
i 
 

 
 

Mass spectrometry analysis of 
amyloid formation mechanisms 

 

 

Patrick Daniel Knight 

 

Submitted in accordance with the requirements for the degree of Doctor of 

Philosophy 

 

Astbury Centre for Structural Molecular Biology 

University of Leeds 

September 2017 

 

 

The candidate confirms that the submitted work is his own and that appropriate 

credit has been given within the thesis where reference has been made to the 

work of others. This copy has been supplied on the understanding that it is 

copyright material and that no quotation from this thesis may be published 

without proper acknowledgement. 



ii 
 

Jointly Authored publications 

Throughout this thesis the work directly attributable to the candidate is as 

follows: 

(i) Literature research and compilation of the manuscript stated above. 

(ii) The candidate performed all the experimental work and data analysis 

unless otherwise stated. 

Details of jointly authored publications and the contributions of other authors to 

these manuscripts: 

Chapter 4 contains work from the following manuscript published in the 

European Journal of Mass Spectrometry in 2017:  

Identification of a novel site of interaction between ataxin-3 and the amyloid 

aggregation inhibitor polyglutamine binding peptide 1 

Patrick D Knight, Theodoros K Karamanos, Sheena E Radford, Alison E Ashcroft 

In this work I provided background information on polyglutamine protein 

aggregation and the effect of the polypeptide QBP1. I expressed and purified all 

of the proteins used in the investigation and performed all of the analysis 

involving the Thioflavin-T fluorescence assay, circular dichroism and ion mobility-

mass spectrometry. T. K. Karamanos carried out the nuclear magnetic resonance 

experiments. I designed the experiments performed along with S. E. Radford and 

A. E. Ashcroft. All of the authors were involved in preparation of the manuscript.  

  



iii 
 

Acknowledgments: 

I would like to express my gratitude to all of the people who have helped with 

the production of the thesis, both in the lab and outside of it. 

My first thank you is for Prof. Alison Ashcroft and Prof. Sheena Radford without 

whom this PhD could not have happened. Your advice and guidance throughout 

my PhD has been exceptional and you have helped me grow as a scientist.   

I would also like to thank all of the members of the Ashcroft and Radford 

laboratories. On innumerable occasions your knowledge and assistance have 

been invaluable. In particular I would like to thank Dr Katie Stewart and Dr 

Antonio Calabrese for their editorial assistance on this and many other 

documents. I would also like to thank Dr Theo Karamanos for his interest in the 

project and for providing NMR expertise. Thank you as well to Dr James Ault and 

Mr Nasir Khan for persuading me that things are harder to break than they look.  

Finally I would like to say a big thank you to everyone who has made my time in 

the lab so much fun. I have tremendously enjoyed all of the games, social events, 

trips and ridiculous conversations.  

  



iv 
 

Abstract: 

More than 50 human conditions are characterised by the deposition of aberrantly 

aggregated proteins into amyloid fibrils. These diseases range from 

neurodegenerative diseases associated with aging to systemic conditions 

associated with medical interventions. The protein(s) involved in aggregation 

varies in each condition. Few of these diseases currently have therapeutics 

available and they represent a growing health burden to society. Increasing the 

understanding of the processes of amyloid protein aggregation and the 

mechanisms by which it can be inhibited is vital to developing strategies to 

combat these diseases. 

In this thesis, mass spectrometry and supporting biophysical and biochemical 

techniques were used to characterise the activity and interactions of two amyloid 

aggregation modulators, YDL085CA and the peptide QBP1, with amyloidogenic 

proteins. 

YDL085CA, a small highly charged protein orthologous to the known modifier of 

amyloid aggregation MOAG-4/SERF1, was found to have an extremely buffer 

dependent effect on the aggregation of the amyloid protein Aβ40. In ammonium 

bicarbonate it was shown to accelerate amyloid formation while in sodium 

phosphate it was shown to act as an inhibitor. This observation suggests a 

prominent role for ionic strength and specific ion effects. The activity of 

YDL085CA was shown, by crosslinking followed by mass spectrometric analysis, 

to be mediated by interactions with regions of α-helical secondary structure in 

the YDL085CA protein. 

QBP1, an 11-residue synthetic peptide, has been shown previously to inhibit the 

formation of amyloid fibrils by polyglutamine proteins, including ataxin-3. Native 

mass spectrometry studies on a range of ataxin-3 constructs revealed that QBP1 

interacts with the monomeric ataxin-3. Unexpectedly, the site of interaction was 

localised not to the polyglutamine domain, but to a distal region lacking defined 

structure. 
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Overall, the results presented demonstrate two different mechanisms for the 

modulation of amyloid protein aggregation. In addition, the data illustrate the 

power and versatility of mass spectrometry as a technique for investigating 

protein interactions.   
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1 Introduction 

Mass spectrometry (MS) is a powerful analytical technique capable of answering 

a wide array of scientific questions in many fields. In essence a mass spectrometer 

is a device for the measurement of the mass-to-charge ratio (m/z) of a given ion 

or ions in the gas phase. The earliest applications of MS were in fundamental 

particle physics in the late 19th century (Thomson 1897) and since then the field 

has grown to include chemistry, biology and a wide array of academic and 

industrial applications. The continuing development and refinement of MS 

technologies and methodologies (some of which are discussed in in the following 

text) push the boundaries of what is possible. It seems likely that when J. J. 

Thomson began his work on cathode rays, eventually leading to his being 

awarded the Nobel prize for Physics, he would have given little thought to the 

application of his instruments’ successors to the analysis of complex biological 

molecules, as will be the primary concern of this thesis. 

1.1 Fundamentals of mass spectrometry  

Broadly, a mass spectrometer consists of three regions each with a specific 

function (Figure 1.1). First the analyte must be converted from its initial (usually 

neutral) state, be that a solution as is common in liquid chromatography-MS (LC-

MS), a gas or even a solid into gas phase charged ions. This process can be 

achieved through a multitude of different mechanisms each with its own positive 

and negative attributes. After ionisation, the gas phase ions enter one or more 

analysers. Analysers in MS separate ions based on their m/z. A wide variety of 

different analysers have been developed and implemented in MS; often 

instruments have multiple analysers in different arrangements (e.g. tandem 

quadrupole, quadrupole-time of flight analysers, etc.). Once the ions have been 

separated based on their m/z they must be detected, generally by measuring the 

impact of the charged particle on a detector plate. In modern mass spectrometers 

the resulting signal is amplified and converted to a digital signal (if it is not 

already) before being passed to a data system which then combines the series of 

m/z and intensity data to form the mass spectra that are typically the output 
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observed by a user. Each stage of this process will be described in detail in 

subsequent sections.  

 

Figure 1.1: A simple schematic of a mass spectrometer. A mass spectrometer consists of a method 

of sample introduction, such as direct infusion or high pressure liquid chromatography (HPLC) 

followed by the generation of gas phase ions of the analyte. The ionisation process can occur at 

atmospheric pressure or under vacuum. Subsequent to ionisation the analyte ions are passed 

through one or more mass analysers. Both mass analysis and detection occur under vacuum. After 

separation the ions are detected, the signal processed and the outcome interpreted either by 

software or by the user.  

 1.1.1 Ionisation 

The first step in analysing a sample by MS is to generate gas phase ions of the 

analyte. The ionisation source both generates the ions and introduces them into 

the rest of the mass spectrometer. A variety of ionisation techniques have been 

developed for MS. Some of the most common are electron impact (EI), chemical 

ionisation (CI), electrospray ionisation (ESI) and matrix assisted laser desorption 

ionisation (MALDI). 

One of the earliest methods of ionisation, pioneered by Dempster et al. 

(Dempster 1918) in the early part of the 20th century, was electron impact or 

electron ionisation (EI). In EI, in an orthogonal direction to the sample ions, 

electrons are generated from a heated filament and pass through a sample 
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chamber to an anode. The sample chamber is maintained under vacuum. The 

electrons collide with the sample with high energy and lead to the expulsion of 

an electron from the analyte and the generation of a radical cation. The nature 

of EI means that it can only be applied to gaseous samples. In addition the EI 

process is efficient only for small volatile molecules and as such it is unsuitable 

for analysis of larger molecules. The high energy of the electron collisions in the 

source and the inherent instability of the radical cations formed results in 

fragmentation of the analyte ions, a process which can from a useful fingerprint 

of the analyte, or which may be problematic in some sample analyses.  

Chemical ionisation (CI) overcomes some of the issues surrounding analyte ion 

fragmentation (Munson and Field 1966). In CI, a reagent gas is first ionised by a 

process similar to EI before the resulting ions are used to protonate the analyte 

molecule(s). Both the collisions experienced by the analyte ions and the 

protonated ions formed by this process are more likely to result in unfragmented 

molecular ions due to their lower energy and greater stability, respectively. CI 

allows for the observation of intact molecular ions making it more suitable than 

EI for many analyses, however analyte fragmentation can still occur. Large 

molecules and those which are easily fragmented during the collisions with the 

reagent gas ions can be extremely difficult to analyse with CI. 

EI, CI and other early ionisation techniques, while suitable for the analysis of small 

molecules and very stable compounds, fare poorly when applied to large, non-

volatile and relatively unstable molecules such as biological polymers. The high 

energies involved in the generation of ions typically result in fragmentation of the 

analyte molecules, rendering analysis problematic. Fast atom bombardment 

(FAB) overcame some of these issues when it was developed in the 1980s (Barber 

et al. 1981); however the analysis of large biological molecules really took off with 

the development of new soft ionisation techniques in the late 20th century. Soft 

ionisation techniques are generally low energy and result in no inherent 

fragmentation of the sample upon ionisation.  
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Matrix assisted laser desorption ionisation (MALDI) was developed by Hillenkamp 

and co-workers (Figure 1.2) (Karas et al. 1987; Karas and Hillenkamp 1988). In 

MALDI an analyte (in solution) is mixed with a matrix, usually consisting of an 

organic aromatic acid compound, and co-crystallised on a target plate. The 

sample is exposed to a high intensity UV laser under vacuum. The matrix absorbs 

the energy from the laser and transfers it to the analyte molecules resulting in 

both the analyte and the matrix forming gas phase species. Once in the gas phase 

a proton will be transferred from the matrix to the analyte resulting in the 

formation of analyte ions. Generally the species generated by this method are 

solely (M+H)+ ions making interpretation of the spectra relatively easy. The 

generation of a predominantly mono-protonated population of ions can limit the 

resolution of MALDI for larger molecules. While MALDI does not cause significant 

fragmentation of covalent polymers, the use of an organic matrix and the 

exposure to the laser can disrupt many non-covalent complexes limiting the 

application of MALDI with regard to native complex analysis. MALDI is widely 

used for the analysis of small peptides and increasingly in the field of imaging 

mass spectrometry (Schwamborn, Kriegsmann and Weichert 2017).  

 

Figure 1.2: The mechanism of MALDI. Samples are prepared in an organic matrix and spotted onto 

a target plate. The sample spots are dried, inserted into the source of the mass spectrometer and 

exposed to a laser which generates protonated analyte ions. The ions are then extracted into the 

analyser region of the mass spectrometer for analysis.  
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Electrospray ionisation (ESI), developed by Fenn and co-workers around the same 

time as MALDI (Fenn et al. 1989; Yamashita and Fenn 1984), is one of the most 

widely used methods especially for the analysis of large intact biomolecular 

complexes. Unlike EI, CI and MALDI, ESI occurs at atmospheric pressure thus 

reducing the complexity of the source region. In ESI an electric potential is applied 

to a conductive capillary that terminates in a tapered tip, with the sample 

solution within, generally in either aqueous or aqueous-organic solvent. This 

leads to a build-up of charge at the surface of the solution and the formation of 

a Taylor cone at the tip of the capillary. At the end of the Taylor cone, the stream 

of solution elongates and then breaks up into droplets of solvent containing 

analyte molecules (Kebarle 2000). The droplets generated are highly charged and 

so continue to be mobile in the electric field. As the droplets continue to travel, 

solvent evaporation occurs and as the volume of the droplets decreases there is 

an increasing concentration of the charge at the surface of the droplet. Once a 

critical threshold is reached, the Raleigh limit (Rayleigh 1882), the repulsion 

between charges overcomes the surface tension of the droplet causing the 

droplet to split in an event called Coulombic fission. The resulting droplets then 

undergo this cycle repeatedly resulting in progressively smaller droplets (Figure 

1.3).  

ESI results typically in analyte molecules acquiring a distribution of charges 

resulting in a charge state distribution (CSD) (Kebarle 2000). This is especially true 

for large biomolecules, such as proteins, which have multiple solvent accessible 

to pronation sites. A number of factors can affect the number of charges and the 

distribution of charge states including the ionisation voltage applied, the 

presence of proton donors in the solution and the degree to which the 

protonation sites on the sample are exposed.  
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Figure 1.3: Droplet formation in the ESI/nESI process. The sample, in solution, is introduced via a 

capillary. An electrical potential is maintained a capillary and an electrode at the entrance 

aperture of the MS. The charge present on the surface of the solution at the end of the capillary 

results in the formation of a Taylor cone. Droplets form at the end of the cone and undergo 

sequential fission. As fission progresses the droplets become smaller and the charge more 

concentrated. The process by which these terminal droplets produce a gas phase ion is described 

below in Figure 4.   

The mechanism by which the analyte molecules escape the terminal droplets and 

become charged gas phase ions is hotly debated with three main mechanisms 

proposed and each supported by scientific evidence (Figure 1.4).  

The Charged Residue Model (CRM) (Figure 1.4a), proposed by Dole et al. in 1968 

(Dole et al. 1968), suggests that as the solvent-analyte droplet becomes smaller 

during progressive rounds of Coulombic fission the analyte ion will eventually be 

left desolvated. The charge remaining in the terminal droplet will be transferred 

to the analyte resulting in its ionisation. Polar molecules such as proteins are 

likely to localise in the centre of the droplet and thus evade expulsion by other 

methods such as Ion Evaporation Model (IEM). The CRM explains the generation 

of differently charged populations of the same analyte molecule by differences 

in the initial size of the terminal droplet.  

The IEM (Figure 1.4b), first suggested by Iribrane and Thompson in 1976 (Iribarne 

and Thomson 1976), proposes that once a droplet reaches a critical threshold, 

analyte ions that are near the surface are expelled as charge carriers to reduce 

Coulombic repulsion. This mechanism is thought to dominate for small 
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hydrophobic molecules with a low number of charges, which will preferentially 

populate the edge of droplets.  

