poses a significant challenge (272). As discussed in Chapter 1 and
Chapter 5, a number of techniques are inappropriate to use in isolation when
screening for small molecule inhibitors of aggregation. By relying too heavily on
dye binding studies, for example, several groups have mistakenly identified
‘inhibitors’ of aggregation, whereby in fact, the ‘hits’ were only interfering with the
dye binding to the fibril (273, 274). The ESI-IMS-MS method described (Chapter
5), demonstrates that a number of these claimed inhibitors do not, in fact, have any
effect on amyloid assembly. Significantly, the ESI-IMS-MS-based method is able to
differentiate between specific inhibitors of protein aggregation and non-
specifically or colloidally interacting molecules (Chapter 5). ESI-IMS-MS enables
observation of multimeric species resulting from self-assembly of compounds as
well as protein-only oligomers and protein-ligand complexes, all within one

spectrum. This is an important requirement of an inhibitor screen, as any molecule
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that erroneously and/or non-specifically interacts with the protein of interest is
not an appropriate therapeutic. Other studies have identified inhibitors of protein
aggregation, albeit using >20-fold molar excess of small molecule inhibitor: protein
(273-275). The use of such high concentrations of potentially inhibitory
compounds can lead to physical perturbation of protein aggregation in a colloidal
manner. Colloidal inhibitors are identified rapidly and disregarded in the ESI-IMS-
MS-based screen, due to the direct observation of their self-assembly. This
approach, therefore, has the potential to identify lead compounds which
specifically bind to monomeric amyloid precursor proteins and eliminate
unsuitable molecules in the early stages of screening, thus increasing the

throughput of small molecule drug discovery.

The amyloid cascade underlies more than fifty human disorders (64). Both social
and economic burdens associated with amyloid disease are increasing
exponentially with our ageing population and increasingly sedentary lifestyles. As
such, the ability to screen large numbers of potential aggregation inhibitors against
a diverse range of protein targets is paramount. The ESI-IMS-MS method described
is rapid, effective, uses only pL sample volumes and has been shown to be
applicable to multiple amyloid systems. Furthermore, the data in Chapter 5
demonstrate that the assay is amenable to automation in the form of an HTS, which
results in increased throughput (~5000 compounds/ day) and reduced protein
requirements (~ 1 mg/ 5000 compounds). Further automation of the assay is
crucial to exploiting its full potential, particular in terms of data interpretation,
which may be amenable to pattern recognition analysis. As such, this is to be

investigated within the laboratory, over the coming months.

To date, only one successful small molecule therapeutic, Tafamadis, that
specifically targets a protein aggregation disorder has been developed (276-278).
With increasing resources now being directed towards the detection of compounds
as new therapeutics with the potential to interfere with amyloid cascade, cures for
some of the world’s most debilitating diseases world may become available in the
future. The challenges of developing such therapies, however, are not limited
merely to the identification of molecules that inhibit protein aggregation. Once

identified, these compounds must be developed into stable drug formulations that
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maintain the potency of the original lead compound. A further challenge in the case
of neurodegenerative diseases, such as AD, is that any drug candidate will have the
formidable task of needing to cross the blood-brain-barrier. Moreover, many anti-
amyloid therapies have failed in clinical trials, largely because the drugs are
administered too late in the patient’s disease progression (279). If early detection
was implemented, prior to the manifestation of symptoms, the preventative
therapies could be administered prior to the onset of irreparable damage. Given
the multifaceted nature of amyloid diseases, it is unlikely that a single therapeutic
avenue will provide the ‘silver bullet’. However, rapid identification of aggregation
inhibitors is a first, and vital step towards therapeutic intervention into such
devastating disorders. The ESI-IMS-MS-based method described here may prove a
valuable tool towards achieving these goals, by allowing direct identification of

small molecule inhibitors of amyloid assembly.
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