The more recently proposed Chain Ejection Model (CEM) (Figure 1.4c) builds on 

the other two suggested mechanisms (Konermann et al. 2013). CEM suggests that 

individual sections of a protein polymer chain can function independently as 

charge carriers and undergo a process not unlike IEM. However, being tethered 

to the droplet by the rest of the polymer chain, the charged areas remain 

associated in the gas phase. As progressive rounds of IEM-like events occur, the 

polymer chain is eventually entirely outside of the solvent droplet and is thus free 

to move away as a gas phase ion. Gas phase measurements of protein structure 

using ion mobility spectrometry (IMS)-MS show that protein ions formed by ESI 

maintain native-like structures suggesting that the expulsion of a nascent ion in a 

residue by residue manner is unlikely for folded proteins; however, CEM may 

occur for unfolded polymer chains, which lack secondary and tertiary structure.  
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Figure 1.4: ESI mechanisms. Three theorised mechanisms for the formation of gas phase ions from 

solvent droplets are described. (a) The CRM in which fission leads to a situation where all solvent 

is lost leaving an analyte ion as the sole charge carrier. (b) The IEM in which an analyte is ejected 

as a charge carrier to relieve the crowding of charge in the droplet. (c) The CEM involves polymeric 

ions undergoing partial ejection from the droplet with polymer subunits acting as charge carriers.       

NanoESI (nESI) (Wilm and Mann 1996; Wilm and Mann 1994) works by similar 

principles to ESI, however the flow rates and hence amount of sample consumed 

are much lower. In addition signal intensity is maintained or improved compared 

to ESI and there is an increased tolerance for salt (Wilm and Mann 1996).  

ESI can generate both both positive and negative ions. Positively charged ions are 

formed by the transfer of protons to the analyte ion as described above. 

Negatively charged, deprotonated ions (M-H)- are generated by deprotonation of 

the analyte. The polarity of the potential applied to the mass spectrometer 

determines which of these sets of ions are analysed. It has been suggested that, 
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in the case of a protein ion in positive mode, the basic amino acid side chains 

become protonated and carry the charge (Krusemark et al. 2009) (Chowdhury, 

Katta and Chait 1990). 

1.1.2 Mass determination and mass analysers 

Once gas phase ions have been generated in the source region they are 

manipulated by a variety of means in order to move them to one or more 

analysers. Analysers separate ions based on their m/z. Many different types of 

analyser can be employed in a mass spectrometer either individually or in series, 

as is commonly seen in commercial instrumentation.  

1.1.2.1 Quadrupole 

One of the most commonly encountered mass to charge analysers is the 

quadrupole (Figure 1.5) (Paul and Steinwedel 1953). Quadrupoles, along with 

variants such as the hexapole and octopole, can be used as analysers (with DC 

and RF voltages applied) or as ion guides (with only RF voltages applied). These 

analysers (hereafter collectively referred to as quadrupole mass analysers), 

subject ions to an oscillating electric field and separate ions based on their 

movement through the analyser under these conditions.  

 

Figure 1.5: A schematic of a Quadrupole mass analyser. The two pairs of poles each carrying a 

constant DC potential and an oscillating radio frequency with an alternating current. The net 

effect of these electric fields results in only ions of a certain m/z having a stable trajectory (blue) 

while all other ions have an unstable trajectory (red) and undergo collisions with the poles 

preventing transmission to the detector.  
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Quadrupoles consist of electromagnetic poles arranged in pairs with each pair of 

poles having the opposite polarity. A direct current is applied across the poles to 

drive the ions towards the exit aperture. A second current is applied to the poles 

which oscillates in the radio frequency range. The net effect of these potentials 

on the trajectory an ion is dependent upon the m/z of the ion.  

Upon entering a quadrupole an ion can have two fates. If the ion oscillates in a 

manner that allows it to exit the analyser it will be able to reach the detector. 

These ions are said to have a stable trajectory. Alternatively an ion may oscillate 

in such a way that it will collide with one of the poles and so fail to reach the 

detector. These ions have unstable trajectories.  

Quadrupole mass analysers are scanning mass analysers. Under a given set of 

potentials only ions of a specific m/z will have stable trajectories and exit the 

analyser towards the detector. The quadrupole can either be tuned to a single 

m/z window (mass filtering) or can be set to scan through a range of m/z 

sequentially. In scanning mode the quadrupole acts as an ion guide allowing all 

ions to pass through allowing quadrupoles to be implemented in tandem MS as 

part of the ion path.  

The mass filtering or scanning process of a quadruple mass analyser reduces the 

duty cycle and sensitivity of the instrument. However, it can also be extremely 

useful in tandem analyser instruments as it allows for the selection of a specific 

m/z ion for further interrogation in a later analyser. Quadrupoles are generally 

very robust and can function efficiently at much lower vacuum than other 

analysers.    

1.1.2.2 Time of flight 

Time of flight (ToF) mass analysers separate ions of different m/z based on the 

time taken to traverse a field free region after acceleration by an electric 

potential (Cameron and Eggers 1948; Fredrickson 1946). A heavier ion or an ion 

with a lower charge will be accelerated less than an ion with lower mass or higher 

charge. The electrical potential experienced by the ions is uniformly applied and 
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so all ions of a given charge receive the same amount of energy. Therefore, upon 

conversion of the potential to kinetic energy (Ekinetic), the velocity of ions (v) of 

the same charge will be dependent upon their respective masses. This can also 

be expressed in terms of the charge of the ion (z), the elementary charge, e (1.601 

x 10-19 C), and the acceleration potential (Vs) 

Equation 1.1: 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =
𝑚𝑣2

2
= 𝑧𝑒𝑉𝑠 

Rearranged to make velocity the subject as shown in equation 1.2. 

Equation 1.2: 

𝑣2 =
2𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐

𝑚
=

2𝑧𝑒𝑉𝑠

𝑚
 

Ions with greater mass have a lower velocity and therefore take longer to traverse 

the analyser (length L), as described by the equation 1.3. 

Equation 1.3 

𝑡 =
𝐿

𝑣
 

As v2 can be defined as shown in equation 1.2, the equation 1.3 can be presented 

as shown in equation 1.4. 

Equation 1.4: 

𝑡2 =
𝑚

𝑧
(

𝐿2

2𝑒𝑉𝑠
) 
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The m/z of an ion can therefore be related to its time of arrival at the end of the 

analyser (generally at a detector). 

Equation 1.5: 

𝑚

𝑧
=

2𝑉𝑠 × 𝑒 × 𝑡2

𝐿2
 

Equation 1.5 is key to the function of all time-of-flight mass to charge analysers. 

L and Vs can vary between systems and experiments.  

In a linear ToF the ions enter the analyser and are immediately subjected to the 

acceleration potential (the polarity of which depends on the ionisation mode). 

The ions then undergo separation in the field free region as described above and 

in Figure 1.6, with the lower m/z ions traversing the analyser more quickly than 

their higher m/z counterparts. The ions discharge on the detector as they reach 

it with the lower m/z ions being detected first.  The times of arrival at the detector 

are then used to determine the m/z. 

 

Figure 1.6: A schematic of a simple ToF cell. The analyte ions are exposed to an accelerating 

potential prior to entering a field free region. Ions with a lower m/z (blue) will experience a greater 

acceleration and thus cross the field free region more quickly than an ion with a higher m/z (red).  

Linear ToF analysers have a number of limitations. Firstly they are ill suited to 

continuous ionisation techniques, such as ESI, as each ion will reach the 

acceleration region at a different time and so the flight times of ions will be 

impossible to determine. Linear ToF can be used with pulsed ionisation 

techniques such as MALDI; however, the technique still suffers from poor 
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resolution. Small differences in the ions generated from a single species entering 

the detector form the source result in “smearing” of the arrival time and a 

resultant loss in m/z resolution. This smearing can make the separation of species 

with only small mass differences impossible.  

Three properties contribute to the differences in initial energy for a population 

of ions with the same m/z. The first issue is temporal distribution. Ions arriving in 

the acceleration region at different times will arrive at the detector at different 

times, as alluded to above. The ions arriving in the analyser will also have a 

distribution of kinetic energies resulting from their location during ionisation. The 

kinetic energy an ion has prior to acceleration will affect its eventual velocity and 

thus arrival time at the detector. Finally, the spatial distribution of ions during the 

acceleration process will result in different ions experiencing the acceleration 

potential for different time periods. The resulting distribution of accelerations 

will cause a further loss of resolution.  

The low resolution of a linear ToF can be mitigated by a variety of instrumental 

design features. The relative contribution of the distributions discussed above 

can be made smaller by increasing the length of the drift tube and so increasing 

the separation of each ion from another of different m/z. However the inherent 

issues of energy distributions are not solved by this process and the increased 

length of the ToF cell has practical considerations including increased area under 

vacuum and increased instrument length.  

Delayed pulse extraction (Figure 1.7) improves the resolution of the ToF analyser 

as it corrects for the differences in initial kinetic energy between ions (Wiley and 

McLaren 1955). This is achieved by using a source in which the ions are generated 

or collected in a field free region. Ions with greater kinetic energy will move 

further along the instrument before the field is applied and thus experience the 

field for a shorter period of time. The result is that the ions with lower initial 

kinetic energies are accelerated more than those that had high initial energies 

and as a result, if applied correctly, the isobaric ions should arrive at the detector 
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at the same time.  The narrower arrival time distribution leads to better m/z 

resolution.  

 

Figure 1.7: Delayed pulse extraction ToF. In a simple ToF (a) ions of the same m/z may reach the 

accelerating region at high velocity (blue) or low velocity (red). This results in poor m/z resolution 

as the high velocity ion will maintain its increased velocity after acceleration. The introduction of 

delayed pulse extraction reduces this issue. The ions are trapped in the accelerating region 

without the application of an electrical potential (b). Ions with higher velocity will traverse further 

across the cell. After a period of ion collection the electrical potential is applied (c). Ions which 

have traversed further across the accelerating region due to their higher initial velocity will be 

exposed to the accelerating potential for a shorter period of time than those with a low initial 

velocity. The ions with the lower initial velocity will therefore undergo more acceleration resulting 

in a higher final velocity. With correct calibration the two ions should reach the detector at the 

same time. The mass resolution is thus improved.  



15 
 

Reflectrons (Figure 1.8) correct for variations in ion velocity during the ions’ 

movement through the analyser. The reflectron consists of a set of stacked ring 

electrodes which function to reflect ions into a detector that is situated outside 

of the initial ion beam line (Mamyrin 1973). The ions of a given m/z entering the 

analyser with different kinetic energies will interact differently with the field 

generated by the reflectron. Ions with higher velocity will interact with the 

reflectron before their slower counterparts. They will, due to their higher kinetic 

energy, travel further into the reflectron’s electric field before being reflected. As 

a result the ions with higher energy will have a longer flight path than ions with a 

lower energy. As the ions leave the reflectron they are accelerated back to their 

initial velocities. The higher energy ions will then catch up with the lower energy 

ions which have travelled a shorter path and both will reach the detector 

simultaneously. The reflectron acts as a focussing device increasing the resolution 

of the analyser by reducing the smearing from the kinetic energy distribution. 

Reflectrons have the added advantage of effectively doubling the path length of 

a ToF analyser of a given size and thus increasing the resolution.  
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Figure 1.8: A schematic of a reflectron ToF. Two ions of identical m/z are generated with low 

velocity (red) and high velocity (blue). The high velocity ion penetrates further into the electric 

field of the reflectron and are overtaken by the low velocity ion. The electric field then accelerates 

the ions back to their initial velocities. The high velocity ion then catches up with the low velocity 

ion at the detector.  

While a ToF instrument with the modifications discussed above has good 

resolution and can be used to analyse very high mass compounds they can only 

be paired with pulsed ionisation sources such as MALDI which provide the precise 

time resolution required for m/z determination. However, continuous flow 

ionisation techniques are beneficial in many cases. Pairing continuous flow 

ionisation techniques with good temporal resolution is achieved through 

orthogonal acceleration ToF.  

In orthogonal acceleration ToF (Figure 1.9) the continuous ion beam from the 

source runs perpendicular to the ToF analyser (Dawson and Guilhaus 1989; Coles 

1993) (Guilhaus, Selby and Mlynski 2000). A pusher, consisting of a field free 

compartment and an accelerator, is positioned at an angle to the main beam. 

Ions from the main beam can be collected in the pusher region for a period of 

time and then a pulsed potential is applied to accelerate ions into the ToF.  
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Figure 1.9: Orthogonal acceleration ToF. Ions generated from a continuous ionisation source 

enter a field free region called the pusher. After a period of ion collection a potential is applied to 

move the ions into the orthogonal accelerator. The ions can then be exposed to a potential and 

enter the ToF cell. Red circles represent ions with a low m/z and blue circles ions with a high m/z.  

Orthogonal acceleration ToF is commonly used in instruments where MS/MS is 

applied. It allows the packets of ions that are produced from a quadrupole 

filtering experiment for example to be collected and investigated.  

1.1.3 Mass spectrometry analysers – common terms 

Four terms commonly used to compare mass analysers are mass range, 

sensitivity, mass accuracy and mass resolution. Mass range is simply the m/z 

range over which the analyser(s) can separate ions. ToF instruments have a 

theoretically unlimited mass range while most commercial quadrupoles are 

limited to <4000 m/z (though they can be modified for higher masses). Sensitivity 

describes that proportion of ions entering the spectrometer that are detected. 

Sensitivity is determined by many elements of the instrument.  

Mass accuracy is the amount by which a measured mass deviates from the 

calculated theoretical mass of a known compound. Mass accuracy is often quoted 

in parts per million (ppm) and is determined by equation 1.6. 
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Equation 1.6: 

𝑀𝑎𝑠𝑠 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  (
𝑀𝑎𝑠𝑠𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 − 𝑀𝑎𝑠𝑠𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑀𝑎𝑠𝑠𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
) × 106 

Resolving power is a key characteristic of a mass spectrometer. It determines the 

ability of the mass spectrometer to separate two species with a similar molecular 

weight as well as contributing to the accuracy of the m/z value determined from 

the data. There are two definitions of resolution. The first states that the 

resolution, R, is described by equation 1.7. 

Equation 1.7: 

𝑅 =  (
𝑚/𝑧

∆𝑚/𝑧
) 

Where Δm/z is the smallest difference between two signals that can be observed 

at a given m/z. This definition relies on the definition of a peak separation which 

varies between analyser types. A second method which does not rely on this 

definition is the full width half maximum (FWHM) method. In FWHM the Δm/z is 

the peak width at 50% of the total signal. These two definitions are compared in 

Figure 1.10. 

 

Figure 1.10: Definitions of m/z resolution. (a) The full width half maximum (FWHM) definition is 

based on the width of a single peak. (b) The 10% valley definition is based on the m/z difference 

between two peaks that can be resolved to 10% of the maximum signal. Definitions published by 

the Royal Society for Chemistry (V. Barwick 2006).  
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1.1.4 Detectors 

Once ions have been separated in the mass analyser they must be detected. 

There are a range of different detector types available, though most commercial 

instruments use electron multipliers (EMD) of one of three types: discrete dynode 

detectors, continuous dynode detectors and microchannel plate detectors. 

Electron multipliers amplify the signal generated from an ion collision and 

increase the signal to a detectable level.  

Discrete dynode detectors consist of an array of dynodes arranged such that the 

electrons ejected from one dynode are subject to a high voltage potential which 

ensures that they collide with the next in a chain resulting in signal amplification 

along the longitudinal axis. A continuous dynode detector works in a very similar 

manner, however, instead of a series of individual dynodes, a single curved tube 

is used with the electron cascade carried along the length of the tube and 

experiencing secondary interactions with different parts of the same dynode. 

Microchannel plate (MCP) detectors are the most commonly used detector in 

modern instruments. MCP consist of an array of small continuous dynode 

detectors arranged in a metal plate (Figure 1.11). The length of the channel in a 

MCP is shorter that of a normal continuous dynode and as such the arrival times 

of ions can be more accurately measured allowing for greater resolution and 

mass accuracy.  
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Figure 1.11: A schematic of a multichannel plate (MCP) detector shown in cross-section. The MCP 

consists of an array of continuous diode detectors. When an ion enters a channel it undergoes a 

collision with the surface. The collision results in the release of a number of electrons which are 

directed further along the channel by the application of a potential gradient. The electrons then 

undergo further collisions resulting in signal amplification.  

In addition to electron multiplier detectors, photon multiplier detectors are also 

used. Instead of an electron these devices generate a photon upon interaction 

with an ion. The photon subsequently collides with the detector and generates a 

secondary cascade of electrons. The photon multiplier allows for faster response 

times than a pure electron multiplier.  

1.1.5 Tandem mass spectrometry 

While soft ionisation mass spectrometry can provide the mass of a molecule 

sometimes more information is required, such as when identifying unequivocally 

the sequence of a chemical polymer. Harder ionisation modes can, through in-

source dissociation/fragmentation, provide information on the substituent parts 

of a molecule, but these techniques often require a pure sample of a single 

species. Tandem mass spectrometry or MS/MS involves arranging two or more 

mass analysers in series, the first of which isolates an ion which can then be 

released into the second analyser and analysed in isolation. The inclusion of a 
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fragmentation cell between the two analysers allows for the generation of 

product ions which can provide a great deal of information on the chemical 

makeup and structure of molecules, ranging from small organic molecules 

through to large biomolecules.  

A simple reaction scheme for the fragmentation of an ion, called a precursor ion, 

in MS/MS can be represented as: 

𝑃𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 𝑖𝑜𝑛 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑜𝑛 + 𝑁𝑒𝑢𝑡𝑟𝑎𝑙 𝑙𝑜𝑠𝑠 

It is not necessarily always the case that the product of the fragmentation will 

result in a single charged, and therefore detectable, species and in some cases 

more than one product ion will be observed.  

There is an enormous array of ion fragmentation techniques available either 

commercially or in home built instruments. Some of the most common are 

collision induced dissociation (CID), surface induced dissociation (SID), electron 

capture dissociation (ECD) and electron transfer dissociation (ETD). Each 

technique has its own advantages and disadvantages though for many 

applications the major deciding factor is ease of access.  

Due to the wide application of MS/MS techniques in the investigation and 

sequencing of proteins a standard nomenclature has been developed to describe 

the fragmentation of these ions. The protein fragmentation nomenclature was 

first codified by Roepstroff and Fohlman in 1984 (Roepstorff and Fohlman 1984) 

and developed further by Biemann (Biemann 1988). This system is shown in 

Figure 1.12.  
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Figure 1.12: Protein fragmentation nomenclature. The fragmentation of proteins in the gas phase 

can proceed via a variety of mechanism resulting in different fragments forming. Commonly 

observed are b-y and c-z ion pairs (Biemann 1988; Roepstorff and Fohlman 1984). Note that the 

b1 ion is not normally observed.  

One of the most commonly available fragmentation techniques is CID (Jennings 

1968). CID involves the collision of the ion(s) of interest with an inert buffer gas 

such as argon. Additional energy is provided by acceleration of the ions in an 

electric field. The tuning of this field can, to an extent, be used to tune the 

fragmentation of the ions. The collisions lead to the transfer of kinetic energy to 

the precursor ions where the energy is then converted into internal energy. This 

internal energy is distributed across the vibrational modes of the ions, a process 

called activation. The activated ion, should the energy prove great enough to 

break chemical bonds, will fragment with the weakest bonds undergoing fission 

first (Brodbelt 2016). In a typical protein the first bond to break will be the peptide 

bond resulting in the formation of b/y ions. 

CID is a robust technique and has been utilised extensively in a variety of 

methodologies (Brodbelt 2016). CID can be used in the investigation of non-

covalent interactions, protein folding/unfolding and protein sequencing. The 

fragmentation of peptides in CID is an ergodic process. That is, there is sufficient 

time between energy being gained by the peptide and the fragmentation to allow 

for the rearrangement of energy to the weakest bond. As such there can be 

significant rearrangement of chemical groups such as post-translational 

modifications (PTMs) or deuterium scrambling in hydrogen deuterium exchange 

experiments.   
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ETD (Syka et al. 2004), unlike CID, is a non-ergodic technique. Due to the rapid 

transmission of energy and fragmentation of a chemical bond in ergodic 

techniques there is little time for energy to be rearranged within the molecule. 

Consequently the bond that is broken will be the one where the energy is first 

absorbed rather than the weakest bond. As such, positional information for 

groups such as PTMs is maintained post fragmentation. In addition, ETD (along 

with ECD, together referred to as ExD) generates c and z ions as opposed to b and 

y ions.  

Broadly, the method for ETD is as follows. Multiply charged analyte ions are 

generated by ESI (as is typical for protein MS experiments). A second ions source, 

often a glow discharge source, is used to generate anions of an electron rich 

reagents such as nitrosobenzene, which will provide a supply of low energy 

electrons. These negative ions are transferred to a holding cell. Switching the 

polarity of the front end of the instrument and manipulating the wave form 

generated in the ion guides allows the two populations to mix. Upon mixing the 

analyte cations and the reagent anions react, with an electron being transferred 

to the analyte, generating a radical cation (with a net charge one lower than the 

precursor analyte ion). The fragmentation mechanism of ExD is extremely 

complicated, may involve nearby residues side chains and is not currently well 

understood. The most common result is the formation of c and z ions by cleavage 

of the bond between the α-carbon and nitrogen. The addition of further energy 

may be required to dissociate the fragment ions.  

ECD (Zubarev, Kelleher and McLafferty 1998) proceeds via a similar process with 

much higher energy electrons.  

A range of peptide fragmentation techniques and the ions formed are described 

in Table 1.1. 
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Table 1.1: Gas phase fragmentation of peptides product ions generated. 

Fragmentation 
technique 

Ergodic/non-ergodic Product ions 

Collison induced 
dissociation 

Ergodic b- and y- 

Surface induced 
dissociation 

Ergodic b- and y- 

Electron transfer 
dissociation 

Non-ergodic c- and z- 

Electron capture 
dissociation 

Non-ergodic c- and z- 

Charge transfer 
dissociation 

Non-ergodic a- and x- 

 

1.1.5.1 Arrangement of analysers  

A typical arrangement of analysers in an MS/MS instrument would be a 

quadruople followed either by another quadrupole (the ubiquitously applied 

tandem or triple quadrupole instrument) or a ToF. The scanning mode of 

quadrupoles makes them especially well suited to the role of a m/z filter. Other 

instrument sets ups are available such as ToF/ToF and coupled ion trap 

instruments.  

There are a number of scan modes in which an MS/MS instrument can function. 

These are described in Figure 1.13. In all cases the analysers are arranged in 

sequence, separated by a fragmentation region.  
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Figure 1.13: Scanning MS/MS modes. MS/MS typically involves two mass analysers separated by 

a collision cell. In product ion scanning an ion is selected in the first analyser and all product ions 

recorded in the second mass analyser. In precursor ion scanning all ions are scanned and a single 

product ion recorded in the second mass analyser. In neutral loss scanning all ions are recorded 

in the first mass analyser and a specific mass reduction recorded in the second mass analyser. In 

selected reaction monitoring a specific precursor and a specific product ion are selected.  

In product ion scanning a single m/z species is selected in the first analyser and 

subsequently fragmented in the collision cell. The second analyser is employed 

to observe all resulting product ions. This mode is often used in peptide 

sequencing mass spectrometry and structural studies.  

Precursor ion scanning involves the first analyser operating in scanning mode, 

with a wide m/z range and the second analyser is set to a specific m/z. This allows 

screening for precursors which generate a specific product e.g from a post-

translational modification.  

For a neutral loss scan, both analyser 1 and analyser 2 are set to scan. However 

analyser 2 is set to detect ions which correspond to the loss of a specific m/z from 
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the ions detected in the first scan. As neutral loss events generating uncharged 

molecules that cannot be observed by MS are common for the loss of small 

chemical groups, this method can be used to identify compounds with specific 

functional or chemical groups e.g. a series of carboxylic acids.  

Selected reaction monitoring scans require both analysers to be set to a specific 

m/z. The ion selected in the first analyser is fragmented and the fragments 

observed in the second analyser. This process maintains very high selectivity as 

required in the identification of specific analytes in populations of closely related 

compounds such as in metabolomics and drug monitoring in sporting events.  

1.1.6 Ion mobility spectrometry  

Traditional mass spectrometry allows the measurement of the m/z of an ion and 

thus the elucidation of the mass of the molecule from which the ion was 

generated. This provides information on the chemical structure of a molecule. 

However, increasingly there is interest in not just the molecular formula or 

chemical identity of a molecule but also in its size and conformation. Ion mobility 

spectrometry (IMS) can provide this additional information.   

Ion mobility spectrometry, which can be implemented in a variety of forms, 

separates ions based on the time they take to cross a gas-filled chamber. This 

drift time is dependent upon the charge of the ion (which determines how it 

experiences the electric field), the ion’s mass (which determines its velocity) and 

the collisional cross-section of the ion (which determines how often it interacts 

with the buffer gas). The drift time of an ion can be converted into a cross-

sectional area which can provide information about the three dimensional 

structure of the ion analysed.  

While linear IMS (Figure 1.14) has existed in its own right for many years, in 

combination with MS it has become a very powerful tool for both structural 

analysis of molecules and as an orthogonal separation technique for complex 

samples. A variety of IMS-MS instrument set ups have been implemented 

including (high) field asymmetric ion mobility spectrometry (FAIMS), linear drift 
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tube IMS and Travelling-wave IMS (TWIMS). The last two of these techniques 

have been used extensively in the investigation of protein native structure and 

are discussed in detail below. FAIMS has also seen some use in structural and 

conformation studies but is not discussed here.  

 

Figure 1.14: Linear ion mobility spectrometry – mass spectrometry. (a) A linear drift cell IMS. An 

electrical potential is applied across a gas filled region and the time taken for ions to cross it 

recorded. With the same mass mass and charge, more expanded ions undergo a greater number 

of collisions and thus their progress is retarded to a greater extend that more compact ions. (b) A 

drift time plot for the three ions shown in (a). The coloured circles represent ions of the same m/z 

but differing CCS (from largest to smallest blue, red and green).  



28 
 

A linear drift tube IMS device consists of a gas-filled chamber across which a 

constant electrical potential is applied. Ions are trapped at the entrance to the 

IMS cell. When the trapped ions are released the time taken for them to cross 

the chamber is measured. The mobility of an ion, K, is related to its velocity, VD 

and the electric field it experiences, E. 

Equation 1.8: 

𝐾 =  
𝑉𝐷

𝐸
 

The length of the drift tube, L, is known and the drift time, tD, can be observed so 

the equation becomes: 

Equation 1.9: 

𝐾 =  
𝐿

𝑡𝐷𝐸
 

To account for differences in temperature and pressure the mobility is often 

expressed as reduced mobility, K0, the value normalised to standard pressure 

(760 Torr) and temperature (273.3 K). 

Equation 1.10: 

𝐾0 = 𝐾
273.2

𝑇
×

𝑃

760
 

=  
𝐿

𝑡𝐷𝐸
×

273.2

𝑇
×

𝑃

760
 

Where T is temperature in Kelvin and P is pressure in Torr. 

The Mason-Schamp equation (Equation 1.11) (Mason and Schamp 1958) 

describes the relationship between the mobility of an ion and its collisional cross 

section, Ω. Also taken into account are the charge of the ion, z, the elementary 

charge, e, the number density of the buffer gas used, N, µ the reduced mass of 

the ion and buffer gas and the Boltzmann constant, kB. 
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Equation 1.11: 

𝐾 =  (
3𝑧𝑒

16𝑁
) (

2𝜋

𝜇𝑘𝐵𝑇
)

1
2 1

𝛺
 

For reduced mobility the equation can be written as: 

Equation 1.12: 

𝛺′ =  
(18𝜋)

1
2

16

𝑧𝑒

(𝑘𝐵𝑇)
1
2

[
1

𝑚𝑖
+

1

𝑚𝑛
]

1
2 760

𝑃

𝑇

273.2

1

𝑁

𝑡𝐷𝐸

𝐿
 

mi and mn represent the masses of the analyte ion and the buffer gas respectively. 

It can be seen from the equation that the larger the drift time the larger the 

collisional cross section.  

The ability of linear drift tube IMS to determine the cross-section of an ion from 

experimental data from first principles is a powerful use of IMS and has been 

widely employed in the laboratory (Barr et al. 2016; Bleiholder et al. 2013b; 

Servage et al. 2015; Shelimov and Jarrold 1995). However, linear IMS devices 

have suffered historically from poor ion transmission and consequently reduced 

sensitivity when compared to their non-IMS counterparts. In addition, the 

primary limit of the resolving power of a linear IMS is the length of the chamber, 

much like ToF. Finally, until recently, commercial linear IMS devices have been 

very rare resulting in most systems being homemade (though Agilent now 

produce a commercial linear drift tube IMS).  

In the early 2000s TWIMS (Figure 1.15) was developed (Giles et al. 2004; Pringle 

et al. 2007). A TWIMS cell consists of a series of stacked ring ion guides. Each ring 

can have a different potential applied to it allowing for the electrical field to be 

altered both along the axis of the ion beam and over time. Indeed the stacked 

rings also allow for shaping of the wave to alter the electrical conditions the ions 

experience.  
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Figure 1.15: A schematic of a traveling-wave IMS cell. The TWIMS cell is a stacked ring ion guide. 

Alternating rings are paired and an RF alternating electrical potential is applied. This generates a 

wave form shown in (b) with ions being pushed along by the wave and impeded by the buffer gas.  

A constant RF potential is applied to the TWIMS cell to focus and confine the ions 

and thus minimise the loss of ions that occurs in some other IMS techniques. A 

DC voltage can be applied to the stacked rings in sequence generating a wave of 

electrical potential that travels down the cell. This travelling wave (T-wave) 

provides the ions with energy to escape the potential wells created by the radially 

confining RF potential. The amplitude of this wave, often referred to as wave 

height determines whether an ion will successfully traverse the TWIMS cell.  

The TWIMS cell is filled with an inert buffer gas, usually argon or nitrogen, at a 

pressure of around 0.5 mbar (Pringle et al. 2007). As the analyte ions are driven 

through the cell by the T-wave they interact with this gas and experience drag 

due to the collisions (Figure 1.16a). As in a linear IMS cell, this drag retards the 
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movement of the ions, however, unlike in a linear IMS cell the ions can roll over 

the top of the T-wave. The ions which roll over can then interact with the next 

wave. Ions with a more extended conformation will experience a greater number 

of rollover events than a similarly charged ion with a smaller collisional cross 

section. Therefore the more extended ions will take longer to traverse the TWIMS 

cell and reach the detector (Figure 1.16b).  

 

Figure 1.16: The effect of a T-wave on ions. (a) As the T-wave moves along the cell ions are pushed 

ahead of it. More expanded ions experience more collisions with buffer gas and thus “roll over” 

the wave and are separated from more compact ions. These ions will then be accelerated by the 

next wave. The result is a drift time plot shown in (b). Grey circles represent ions with the same 

m/z but an expanded and compact CCS for the grey and black circles, respectively.  

One major drawback of TWIMS is that the non-uniform nature of the T-wave 

process makes it very difficult to determine mathematically the collisional cross-

section of an ion based on its mobility (Shvartsburg and Smith 2008). To 

overcome this issue a calibration with ions with known CCS is required (Ruotolo 

et al. 2008; Smith et al. 2009). In the case of proteins these ions are typically 

commonly available proteins which have had their CCS determined by linear IMS. 

Recent work has proposed that it is possible to determine the CCS of a protein 

without the requirement for calibration (Mortensen, Susa and Williams 2017).  
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The equation for reduced mobility can be modified to take into account the non-

uniform field as shown in equation 1.13. 

Equation 1.13: 

𝛺 =  
(18𝜋)

1
2

16

𝑧𝑒

(𝑘𝐵𝑇)
1
2

[
1

𝑚𝑖
+

1

𝑚𝑛
]

1
2 760

𝑃

𝑇

273.2

1

𝑁
𝑋𝑡𝐷

𝑦 

Where X and y are correction factors experimentally determined from the CCS 

standards described above. X accounts for the non-uniform nature of the electric 

field while y accounts for its non-linearity. The CCS can be made independent of 

mass and charge by dividing by ze and the reduced mass 

Equation 1.14: 

𝛺′ =  
(18𝜋)

1
2

16

𝑧𝑒

(𝑘𝐵𝑇)
1
2

760

𝑃

𝑇

273.2

1

𝑁
𝑋𝑡𝐷

𝑦 

The equation can be further simplified to have a single constant, X’: 

Equation 1.15: 

𝛺′ =  𝑋′𝑡𝐷
𝑦 

This equation can be treated in the format y=mx+c as a linear relationship. If Ω’ 

is plotted against tD for the CCS standards a calibration curve can be constructed 

for analytes of unknown CCS. The reduced CCS from this calibration can then be 

converted into a CCS 

Equation 1.16: 

𝛺 =  𝑧𝑒 [
1

𝑚𝑖
+

1

𝑚𝑛
]

1
2

𝛺′ 

TWIMS has been used in many investigations of protein structure. The large 

number of protein structures determined in atomic detail by x-ray 
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crystallography and other techniques can be compared to the experimentally 

determined CCS data by estimating a theoretical CCS from the Protein Data Bank 

(PDB) files.  

For proteins with a known structure or with a structural model (including 

intrinsically disordered proteins), the expected CCS can be calculated 

computationally. This allows comparison between the structure of a gas phase 

ion of a protein and a known structure from the PDB. In addition, models can be 

generated for theoretical complex arrangements and thus validated or rejected 

based on observed data (Ruotolo et al. 2005; Smith, Radford and Ashcroft 2010).    

There are several CCS estimation methods available which vary in the manner in 

which they model interactions with the buffer gas (Benesch and Ruotolo 2011; 

Knapman et al. 2010; Marklund et al. 2015; Mesleh et al. 1996).   

The most accurate method of predicting the CCS of a given protein from its 

structure is the trajectory method (TM) (Mesleh et al. 1996). The TM models the 

collisions of individual atoms of the protein with the buffer gas. The trajectory 

method is very computationally intensive and thus is impractical to use in many 

instances.  

The exact hard spheres scattering (EHSS) model treats all atoms (both the buffer 

gas and the protein) as spheres (Shvartsburg and Jarrold 1996). The interactions 

of these spheres are then modelled. The result is a much reduced computational 

load. 

The projection approximation (PA) algorithm is far less computationally intensive 

and is reported to provide a similar level of accuracy to the TM (Benesch and 

Ruotolo 2011). CCS estimation by this method works by calculating a series of 2D 

projections of a structure at various rotations. These projections are then 

averaged to produce a rotationally averaged CCS. This process is based on the 

widely accepted theory that ions tumble randomly in the gas phase.  
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The projection superposition approximation (PSA) method developed by 

Bleiholder and co-workers functions in a similar manner to the PA however it also 

applies corrections for atomic potentials and takes into account the effect of the 

molecules shape on collision frequency (Bleiholder, Contreras and Bowers 2013; 

Bleiholder et al. 2013a; Bleiholder, Wyttenbach and Bowers 2011). Likewise the 

IMPACT software generates estimated CCS in a much shorter time than the TM 

(Marklund et al. 2015).  

1.1.7 Application of MS to the investigation of proteins 

Mass spectrometry can be applied to the investigation of a wide variety of 

molecules. One such area and the focus of the work described here, is the study 

of protein complexes and structural biology. With modern instrumentation the 

study of protein primary structure is, in many cases, fairly routine. Techniques for 

the study of the higher order structure of proteins have been developed more 

recently and rely primarily on advances in electrospray ionisation to make them 

possible.  

MS has been employed to study proteins from small peptides through to multi-

megadalton complexes (Leney and Heck 2017; Snijder et al. 2013), a mass range 

that compares favourably with the limited ranges of both electron microscopy 

(EM) and nuclear magnetic resonance spectroscopy (NMR), which are limited to 

very large and relatively small proteins respectively. In addition, MS is capable of 

accurately assigning species in highly heterogeneous and dynamic systems which 

can cause issues for EM and X-ray crystallography. Finally, the sensitivity of 

modern MS techniques facilitates the investigation of proteins with low 

expression levels or from small samples, thus overcoming the large sample 

requirements of some other structural techniques.  

In general the MS techniques employed to investigate the structure of proteins 

can be split into two categories: native MS and non-native MS techniques, often 

referred to as chemical footprinting techniques (Figure 1.17).  
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Figure 1.17: MS techniques for studying proteins. MS techniques for the investigation of proteins 

can be broken down into two broad groups. Native MS techniques attempt to maintain the native 

like structure of the protein in the gas phase. Foot-printing techniques label the protein in its 

native form in solution and then investigate the modifications in the gas phase.  

1.1.7.1 Native MS techniques 

ESI of proteins, as with other molecules, usually generates multiple charge states 

of a single molecular species. Several groups have demonstrated that there is a 

link between the solvent accessible surface area of a protein and the average 

number of charges an ion of that protein will carry (Kaltashov and Mohimen 2005; 

Konermann 2007; Li et al. 2016; Testa, Brocca and Grandori 2011; Testa et al. 

2013). The more extended a protein is the greater the accessible surface area and 

the greater the number of sites exposed which can carry charge.  

Historically, most protein samples were examined under denaturing conditions 

(Figure 1.18a). The addition, for example, of organic solvents and acids to the 

protein solution can aid in the ionisation of the analyte. Denaturing conditions 

are still used in experiments that aim to determine accurate mass or for the 

investigation of peptides in LC-MS experiments.  

Data more relevant to the analysis of biological systems can be acquired under 

native or non-denaturing conditions (Figure 1.18b). By carefully controlling the 

pH and avoiding denaturants, such as organic solvents, native-like structures can 

be maintained in the gas phase. The exact conditions required will vary between 
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proteins and the native environment of the protein must be considered, for 

example a lysosomal protein may be considered native at pH 4, while the same 

conditions for an extracellular protein would likely be considered denaturing. 

Exactly how similar the gas phase native ion structure is to that of the solution 

species is still debated. Recent developments such as IMS, gas phase infra-red 

spectroscopy (IR) (Seo et al. 2016; Seo et al. 2017) and gas phase HDX (Beeston 

et al. 2015; Rand et al. 2009) provide evidence that the solution phase structures, 

tertiary and secondary structure respectively, of at least some species are 

maintained in the gas phase under appropriate native conditions. There is, 

however, a growing body of evidence that not all proteins maintain their solution 

structure in the gas phase and as such CCS data should always be viewed with at 

least some degree of caution (Devine et al. 2017).  
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Figure 1.18: Non-native and native MS spectra of the protein TaHSP16.9. (a) Non-native MS 

results in the observation of a monomeric charge state distribution. (b) Native-MS results in the 

observation of an intact complex formed from 12 TaHSP16.9 subunits. Figure adapted from 

(Hilton and Benesch 2012). 

Native MS in particular requires careful sample preparation. Folded or partially 

folded proteins have a tendency to adduct small ions such as sodium and small 

molecules. These adducts can result in the broadening of a peak for a given ion 

making accurate mass determination difficult. Dialysis or buffer exchange of 

samples prior to MS can alleviate this issue to some degree. Once a sample has 

entered the mass spectrometer the application of increased collision energies 

can also dissociate these adducts, however, this should be done sparingly to 

prevent the additional energy from altering the structure of the protein ions.  
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The link between the average charge state of an ion and the structure of the 

protein has led to the suggestion that charge state distributions can provide 

information on a protein’s structure. It is common to observe multiple charge 

state distributions for a single protein. Deconvolution of the charge state 

distributions can reveal otherwise hidden conformations and can also be used to 

assign relative abundances to each conformation (Borysik, Radford and Ashcroft 

2004) (Dobo and Kaltashov 2001). IMS is increasingly replacing this kind of 

analysis where it is available.    

In addition to observations on protein conformation, native MS can be used to 

investigate non-covalent interactions. Native MS has been used to investigate 

protein:protein and protein:ligand interactions extensively (Benjamin et al. 1998; 

Rosati et al. 2014; Shepherd et al. 2013; Soper-Hopper, Eschweiler and Ruotolo 

2017; Yen et al. 2017). Considerable thought must be given to the conditions 

under which such experiments are undertaken. For example the collision energy 

in an instrument can cause dissociation of non-covalent complexes and thus 

cause them not to be observed.  

This phenomenon of CID can be harnessed in the investigation of the relative 

strengths of protein interactions. By increasing the collision energies 

incrementally and recording the abundance of the complex ion at each energy, a 

dissociation curve can be constructed. A similar curve can be generated for 

protein unfolding and is known as collision induced unfolding (CIU) (Ruotolo et 

al. 2007).  

Native MS screening methodologies have been established which harness the 

considerable advantages of MS in terms of sample requirements and processing 

speed, to look for compounds which bind to a given substrate or to identify 

compounds which cause a specific effects such as preventing oligomer formation 

and so aid drug discovery (Chen et al. 2015; Young et al. 2016; Young et al. 2015).  

IMS-MS investigations of proteins and protein complexes were pioneered in the 

1990s. However, with the commercialisation of IMS-MS technologies the field has 
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grown rapidly. The IMS derived collisional cross-sections of many proteins have 

been demonstrated to be compatible with those predicted from the native 

structures of the protein (Bush et al. 2010; Smith et al. 2009). A general trend in 

which higher charge states exhibit larger cross-sections has been attributed to 

Coulombic repulsion between the charges on these ions (Tolmachev et al.).  

Recent examples of the use of IMS-MS in the investigation of proteins and protein 

complexes include studies of the aggregation of fibril forming proteins (Cole et al. 

2015; Smith et al. 2011; Wang et al. 2016a), chaperone activity (Lai et al. 2017; 

Schiffrin et al. 2016) and protein:protein complex formation (Niu et al. 2016). 

More recent work has shown that while many proteins’ CCS do agree with the 

predicted values for a sub-population of proteins the CCS predicted is much larger 

than is observed by IMS (Devine et al. 2017). This phenomenon is believed to be 

due to the collapse of certain structures in the gas phase. As a general rule 

compact globular proteins are the least likely to undergo large scale gas phase 

collapse while more extended proteins are more likely to experience this effect.  

1.1.7.2 Non-native/Footprinting MS techniques  

Native MS techniques can provide information on the conformation of a protein 

and constituents of a protein complex in the gas phase. Protein foot printing 

techniques can provide information on the characteristics of the protein or 

complex in solution. These techniques include hydrogen deuterium exchange 

(HDX), covalent labelling techniques, enzymatic digests and chemical cross 

linking. The resolution of these techniques varies from residue level in some cases 

to peptide level in others. While not the atomic level resolution of some other 

structural biology techniques, protein footprinting can provide beneficial 

information in many cases.  

In general, although not exclusively, in order to get the best resolution possible 

for a footprinting technique some form of enzymatic digest is performed to 

fragment the protein into shorter peptides which can be more easily analysed by 

MS. The digested peptides are then separated by liquid chromatography (LC), a 
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technique that is easily paired with continuous ion sources such as ESI. LC systems 

commonly include high pressure-LC (HPLC) or ultra-performance liquid 

chromatography (UPLC) separation although size exclusion chromatography 

(SEC) and other chromatography techniques have also been used.  

Hydrogen-deuterium exchange (HDX) exploits the difference in mass between H 

and D and the exchange of exposed H/D positions with solvent H/D over time. 

The mass shift that results from an exchange event, for example +1 Da if a single 

H is exchanged for a solvent D, can be detected by MS. While this shift can be 

observed in intact proteins it is generally more useful to examine peptides so that 

the exchanged position can be localised. There are three types of exchangeable 

H/D in proteins. Side chain hydrogens exchange on a very fast time scale and so 

are not generally of interest in the investigation of dynamics. Heteroatom-bound 

hydrogens are also exchangeable. The hydrogens on backbone amides are the 

most interesting in HDX MS as they exchange reversibly on a slower time scale 

than the side-chain hydrogens (Cao, Burke and Dennis 2013). The rate of 

exchange of backbone amide hydrogens is measurable on the timescale of a ESI-

MS experiment allowing real-time and temporally defined experiments to be 

undertaken.  

The reversibility of the H/D exchange can be problematic as information can be 

lost if the exchanged position exchanges back prior to the peptide being analysed. 

Most HDX experiments are monitored by using LC-MS. Once the exchange step 

has occurred the samples must be handled carefully and quickly to minimise back 

exchange. Precautions include keeping the sample at low temperature and pH. 

These requirements for temperature and pH mean that the choice of enzyme for 

digestion of the proteins is limited; pepsin is a common choice due to its high 

activity at pH 3 where the rate of exchange for labile hydrogens is low, though 

other enzymes have also been used. 

Changes in HDX do not necessarily indicate binding sites of ligands as allosteric 

changes are largely indistinguishable from such structural rearrangements by 

HDX. In addition, while residue level information is theoretically possible it is 
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more common to present peptide level data. This is in part because many of the 

techniques for fragmenting peptides, such as CID, can cause rearrangement of 

the labile H/D atoms, scrambling the original locations.  Despite this limitation 

and those described above, HDX-LC-MS/MS is a very popular technique for 

examining protein conformation and interactions.  

Many of the limitations of HDX-MS (sample conditions post-labelling, scrambling 

of H/D position) can be overcome by using a covalent label of solvent exposure. 

One method of achieving this is fast photo oxidative labelling of proteins (FPOP) 

(Xu and Chance 2007). In FPOP, reactive ●OH radicals are generated in solution 

e.g. from hydrogen peroxide with the protein of interest (Figure 1.19). The ●OH 

radicals can then interact with the side chains of the residues which are exposed 

to the solvent.  

 

Figure 1.19: A schematic of a flow based UV-excimer laser FPOP experiment. A protein in solution 

with H2O2 and a scavenger molecule, such as histidine, flows through a capillary. At a certain point 

the capillary is exposed to a UV-excimer laser which causes photolysis of the H2O2 generating ●OH 

radicals. The ●OH radicals react with exposed amino acid side chains or with the scavenger 

molecules. The reaction time is generally in the µs range although it can be tuned based on 

scavenger concentration and other characteristics. The covalently modified protein can be 

collected and analysed offline by MS.  

●OH radicals can be generated in a number of ways. The most common are laser 

photolysis of H2O2 with a 248 nm UV excimer laser (Sharp, Becker and Hettich 

2004) and X-ray radiolysis of water (Asmus 1984; Hayes, Kam and Tullius 1990; 
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Sclavi et al. 1998). In the case of laser photolysis, the generation of radicals takes 

only a few nanoseconds and can be performed in low mM concentrations of 

hydrogen peroxide (10-20 mM). A typical experimental set up places the sample 

flowing through a thin capillary with a pulsed laser exposing each region to a 

single pulse. The life time of the ●OH radicals in solution can be tuned by the 

addition of scavenger molecules, such as glutamine or histidine. It is believed that 

most FPOP setups are probing µs windows of protein conformation.  

Subsequent to their generation, the ●OH radicals can react with the side-chains 

of amino acids. The reactivity of each side-chain is different with a significant drop 

of in reactivity after the five most reactive (cysteine, methionine, tryptophan, 

tyrosine and phenylalanine) (Konermann, Tong and Pan 2008; Takamoto and 

Chance 2006; Xu and Chance 2007). ●OH radical reactions can lead to a number 

of different modifications including +16, +14, +32 and a series of complex 

reactions with histidine residues. All of these reaction products can be detected 

by MS. When residues which are either very poorly reactive or undergo side 

reactions are excluded, 14 residues are able to be labelled by FPOP and provide 

coverage of a predicted 65% of an average protein (Wang and Chance 2011). The 

large size of these modifications relative to HDX makes observation possible even 

in intact proteins. The stable nature of the covalent modifications means that the 

subsequent digestion and analysis of the protein can be more varied than is the 

case for HDX. As the chemical groups generated in FPOP are generally not 

rearranged during fragmentation, FPOP can provide residue level information far 

more easily the HDX. 

1.1.7.3 Introduction to the study of protein structure and interactions by means of 

chemical crosslinking and mass spectrometry 

While native mass spectrometry has been used extensively in the investigation of 

protein structure and complexes (as described in the Chapter 1.1.7.1), it is limited 

in its resolution when examining sites of interaction. In addition, in some cases 

such as described below, the complex of interest may be difficult to manipulate 

in the gas phase. In instances such as these, chemical crosslinking followed by 
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mass spectrometry (crosslinking MS) strategies can be a powerful tool to 

investigate the structure of a protein or protein complex.  

Chemical cross-linkers include a wide variety of different molecules. In general 

they are bifunctional (i.e. reactive at two sites) and form covalent bonds to one 

or more reactive sites of a peptide. The cross-linker can react to form a bridge 

between two residues that are in close proximity in solution, either within a single 

protein or between two different proteins. This can provide structural 

information on the protein and can also indicate sites of close interaction 

between binding partners. Each cross-linker has a specific distance between the 

reactive groups which determines the maximum distance apart that two cross 

linked residues can be in space. In some cases this length can be modified with 

changes to the length of the linker region. The linker lengths can form a distance 

restraint when modelling a protein or protein complex.  

As with other covalent techniques, cross linked samples are fairly robust once the 

initial reaction is complete. Usually a quenching solution is used to prevent any 

further reactions. The nature of the quench is dependent upon the cross linker 

used. There can be issues with false negatives due to the absence of reactive 

residues in the site of interest. This issue can be alleviated by use of non-specific 

cross-linkers or cross-linkers with reactivity complementary to the first reagent 

used.   

In a general crosslinking MS investigation of a protein complex, the protocol used 

may resemble that shown in Figure 1.20. A sample of the protein or proteins of 

interest is prepared in a suitable buffer to which is added a crosslinking reagent, 

a selection of which are discussed in detail below. After a reaction period (in some 

cases under specific conditions, such as exposure to UV light for photoactivatable 

crosslinkers) the reaction is quenched and the samples separated by SDS-PAGE. 

For a simple complex, A+B  AB, a band of the molecular weight of the complex 

will be observed. Depending upon the concentration and efficiency of the 
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crosslinking reagent there may also be monomer and higher order structures 

observed. The bands of interest (typically alongside the monomer subunits or 

uncrosslinked controls) are extracted, digested with a protease and subjected to 

other treatment depending upon the proteins in question (commonly reduction 

and methylation of disulphide bonds). The resulting peptides are then analysed 

by LC-MS/MS and the sites of any crosslinks mapped.  

Figure 1.20: A simple schematic of a crosslinking MS method. A protein or proteins are mixed with 

a crosslinking reagent in solution. The crosslinker may require activation by exposure to UV light 

or other methods. The solution is incubated for a period of time and the reaction quenched, often 

by addition of an excess of reactive groups in a buffer component. The resulting crosslinked 

protein mixture is run on SDS-PAGE to separate the crosslinked proteins from each other and 

from non-crosslinked protein. The gel bands of interest are extracted and digested, often with 

trypsin. The resulting peptides are investigated by LC-MS/MS in order to identity the proteins 

involved and to map the site of interaction. 

While a monomer band may appear in a crosslinked sample this does not mean 

that it is unmodified protein. There are in fact a range of possible crosslinking 

reactions that can occur as described in Figure 1.21. The nomenclature of these 

crosslinked species was formalised by Schilling et al. in the early 2000s (Schilling 

et al. 2003). After the initial formation of a crosslinker-protein conjugate several 

types of reaction can occur. The free end of the crosslinker may interact with the 

solvent or buffer molecules, generating type-0 or dead-end crosslinks. While 

these crosslinks do not provide information on the site of an interaction they can 

provide information on surface exposure much like other surface labelling 

techniques. If there is a second reactive residue close enough to the site of the 

initial interaction, the free reactive group may form an intra-peptidal crosslink 
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also known as a type-1 crosslink. If the free end of the crosslinker is close to the 

site of an interaction with another peptide or protein which also contains a 

reactive group a type-2 crosslink may form. This kind of crosslink is the type 

generally used in mapping the sites of interactions between subunits in a 

complex.  
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Figure 1.21: Classification of crosslinks. There are three types of crosslinks that can occur in a 

crosslinking experiment after the initial interaction. The reaction of the remaining reactive group 

with buffer components or solvent results in so called dead-end crosslinks, also known as type-0 

crosslinks. The reactive group interacting with a second reactive site within the same peptide 

generates type-1 crosslinks. Type-1 crosslinks can provide information on protein conformation. 

Type-2 crosslinks occur when the reactive group interacts with a second peptide molecule, either 

of the same protein or a different one. Type-2 crosslinks are useful for identifying and 

investigating interactions between proteins and domains (Schilling et al. 2003). 

The crosslinking reagent bis(sulfosuccinimidyl)suberate (BS3), whose structure is 

shown in Figure 1.22, has been utilised extensively in the investigation of protein 

structure and protein:protein interactions (Leitner et al. 2016; Murakami et al. 

2013; Nguyen-Huynh et al. 2015; Politis et al. 2015; Schmidt and Robinson 

2014b). 
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Figure 1.22: The structure and reaction mechanism of the heterobifunctional crosslinking reagent 

BS3. (a) The chemical structure of BS3. The two reactive groups are separated by a linker region, 

(CH2)6, 11.4 Å in length. (b) The reaction mechanism of covalently modifying a primary amine 

group, the most common reaction between BS3 and proteins.  

BS3 is a homobifunctional crosslinker which reacts primary amines (i.e. lysine side 

chains and N-termini). The reactivity of BS3 comes from a pair of N-

hydroxysulfosuccinimide (NHS) esters at either end of the molecule. NHS esters 

undergo nucleophilic attack upon amide groups, resulting in the formation of an 

amide bond between the amide containing group and the crosslinker minus NHS 

(Figure 1.22b) (Leitner et al. 2016). 

While most literature concerns itself with the reactions of NHS-esters and 

primary amines, there is significant evidence for other reactions. The first 

reaction is the hydrolysis of the NHS-ester in aqueous solutions, which has a half-

life of the order of hours at pH 7.5 (Kalkhof and Sinz 2008). The outcome of this 

process is the generation of non-reactive species which effectively reduce the 
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concentration of crosslinking reagent. The rate of hydrolysis is dependent upon 

both pH and temperature.  

NHS-esters can also react with non-amine containing amino acid side chains, in 

particular those containing hydroxyl groups. In one study it was estimated that as 

much as 20% of the total observed crosslinked species were the result of 

reactions with hydroxyl containing residues (Madler et al. 2009; Kalkhof and Sinz 

2008). Madler et al. present a comprehensive investigation of the reactivity of 

NHS-esters with a range of amino acids in the context of peptides (thus removing 

concerns regarding the relative surface exposure of different classes of side 

chains) (Madler et al. 2009). Their work demonstrates that, in addition to amines, 

the hydroxyl groups of serine, threonine and tyrosine are also reactive. The 

abundance of these reactions with non-amine groups is dependent upon a wide 

range of factors including pH (generally higher pH favours amine reactions) and 

the peptide sequence surrounding the reactive residues (histidine and arginine in 

particular). Finally, the broader context of structure in which a residue finds itself 

also seems likely to alter the reactivity of the residue (e.g. H-bonding).  

The abundance of primary amines in many proteins and the tendency of charged 

amino acid residues to be exposed on the surface of soluble proteins make 

reagents that react with these groups attractive for mapping interactions. This is 

also true of hydroxyl group containing residues which are often projected into 

the surrounding solution. The reactivity of BS3 along with the combination of 

good water solubility and activity in the native pH range of many systems make 

it a common choice for crosslinking experiments (Leitner et al. 2016; Murakami 

et al. 2013; Nguyen-Huynh et al. 2015; Politis et al. 2015; Schmidt and Robinson 

2014b). Due to its extensive use in the laboratory, many robust protocols exist 

for crosslinking with BS3 (Rosenberg 1996; Schmidt and Robinson 2014a; 

Scientific 2012; Shi et al. 2017). 
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1.2 Amyloid 

The aging population of the United Kingdom and other countries in the developed 

world has, along with other developments in medicine and public health, led to a 

paradigm change in the list of common causes of death. As of 2016 the most 

common cause of death in England and Wales was “Dementia and Alzheimer 

disease”, accounting for 11.6% of the recorded deaths for 2015 (Statistics 2015). 

It is predicted that the number of Alzheimer’s disease cases will triple in the next 

40 years to reach a worldwide occurrence of 80 million new cases (International 

2015).  

Alzheimer’s disease is part of a group of diseases known as amyloidosis or 

amyloid diseases. There are more than 50 human amyloid diseases characterised 

by the aggregation into amyloid fibrils of nearly as many proteins (Sipe et al. 2016; 

Sipe et al. 2012). In each case the causative protein, clinical pathologies and 

outcomes are different.  

The processes by which many of these diseases arise are poorly understood. In 

some cases mutations are present which predispose an individual to develop the 

disease (such as the expansion of polyQ domains in polyQ diseases (Fan et al. 

2014)), while in others lifestyle factors appear to be the likely cause (for example 

the aggregation of iAPP in Type II Diabetes Mellitus (Westermark, Andersson and 

Westermark 2011)). In the case of Alzheimer’s disease for example, age is the 

strongest correlating factor although particular mutations may also affect onset 

(Weggen and Beher 2012). In general the pathway of amyloid formation is the 

misfolding and aggregation of a normally soluble protein to form increasingly 

large and eventually insoluble, aggregates (Glabe 2008). A conversion occurs to 

alter the conformation of the proteins in the aggregates which then continue to 

grow and are deposited as fibrils. The identity of the disease-causing agent in this 

milieu of species is a subject of much debate (Goure et al. 2014; Kayed and 

Lasagna-Reeves 2013; Sengupta, Nilson and Kayed 2016; Verma, Vats and Taneja 

2015). 
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Despite these differences in cause, pathology and outcome, the structure of the 

amyloid fibrils which give this class of disease its name is remarkably preserved 

across diseases caused by otherwise unrelated proteins (Eichner and Radford 

2011). The initial feature that identified amyloid fibrils was the observation that 

abnormal fibrillar structures observed in post mortem brain tissue stained blue 

with iodine, a behaviour normally associated with starch (Westermark, Johnson 

and Westermark 1999). In addition amyloid fibrils bind to the dye Congo red and 

cause apple green bifrifingance when viewed under cross-polarised light 

(Bennhold 1922; Divry 1927). More recent work has shown that amyloid fibrils 

have a similar structure, being well ordered and having characteristic cross-β 

architecture (Eichner and Radford 2011; Geddes et al. 1968). However, the 

solving of high resolution structures has revealed highly complex architectures 

with distinct morphologies even within the fibrils of a single protein (Fitzpatrick 

et al. 2013; Fitzpatrick et al. 2017; Paravastu et al. 2008; Petkova et al. 2005; 

Petkova, Yau and Tycko 2006). 

The lack of understanding of the pathological process of amyloid diseases has 

hampered the development of therapeutics (Folch et al. 2016; Sacchettini and 

Kelly 2002; Yiannopoulou and Papageorgiou 2013). Indeed there are very few 

effective therapeutics currently available (Hammarstrom et al. 2003) and many 

seek to alleviate the symptoms of the diseases rather than to prevent the 

diseases process since the identity of the disease-causing species remains unclear 

(Folch et al. 2016; Sacchettini and Kelly 2002; Yiannopoulou and Papageorgiou 

2013). Given the growing economic and social burden of care for sufferers of this 

class of disease, it is vital to increase the knowledge of the disease processes 

involved.   

1.2.1 Protein Folding, misfolding and aggregation 

Many proteins have a highly specific native structure to which they must fold to 

achieve their function. All of the information required to determine this final fold 

is contained in the amino acid sequence of the peptide chain (Anfinsen et al. 

1961). The mechanism by which the nascent chain reaches its final structure is 

via a conformational search for the lowest accessible free energy conformation 
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(the structure with the lowest free energy and therefore highest thermodynamic 

stability). However, the Levinthal paradox (Levinthal 1969), shows that it would 

be impossible for even a short peptide chain to sample every possible 

conformation on a biological timescale. In fact, even a modest estimate suggests 

that such a random conformational search would take longer than the age of the 

universe (Martínez 2014). It was proposed therefore that the folding of a protein 

must occur via specific kinetically controlled folding routes. This process reduces 

the number of conformations that must be sampled for the protein to fold. The 

formation of regions of native-like structure early in the folding process can bias 

the rest of the conformational search in such a way as to make folding highly 

efficient (Levinthal 1968; Levinthal 1969; Zwanzig, Szabo and Bagchi 1992). 

The so-called energy landscape of protein folding (Figure 1.23) represents the 

many structures possible for the nascent chain of a newly synthesised or unfolded 

protein being reduced over time as lower energy structures are formed with the 

native structure situated at the bottom of the energy well (Dill and Chan 1997; 

Schonbrun and Dill 2003). As ordered regions occur, they represent a local 

minima in the energy landscape and thus any transitions that result in a less 

folded structure are unfavourable.   

In reality, the energy landscape is not at all smooth as depicted in Figure 1.23a. 

There are many local minima into which the partially folded protein can fall 

resulting in a rough energy landscape (Figure 1.23b). Situations arise in which the 

next step in folding requires the input of energy to escape from a low free energy 

state. These metastable species are called folding intermediates (Schonbrun and 

Dill 2003). It is common for a protein to have many intermediates some or all of 

which will be populated for a given molecule’s folding process (Jahn and Radford 

2008; Schonbrun and Dill 2003). Some of the local minima are in fact not on the 

folding pathway (Kim et al. 2013). Proteins that cannot gain sufficient energy to 

escape from one of these off pathway intermediates states can become trapped 

in a misfolded state (Jahn and Radford 2008). The misfolded form of a protein is 

stabilised by aberrant interactions between regions of the protein that do not 

interact in the native state (Feige et al. 2008; Moulick, Goluguri and Udgaonkar 
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2017; Neudecker et al. 2012). The misfolded protein often fails to perform its 

intended role and may display markedly different biological properties and 

structure to the correctly folded protein.  

 

Figure 1.23: Schematic representations of protein folding energy landscapes. (a) A simplified 

energy landscape showing that as the protein folds towards its native state the free energy is 

reduced. (b) In reality, the topology of the protein folding landscape is more complicated and 

involves folding intermediates separated by energy barriers. In addition, the protein can become 

misfolded or aggregate. In many cases these aggregated species have a lower free energy than 

the folded state and so the protein cannot escape these energy wells making aggregates very 

stable. Figure adapted from (Jahn and Radford 2008) and (Schonbrun and Dill 2003).  

Factors which alter the thermodynamic environment or interfere with the folding 

kinetics of the protein can disrupt this process and increase the likelihood of 

misfolded proteins being formed. Mutations in the protein or changes in the 

environment such as pH or temperature are examples of these factors (Chiti and 

Dobson 2006).  

Misfolded proteins and trapped intermediates often lack the stringently evolved 

structure of the natively folded protein. It is common for hydrophobic regions 

that are normally buried to be exposed (Feige et al. 2008; Moulick, Goluguri and 

Udgaonkar 2017; Neudecker et al. 2012). In the aqueous environment of the cell 

or extracellular spaces where proteins normally find themselves, these exposed 

hydrophobic patches have a tendency to form interactions in order to shield 

themselves from solvent. These aberrant interactions can cause the protein to 
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aggregate, in particular with other misfolded proteins (Moreno-Gonzalez and 

Soto 2011). 

The aggregates formed in these aberrant interactions can take a number of 

forms. They can consist of a single aggregating species or a mixture with other 

aggregation-prone proteins. Often the aggregates formed are unstructured and 

highly amorphous. These amorphous aggregates can self-assemble into large 

plaques or deposits. In other cases the aggregates self-assemble into well-

ordered amyloid fibrils. In recent years it has been shown that a wide range of 

proteins, not just those associated with amyloid diseases, can form amyloid fibrils 

under certain conditions (Goldschmidt et al. 2010; Auer et al. 2008; Chiti et al. 

1999; Guijarro et al. 1998; Urbanc et al. 2004). These proteins, like the amyloid 

disease-causing proteins, show no sequence homology. It has been suggested, 

therefore, that the amyloid fibril may represent a stable structure accessible by 

any polypeptide chain (Auer et al. 2008; Chiti et al. 1999; Guijarro et al. 1998; 

Urbanc et al. 2004) though not all studies agree (Goldschmidt et al. 2010). 

1.2.2 Amyloid formation – mechanisms and structure  

Amyloid fibril formation is a multistage process of aggregation from a soluble 

protein to a variety of oligomeric intermediates and eventually insoluble fibrils 

(Eichner and Radford 2011; Gillam and MacPhee 2013; Jucker and Walker 2011). 

There is evidence that the fibril is not an inert, terminal point in this process and 

can undergo shedding – the loss of smaller species from the end of the fibril 

(Tipping et al. 2015) (Carulla et al. 2005). 

Fibril formation occurs via a nucleated growth process (Figure 1.24) (Arosio et al. 

2014; Buell, Dobson and Knowles 2014). The formation of a nucleus from 

misfolded monomers is a rate limiting step in aggregation (Gillam and MacPhee 

2013). The formation of the nucleus itself is thought to be thermodynamically 

unfavourable and as such is an uncommon event. After the formation of the 

nucleus, further addition of misfolded monomers is a thermodynamically 

favourable process and elongation can occur very quickly  (Eichner and Radford 

2011; Gillam and MacPhee 2013; Jucker and Walker 2011). The stochastic 
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interactions required for the formation of the nucleus result in a lag phase in fibril 

formation (Figure 1.24). The characteristic sigmoidal kinetic curve of amyloid 

fibril formation is a product of the nucleation-dependent lag phase and the 

monomer concentration-dependent elongation phase (Buell, Dobson and 

Knowles 2014). 

 

Figure 1.24: The kinetics of amyloid fibril formation and examples of species involved. Amyloid 

aggregation proceeds via a sigmoidal growth curve. In the lag phase misfolded monomers and/or 

oligomers may form. Once a critical nucleus is formed the elongation and/or propagation of the 

protofibrils and fibrils occurs rapidly until equilibrium is reached. The addition of seeds generated 

from the fragmentation of fibrils (dotted line) reduces the length of the lag phase considerably by 

removing the contribution of primary nucleation. Figure adapted from (Glabe 2008).  

The addition of preformed nuclei or seeds (fragments of fibrils) to a population 

of monomer shortens the lag phase significantly (Buell, Dobson and Knowles 

2014; Chatani et al. 2010; Hortschansky et al. 2005; Jucker and Walker 2011; 

Pinotsi et al. 2016). The presence of preformed nuclei means that the kinetics of 

seeded fibril formation are largely dependent upon elongation rather than 

stochastic interactions required for nucleus formation (Buell, Dobson and 

Knowles 2014). 

The addition of fibril fragments or the fragmentation of existing fibrillar species 

can promote secondary nucleation (Figure 1.25) (Jucker and Walker 2011). It can 

be imagined that each end of a growing fibril may be extended by the addition of 
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a new subunit. For a population of x fibrils there will be 2x ends. If this population 

is fragmented in such a way that each fibril is broken into two pieces the number 

of available extension sites will increase the (2x)2=4x. The increase the in number 

of extension sites will result in a rapid increase in the amount of protein included 

in fibrils. Secondary nucleation can also occur in conditions where fibril 

fragmentation is unlikely. It is thought that the surface of existing fibrils can act 

as a catalyst for the formation of new fibrils (Buell, Dobson and Knowles 2014; 

Knowles, Vendruscolo and Dobson 2014). This process leads to a positive 

feedback loop where the formation of fibrils promotes the formation of further 

fibrils (Cohen et al. 2013).  

 

Figure 1.25: Primary and secondary nucleation and elongation in amyloid fibril formation. The 

primary nucleation of amyloid fibril formation involves the generation of a nucleus from soluble 

proteins and its subsequent elongation. Secondary nucleation involves the generation of fibrils or 

nuclei from existing fibrilar structures by a number of possible mechanisms. Elongation is the 

addition of aggregating units to the end(s) of a fibril. Figure adapted from (Cohen et al. 2012). 

As described above, the three major processes that determine the kinetics of 

amyloid fibril formation for a given protein under a certain set of conditions are 

primary nucleation, secondary nucleation and elongation (Buell, Dobson and 

Knowles 2014; Cohen et al. 2012). The contribution of each of these elements to 

aggregation can be observed in the aggregation kinetics profile of the protein 

(Figure 1.26) (Arosio et al. 2014; Cohen et al. 2012). For example the lag phase of 

aggregation is primarily determined by the formation of critical nuclei (Eden et 

al. 2015). Therefore, a change in the lag phase length for a protein as a condition 

changes will indicate that the altered condition has affected primary nucleation 
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(Arosio et al. 2014; Buell, Dobson and Knowles 2014). However, if the gradient of 

the elongation phase has changed then the effect is likely occurring in the 

secondary nucleation process (Arosio et al. 2014; Buell, Dobson and Knowles 

2014). The rate of elongation under a fixed concentration of protein is dependent 

upon the number of sites for sub-unit addition. Alterations in the elongation rate 

alters both the apparent lag phase length and the rate of elongation (Arosio et al. 

2014; Buell, Dobson and Knowles 2014).  

 

Figure 1.26: Theoretical aggregation kinetics for an amyloid protein undergoing inhibition of 

different aggregation processes. In each case the grey scale lines represent increasing 

concentration of inhibitor as the line becomes lighter. Inhibition of primary nucleation results in 

an increase in the lag time compared to the protein alone. The inhibition of secondary nucleation 

results in a change in the gradient of the elongation phase. Inhibition of elongation alters both 

the lag phase and the elongation rate. Figure adapted from (Arosio et al. 2014). 

A variety of factors can affect the aggregation process by changing one or more 

of the processes described above. Physical factors such as temperature and 

agitation, chemical factors such as pH and the presence of other molecules are 

all known to impact aggregation of amyloid proteins (Buell, Dobson and Knowles 

2014; Stewart and Radford 2017). The co-incubation of amyloid proteins with 

other molecules including metal ions (Abelein, Graslund and Danielsson 2015; 

Bush et al. 1994; Liu et al. 2011a; Sarell, Wilkinson and Viles 2010), carbohydrates 

(Castillo et al. 1999; Stewart et al. 2016), other proteins (including 

chaperones)(Wright et al. 2015) and small molecules (Amijee et al. 2012; 

Ehrnhoefer et al. 2008; Ma et al. 2014; Richard et al. 2011; Sinha et al. 2011; Yang 

et al. 2005) has been shown to affect aggregation significantly (Stewart and 
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Radford 2017). In some cases these molecules are intended as possible 

therapeutics (Amijee et al. 2012; Ehrnhoefer et al. 2008; Ma et al. 2014; Richard 

et al. 2011; Sinha et al. 2011; Yang et al. 2005).  However, in other cases they 

represent molecules that the amyloid proteins are likely to encounter in vivo 

(Abelein, Graslund and Danielsson 2015; Bush et al. 1994; Liu et al. 2011a; Sarell, 

Wilkinson and Viles 2010; Castillo et al. 1999; Stewart et al. 2016); (Wright et al. 

2015). 

1.2.3 Determining amyloid structures 

The structure of the fibrils formed at the end of amyloid aggregation is well 

defined and, on a macroscopic scale, is shared across different amyloid proteins 

(Knowles, Vendruscolo and Dobson 2014; Makin and Serpell 2005). The typical 

morphology of an amyloid fibril when examined by transmission electron 

microscopy or atomic force microscopy is a long unbranched fibril in the micron 

length range (Chiti and Dobson 2006; Knowles, Vendruscolo and Dobson 2014). 

The superstructure of the fibril can consist of multiple protofilaments associated 

with one another. Evidence for the existence of several variations on this 

structure can be found even within a single sample (Meinhardt et al. 2009; Saiki 

et al. 2005) with single, double and triple or larger fibrils observed, as well as 

fibrils with alternative lateral associations and “twists” (Meinhardt et al. 2009). 

The protofilaments can be either wrapped round one another or lie side by side 

to form ribbons (Meinhardt et al. 2009; Nugent, Kaminski and Kaminski Schierle 

2017; Seuring et al. 2017; Sneideris et al. 2015; Tycko 2014). There is variation in 

the structure of the fibril even within these classifications. 

Common to all amyloid fibrils is the high abundance of β-sheet content in the 

fibrils, which is often not present in the soluble protein (Eanes and Glenner 1968; 

Makin and Serpell 2005). The fibril core consists of stacked β-strands which can 

be either parallel or antiparallel in arrangement (Madine et al. 2008; Nielsen et 

al. 2009). This highly ordered structure is maintained by large numbers of 

hydrogen bonds between the backbones of the residues in the fibril core (Saiki et 

al. 2005). This cross-β structural motif is a defining characteristic of amyloid 



58 
 

fibrils. When observed by X-ray fibre diffraction, reflections are observed at 4.7 

Å and 10 Å (Makin and Serpell 2005) (Figure 1.27). These signals, indicative of the 

regular spacing of the intra-strand β-strand packing and the defined inter-sheet 

distances between adjacent β-sheets in the fibril are diagnostic of amyloid 

structure (Makin and Serpell 2005). 

 

Figure 1.27: Typical characteristics of an amyloid fibril. Amyloid fibrils have a characteristic X-ray 

diffraction pattern (a) containing a reflection at 4.7 Å corresponding to the inter β-strand spacing 

in the fibril. The three dimensional structure of a fibril (b) consists of a well ordered core or 

repeating units. The structure shown here is for a fibril produced by transthyretin residues 105-

115. Panel (a) adapted from (Makin et al. 2005) and panel (b) adapted from (Fitzpatrick et al. 

2013). 

The common structure of amyloid fibrils also leads to amyloid fibrils binding in a 

similar manner to certain dye molecules. The interaction of amyloid fibrils with 

Congo red and the resultant change in birefringence has already been discussed 

(Bennhold 1922; Divry 1927). Amyloid fibrils can also bind to aromatic dyes such 

as thioflavin T (ThT) (Vassar and Culling 1959) and Pittsburgh compound B (Hong 

et al. 2014) and lead to enhancement of their intrinsic fluorescence properties - 

a phenomenon that can be exploited to measure aggregation. It should be noted 

that the enhancement of ThT fluorescence can be observed in amyloid-protein 

aggregation prior to the observation of fibrils, indicating that some of the 

properties of mature amyloid fibrils occur prior to the deposition of mature 
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fibrillar structures (Ellisdon, Thomas and Bottomley 2006). This indicates that ThT 

also binds to protofibrillar structures.  

Advances in structural biology techniques have recently allowed the observation 

of the all-atom structure of amyloid fibrils (Colvin et al. 2016; Fitzpatrick et al. 

2013; Fitzpatrick et al. 2017; Lu et al. 2013b; Paravastu et al. 2008; Petkova et al. 

2005; Petkova, Yau and Tycko 2006; Walti et al. 2016; Xiao et al. 2015). However, 

obtaining high resolution structures of these species is not trivial due to a 

combination of the insolubility of amyloid fibrils and the inherent heterogeneity 

in many samples. Cryo-EM and solid state NMR have been at the forefront of 

determining 3D structures of amyloid fibrils. (Colvin et al. 2016; Qiang et al. 2017; 

Vugmeyster et al. 2016; Walti et al. 2016; Xiao et al. 2015; Fitzpatrick et al. 2013; 

Fitzpatrick et al. 2017) Atomic level structures of transthyretin (TTR) and Tau 

fibrils have both been solved recently by cyro-EM by Fitzpatrick and co-workers 

(Fitzpatrick et al. 2013; Fitzpatrick et al. 2017). The Tau structure was derived 

from ex vivo material from a patient with Alzheimer’s disease. Interestingly, the 

fibril derived from a single patient showed two distinct morphologies indicating 

that heterogeneity observed in vitro is perhaps reflective of the case in vivo. Both 

the TTR and Tau fibril structures revealed the details of the packing interactions 

in the fibril cores. In the case of Tau, the two morphologies of fibril observed were 

found to share the same protofibrilillar structural arrangements, with the root of 

the morphological changes being the ultra-structural arrangement of the 

protofibrils in relation to one another (Figure 1.28). The variation in fibril 

structure between species has been linked to differences in the protein 

sequences and the packing of the side chains. 
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Figure 1.28: Cryo-EM density maps and atomic models of two morphologies of Tau fibrils. (a) A 

paired helical filament (PHF) structure. (b) A Straight filament (SF) structure. The protofilaments 

share identical core structure with the variation in structure appearing at the inter-filament 

packing level. Red arrows indicate additional densities, thought to come from residues 259-274 

of Tau, indicating that these residues may play an important role in determining the structure of 

the SF fibril. Helical reconstructions are shown alongside the atomic structures. Figure take from 

(Fitzpatrick et al. 2017). 

There is evidence that the structural variation in fibrils formed from a single 

protein species may be determined by kinetic factors as opposed to 

thermodynamic ones (Loveday et al. 2012; Morel et al. 2010; Pellarin et al. 2010). 

The bottom of the energy well for amyloid fibril may in fact contain many 

structures with similar stabilities. It has also been suggested that interactions 

with small molecules, ions or other cellular species (RNA, heparin or proteins) 

may cause structural heterogeneity (Cremers et al. 2016; Jain and Udgaonkar 

2010; Okada et al. 2008; Selivanova et al. 2016; Valle-Delgado et al. 2010), 

possibly by altering the kinetics of aggregation. Indeed, structures have been 

solved for α-synuclein and Aβ40 in complex with metal ions and 

glycosaminoglycans respectively (Dearborn et al. 2016; Stewart et al. 2016).  

The occurrence of different morphologies of fibrils in different individuals is one 

possible cause for the variation in disease progression (Qiang et al. 2017). In 

particular, it has been observed that patients with Alzheimer’s disease there are 

several different fibril morphologies which may correlate with different disease 

states (Qiang et al. 2017). 

The structural characterisation of the species which exist in the lag phase and 

elongation phase of amyloid fibril formation is perhaps even more challenging 
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that the analysis of the fibrils themselves. The vast array of possible species and 

the transient nature of the oligomers formed represent a significant challenge for 

traditional structural biology techniques. It should also be remembered that 

there is often little indication as to whether a species observed at a given time is 

on- or off- the pathway to amyloid fibril formation. Research relating to these 

intermediate species is particularly important in light of the possibility that one 

or more of them represents the toxic agent in amyloid diseases (Chiti and Dobson 

2017; Hoffmann, von Helden and Pagel 2017; Kayed et al. 2007; Kayed et al. 2003; 

Kayed and Lasagna-Reeves 2013; Selkoe and Hardy 2016; Sengupta, Nilson and 

Kayed 2016; Seo et al. 2017). 

Many amyloid-forming proteins form what are termed “A11-positive oligomers” 

(Kayed et al. 2007; Kayed et al. 2003). These oligomeric species were identified 

by their shared ability to bind the A11 antibody (Kayed et al. 2003). Investigation 

of A11 positive oligomers revealed that they share a spherical morphology and 

are typically between 10-70 nm in diameter (Kayed et al. 2003). A11 positive 

oligomers have been shown to be more toxic to cells than both the monomer and 

fibrils of the proteins from which they are formed (Kayed et al. 2003). 

A second antibody, known as OC, has been shown to bind to fibrilliar oligomers 

which have a higher β-sheet structure than the A11 positive oligomers (Kayed et 

al. 2007). The OC antibody also recognises mature fibrils suggesting that at least 

some structural elements are maintained between OC positive oligomers and 

fibrils (Kayed et al. 2007). It has been suggested that the A11 and OC positive 

oligomeric species may in fact represent elements of two distinct pathways of 

aggregation (Kayed et al. 2007). Indeed there may be many different pathways 

of aggregation some or all of which may lead to amyloid fibril formation.  

A combined MS and gas phase infra-red spectroscopy approach has been 

developed recently and applied to short synthetic amyloid proteins derived from 

the insulin B-chain (Hoffmann, von Helden and Pagel 2017; Seo et al. 2017). This 

novel technique has revealed a number of interesting features of amyloid 

aggregation. The β-sheet transition, a key element of the transition to early 
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fibriliar oligomers, was observed in oligomers with between 4 and 9 peptide 

subunits. In addition, the use of IMS allowed the observation of the CCS of the 

peptides involved. The more expanded conformers were observed to have a 

higher β-sheet content than the more compact conformations of the same 

oligomer. These results provide evidence that the transition towards a fibril-like 

architecture may occur at a very early stage in aggregation, at least in short 

amyloid-forming peptides.  

1.2.4 Amyloid in disease 

Amyloid aggregation causes a large number of diseases in humans (Sipe et al. 

2016). Many of these diseases are neurodegenerative in nature, although there 

are also systemic diseases and examples affecting other organs (see Table 1.2 for 

examples). Some of the most well-known amyloid conditions are Alzheimer’s 

disease, Parkinson’s disease and type II diabetes.  

Some diseases, such as the polyQ aggregation disorders (Fan et al. 2014), have a 

clear and inheritable cause of disease, while many others are described as 

sporadic (Chiti and Dobson 2006). Alzheimer’s disease, normally a sporadic 

disease, also has an early onset heritable form (Giri et al. 2017; Shea et al. 2016). 

Transmissible amyloid diseases are also known, most famously prion diseases 

(Prusiner 1991), though several recent publications have shown that other 

amyloid fibrils are capable of acting in an infectious manner (Frontzek et al. 2016; 

Jaunmuktane et al. 2015). In the case of dialysis-related amyloidosis, the disease 

occurs only in patients undergoing dialysis (Miyata et al. 1993). However, in a 

related disease, a mutant form of the same protein, β2m, is observed to 

aggregate (Valleix et al. 2012).   
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Table 1.2: Examples of amyloid diseases. Figure adapted from (Chiti and Dobson 2017) with additional information from (Fan et al. 2014). 

Disease Aggregating protein(s) 
(precursor) 

Organ/tissue(s) affected Location of Fibrils Clinical features 

Alzheimer’s 
disease 

Amyloid-β peptide (Amyloid 
precursor protein), 
Tau 

Brain Extracellular (Aβ) 
Intracellular (Tau) 

Dementia 

Parkinson’s 
disease 

α-synuclein Brain Intracellular Movement disorder, 
Dementia 

Dialysis related 
amyloidosis 

β-2-microglobulin Systemic (Joints) Extracellular Renal failure, 
Joint tissue destruction 

Transthyretin 
amyloidosis 

Transthyretin Systemic Extracellular Peripheral neuropathy 

Transmissible 
spongiform 
encephalopathies 

Prion protein Brain Extracellular Dementia, 
Ataxia, 
Psychiatric disturbance 

Type II diabetes Islet amyloid polypeptide Pancreas (islets of Langerhans) Extracellular Insulin resistance, 
Insulin deficiency, 

Huntington’s 
disease 

Huntingtin Brain Intracellular Loss of motor control, 
Dementia 

Spinocerebellar 
ataxia type-3 

Ataxin-3 Brain Intracellular Ataxia, 
Cognitive decline 

Spinal and bulbar 
muscular atrophy 

Androgen receptor Brain and spinal cord Intracellular Trouble swallowing, 
Movement disorder, 
Endocrine dysfunction 
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The mechanism of the toxicity of amyloid is not well understood (Kayed and 

Lasagna-Reeves 2013; Selkoe and Hardy 2016; Verma, Vats and Taneja 2015). 

Both gain of function and loss of function mechanisms have been suggested 

(Winklhofer, Tatzelt and Haass 2008) (Figure 1.29). It is worth noting that there 

are known functional amyloids, so the toxicity of amyloid may not be an inherent 

feature to all amyloid forming proteins (Otzen 2010). However, proteins which 

do not naturally form amyloid but can be induced to do so (by loss of co-factors 

(Pertinhez et al. 2001) or exposure to acid pH (Guijarro et al. 1998) for example) 

have been shown in some cases to be toxic in their aggregated state (Goldschmidt 

et al. 2010; Auer et al. 2008; Chiti et al. 1999; Guijarro et al. 1998; Urbanc et al. 

2004; Bucciantini et al.). This discovery, along with the toxicity of a wide range of 

functionally unrelated amyloids, suggests that a toxic gain of function is likely the 

cause of most amyloid toxicity. However, there may also be contributions from 

the disruption of the protein original function (Cattaneo et al. 2001; Neves-

Carvalho et al. 2015; Reaume et al. 1996).  

There is evidence for a number of toxic functions of amyloid fibrils and pre-

fibriliar species. Amyloid fibril plaques have long been known to contain species 

other than the amyloid protein itself (Olzscha et al. 2011; Stewart and Radford 

2017). Hartl and co-workers have demonstrated that some of the most abundant 

species in an amyloid fibril deposit are cellular chaperones and unfolded protein 

response factors (Olzscha et al. 2011). The loss of cellular machinery in this 

manner could lead to significant disruption of cellular function. The reduced 

ability to respond to protein aggregation (amyloid or otherwise) due to loss of 

chaperones would be particularly devastating in aging cell where the proteostatic 

machinery is less efficient (Taylor and Dillin 2011).  

The aberrant interactions described in the example above could also lead to a 

knock-on loss of function in other proteins as opposed to a loss of the function of 

the aggregating protein. This could occur either through co-aggregation of the 

interacting species or competition for interaction with their natural ligands. The 

downstream toxic mechanisms of these interactions is limited only by the 
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function of the proteins in the cell with which the amyloid species can interact 

and therefore is potentially extremely complex.  

Several amyloid proteins, such as Aβ, form extracellular fibrils. Research has 

shown that these fibrils, as well as intracellular amyloids, can interact with 

cellular membranes (Braun et al. 2014; Delgado et al. 2016; Zhang et al. 2017). In 

addition, monomers (Engel 2009; Engel et al. 2008) and soluble oligomeric 

species (Demuro, Smith and Parker 2011; Lin, Bhatia and Lal 2001; Quist et al. 

2005)  have been also been shown to interact with membranes. Several amyloid 

protein fibrils have been shown to interact with the cell surface receptor RAGE 

which causes the activation of cellular stress responses and the recruitment of 

immune response factors (Yan et al. 1996; Yan et al. 2000). In addition to 

activation of existing membrane bound features, it has been suggested that 

amyloid fibrils and oligomers can disrupt the membrane either directly or via the 

formation of membrane pores and lead eventually to cell death (Demuro, Smith 

and Parker 2011; Engel 2009; Lin, Bhatia and Lal 2001; Quist et al. 2005; Zhao, 

Tuominen and Kinnunen 2004). 

While toxic gain of function certainly appears to be a strong candidate for the 

mechanism of amyloid toxicity, there are examples where a loss of function also 

appears relevant. For example, the protein huntingtin, which aggregates upon 

expansion of its polyQ domain in the Huntington’s disease, is believed to have an 

anti-apoptotic role in the cell (Luo and Rubinsztein 2009; Nuzzo et al. 2016). The 

sequestering of huntingtin in amyloid fibrils and the attended conformational 

changes in the protein may prevent this function and thus lead to cell death in 

cells which normally would not undergo apoptosis.  
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Figure 1.29: Examples of possible amyloid toxic mechanisms. Amyloid proteins may interact with 

the membrane resulting in pore formation of direct disruption of the membrane. They may also 

cause aberrant cellular signalling by interacting with cell surface receptors (blue). In the cell 

aggregated proteins may sequester or co-aggregate with key cellular components such as 

chaperones (orange). The amyloid protein may lose its original function or develop aberrant non-

native interactions with other cellular components (plum). Figure adapted from (Mahood 2015). 

Current therapeutic strategies are generally focused towards reducing the effect 

of the downstream effects of amyloid toxicity. An exception to this is Tafamidis, 

a small molecule which stabilises the native TTR complex and thus prevents the 

release of the unfolded monomer required for amyloid formation (Hammarstrom 

et al. 2003). As many amyloid precursors are intrinsically disordered, targeting a 

native state of the protein is extremely difficult. Development of future 

therapeutics is focused towards reducing the toxicity of the amyloid species and 
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reducing the amyloid burden (Folch et al. 2016; Sacchettini and Kelly 2002; 

Yiannopoulou and Papageorgiou 2013).  

1.2.5 Examples of amyloid diseases – Alzheimer’s disease and Amyloid-β 

Alzheimer’s disease is a progressive neurodegenerative disease characterised by 

dementia, cognitive decline and eventually death (Murphy and LeVine 2010). 

Alzheimer’s disease is the most common amyloid disease and the most common 

dementia and is predicted to become more prevalent as the global population 

becomes older. The high occurrence, socio-economic costs and the position of 

Alzheimer’s as a quintessential amyloid disease makes AD research a highly active 

field (Chiti and Dobson 2017; Selkoe and Hardy 2016).  

Alzheimer’s disease involves the formation of two distinct species of amyloid 

fibrils. The first consist of the peptide amyloid-β derived from the 

transmembrane amyloid precursor protein (APP). Cleavage of APP results in the 

release of soluble peptides 38-43 residues in length, including Aβ40 and Aβ42 

(Figure 1.30) (O'Brien and Wong 2011; Ida et al. 1996; Qi-Takahara et al. 2005; 

Roher et al. 1993a; Roher et al. 1993b; Welander et al. 2009). These species can 

then go on to aggregate and form amyloid fibrils which are deposited 

extracellularly (Glenner and Wong 1984). The second species of fibril is formed 

from Tau, a microtubule associated protein involved in transport of organelles 

and large biomolecules as well as stabilisation of apoptotic factors (Lee et al. 

1991; Wang and Mandelkow 2016). Tau aggregates to form intracellular 

neurofibrilar tangles (Lee et al. 1991). The phosphorylation of Tau is believed to 

play a key role in its aggregation propensity (Lee et al. 1991; Wang and 

Mandelkow 2016). Both classes of fibril are observed in the brains of Alzheimer’s 

disease patients. The fibrils and the consequential loss of brain tissue are 

localised primarily to the cerebral cortex (Murphy and LeVine 2010). As with 

other amyloid diseases, the actually identity of the toxic species in AD is debated 

and may be produced by Aβ, Tau or both (Bloom 2014; Brier et al. 2016; 

Mondragon-Rodriguez et al. 2012). 
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There are two categories of Alzheimer’s disease, sporadic or late onset 

Alzheimer’s disease (LOAD), and early onset Alzheimer’s disease (EOAD). The 

majority of cases (97%) are LOAD (Masters et al. 2015). LOAD has no single clear 

causative feature though many correlatery relationships have been observed 

which include: age, head trauma (Van Den Heuvel, Thornton and Vink 2007) and 

genetic features (Carrasquillo et al. 2009; Corder et al. 1993; Harold et al. 2009). 

EOAD, while less common, has provided many insights into AD and has led to the 

identification of several heritable genetic features including mutations in PSEN1 

(Larner and Doran 2006), PSEN2 (Marcon et al. 2004) and APP (Van Broeckhoven 

1995). These discoveries have highlighted the importance of APP processing, for 

example, in the development of AD. 

Aβ is generated by the cleavage of APP at the membrane by β- and γ-secretases 

(Figure 1.30) (O'Brien and Wong 2011). APP is a large transmembrane protein 

(major isoforms in the brain range from 695 – 770 amino acids residues in length 

(Matsui et al. 2007)) with a complex processing pathway and poorly understood 

function (Priller et al. 2006). Two main pathways are involved in APP processing 

(Figure 1.30). Cleavage by α-secretase followed by γ-secretase results in a non-

amyloidogenic products (Figure 1.30a). Cleavage by β-secretase followed by γ-

secretase results in a variety of Aβ peptides from 38-43 residues in length or 

longer of which Aβ40 and Aβ42 are the two major products (Figure 1.30b-c) 

(O'Brien and Wong 2011).  

  



69 
 

 

Figure 1.30: Aβ processing at the cell membrane. Aβ is generated by the sequential cleavage of 

APP by α/β and γ-secretases. This process can proceed via a non-amyloidogenic route (a) involving 

α-secretase or via an amyloidogenic route (b) involving β-secretase. (c) The site of cleavage can 

result in a variety of product proteins some of which are shown here. Black shows the sequence 

of Aβ42 while grey shows the surrounding residues in the context of APP. Figure adapted from 

(O'Brien and Wong 2011). 

Aβ40 and Aβ42 are amphipathic peptides containing a charged N-terminal region 

followed by a hydrophobic central and C-terminal domain (Figure 1.30c). The 

central region, residues 14 to 23 (Tjernberg et al. 1999), 16-21 (Gorevic et al. 

1987; Preston et al. 2012) or 16 to 22 (Tao et al. 2011), is thought to be important 

for amyloid formation as it has been shown to form amyloid in isolation. The 

additional two residues on the C-terminus of Aβ42, Ile and Ala, lead increased 

hydrophobicity of the peptide. This increase in hydrophobicity may drive the 

increased aggregation of Aβ42 compared to Aβ40.  

Aβ fibrils have demonstrable toxicity in cells via a number of mechanisms 

(Cameron and Landreth 2010; Petkova et al. 2005; Qiang et al. 2012; Sultana, 

Perluigi and Butterfield 2009; Tomic et al. 2009; Walsh et al. 1999). For example 

fibrils can induce oxidative damage (Butterfield, Swomley and Sultana 2013; Cai, 
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Zhao and Ratka 2011) and initiate inflammatory responses (Currais et al. 2016). 

Several groups have attempted to determine a structure of Aβ fibrils making use 

of the techniques discussed previously (Colvin et al. 2016; Lu et al. 2013b). Aβ 

fibrils show polymorphism, as observed for fibrils from other proteins (Tycko 

2014), although this may be a natural feature of amyloid fibril formation or a 

consequence of the conditions in which the fibrils formed (these of course are 

not mutually exclusive conclusions). Certainly there is polymorphism in the fibril 

morphology between individual disease sufferers, however recent work indicates 

that a single polymorph dominates Aβ40 and Aβ42 fibrils throughout the brain of 

a given individual (Qiang et al. 2017). Given that the individuals from which the 

fibrils were derived had differing clinical histories it is possible that the fibril 

morphology may correlate with a given disease progression.  

Probably the most detailed Aβ40 fibril structures are the 2A and 3Q structures 

published by Tyko and co-workers (Paravastu et al. 2008; Petkova et al. 2005; 

Petkova, Yau and Tycko 2006). These two fibril morphologies were produced with 

agitation and quiescently, respectively, and show strikingly different 

morphologies (Figure 1.31). While both conformations consist of protofibrils with 

a strand-turn-strand architecture, 2A fibrils display 2-fold symmetry (Figure 

1.28a), with the primary inter-protein contacts mediated by β-strands. The 3Q 

fibrils, meanwhile, have 3-fold symmetry with the ends of the β-strands and the 

loops forming inter-protein contacts (Figure 1.31b). It should also be noted that 

the 2A and 3Q fibrils were produced in vitro and both vary from the ex vivo 

structures.  
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Figure 1.31: Aβ fibril structures. (a) The 2A fibril structure of Aβ40 showing 2-fold symmetry. (b) 

The 3Q fibril structure of Aβ40 showing 3-fold symmetry. (c) The triple parallel β-strand 

morphology of the Aβ42 fibril. In all cases the fibril axis is into the page. (a) and (b) adapted from 

(Paravastu et al. 2008) and (c) adapted from (Walti et al. 2016). 

The Aβ42 fibril structures have historically been less well defined than that of 

Aβ40 fibrils. Recent ssNMR structures of Aβ40 and Aβ42 fibrils have revealed an 

unprecedented level of detail, allowing differences between the fibrils to be 

distinguished for the first time (Qiang et al. 2017; Walti et al. 2016). Interestingly, 

recent work has indicated that the Aβ42 protofibril forms three β-strands (Figure 

1.31c) rather than the two seen in nearly all Aβ40 fibril models (Walti et al. 2016). 

The triple strand structure is stabilised by interactions from Ala42 with other 

residues and so is unlikely to be stable for Aβ40. In addition the triple strand Aβ42 

fibrils cannot seed Aβ40 fibrils.  

Oligomers, either generated from primary nucleation or via secondary nucleation 

or shedding from fibrils are harder to study by structural techniques than the 

mature fibrils. The population of prefibrillair species is often transient and 

heterogeneous rendering investigation by many techniques difficult. Mass 
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spectrometry has been successfully employed to study oligomers formed by 

amyloid proteins, for example Aβ40 and Aβ42 (Bernstein et al. 2009a). IMS-MS 

(Figure 1.32) has demonstrated that the two Aβ peptides forms different 

distributions of oligomers, with Aβ42 forming a tetramer with an “open” 

conformation which is thought to rapidly form a nucleus for further expansion 

(Bernstein et al. 2009a). The absence of this open-tetramer and the nucleus in 

Aβ40 have been suggested as possible rationale for the reduced aggregation rate 

and toxicity of Aβ40 compared to Aβ42 (Bernstein et al. 2009a). 

 

Figure 1.32: An example of possible oligomer types observed in the aggregation of Aβ by IMS-MS. 

Molecular modelling, based on experimentally determined CCS values, suggest different 

pathways of aggregation for Aβ40 (light grey) and Aβ42 (dark grey). The progression to fibrils and 

oligomers was not observed in the experiment. Aβ42 forms an open tetramer (Te) which allows 

the formation of a hexameric paranueclus which then aggregates rapidly. Aβ40 forms a closed 

tetramer (Te) which then undergoes slow formation of fibrils. Figure from (Bernstein et al. 2009a). 

The characterisation of Aβ oligomers has revealed a diverse range of species 

ranging from dimers (Bernstein et al. 2009a; Hung et al. 2008) to oligomers of up 

to 56 kDa (Gong et al. 2003; Lesné et al. 2006). Mixed oligomers of Aβ40 and 

Aβ42 have also been studied (Pauwels et al. 2012). Many of these species have 

demonstrated toxicity (measured via inhibition of long term potentiation of 

neuronal cells) in hippocampal brain slices (Gong et al. 2003; Lesné et al. 2006) 

though given the inherent transience of the species, it is difficult to determine 

which form of the protein the toxicity should be attributed to.  
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1.2.6 Examples of amyloid diseases – Polyglutamine disease and ataxin-3 

Polyglutamine (polyQ) expansion diseases comprise a group of ten inherited 

protein aggregation disorders characterised by the deposition of proteins 

containing aberrantly expanded polyQ domains into amyloid fibrils (Fan et al. 

2014). Unlike Alzheimer’s disease, there is a clear and observable genetic 

element to the polyQ diseases. In each disease, a different protein encoding gene 

is mutated by the extension of a CAG repeat region (Fan et al. 2014).  

Expansion of the polyQ domains can occur rapidly for reasons that are not 

competely understood (McMurray 2010). In a process known as genetic slippage 

additional regions of CAG repeat can be extended during replication of cellular 

DNA resulting in expression of a protein with a longer polyQ sequence (McMurray 

2010). PolyQ diseases are inherited in an autosomal dominant manner with the 

exception of Spinal and bulbar muscular atrophy (La Spada 1999 ), and due to 

progressive genetic slippage have a tendency to become more severe with each 

generation (Fan et al. 2014).  

A different protein is involved in each disease within this class and the length of 

the polyQ domain required for fibril formation in vitro and disease onset varies 

(Table 1.3), indicating that the sequence and structural context of the polyQ 

domain play an important role in determining aggregation propensity. Consistent 

with this, there is no sequence homology between the different proteins involved 

in polyQ aggregation disorders outside of their polyQ domains, and numerous 

biochemical and biophysical studies in vitro have shown the importance of the 

sequences flanking the polyQ tract in determining its aggregation propensity 

(Bhattacharyya et al. 2006; Darnell et al. 2007b; Darnell et al. 2009; 

Eftekharzadeh et al. 2016; Rockabrand et al. 2007; Thakur et al. 2009). The age 

of onset of a given disease shows an inverse correlation with the length of the 

polyQ domain, while disease severity is increased as the expansion lengthens 

(Fan et al. 2014; Wang et al. 2016b).  
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Table 1.3: Lengths of polyQ expansion in the polyQ diseases. Note that the ataxin proteins are 

unrelated. Figure adapted from (Adegbuyiro et al. 2017) and (Fan et al. 2014). 

Disease Protein Normal 
PolyQ 
length 

PolyQ 
length in 
disease 

Huntington’s disease Huntingtin 6-35 36-100 

Spinobulbar muscular atrophy Androgen receptor 6-36 38-65 

Dentatorubral-pallidoluysian 
atrophy 

Atrophin-1 3-38 49-88 

Spinocerebellar ataxia type 1 Ataxin-1 6-39 39-88 

Spinocerebellar ataxia type 2 Ataxin-2 13-32 33-77 

Spinocerebellar ataxia type 3 Ataxin-3 12-40 55-86 

Spinocerebellar ataxia type 6 CACNA1A 4-18 21-33 

Spinocerebellar ataxia type 7 Ataxin-7 7-18 38-120 

Spinocerebellar ataxia type 12 PPP2R2B 4-32 66-78 

Spinocerebellar ataxia type 17 TATA-box binding 
protein 

25-43 47-63 

 

Machado Joseph disease (MJD), also known as Spinocerebellar ataxia type-III 

(SCA3), is a polyQ disease caused by the expansion of the polyQ domain found in 

the protein ataxin-3 (Costa Mdo and Paulson 2012; Kawaguchi et al. 1994). MJD 

is characterised by progressive neurological symptoms including ataxia (impaired 

motor control), tremor, cognitive decline and death (Costa Mdo and Paulson 

2012). The age of onset of MJD can range from early childhood in the most severe 

cases to much later in life for those with shorter polyQ regions (Fan et al. 2014). 

In vivo ataxin-3 fibrils are deposited in the nucleus and cytoplasm of neurons 

(Wang et al. 2016b). The deposition of ataxin-3 amyloid fibrils is centred in the 

hind brain and the pons (Wang et al. 2016b). Several mechanisms of toxicity have 

been suggested for ataxin-3, including impaired protein degradation, 

mitochondrial dysfunction and transcriptional dysregulation (Evers, Toonen and 

van Roon-Mom 2014).   

Ataxin-3 is a soluble protein found in the cytoplasm (Paulson et al. 1997) and 

nucleus (Tait et al. 1998). It is expressed ubiquitously throughout the body in 

several isoforms (Paulson et al. 1997). Ataxin-3 has a deubiquitinase activity with 

a preference for branched ubiquitin chains with K63 linkages (Winborn et al. 
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2008). This deubiquitinase activity plays a role in protein homeostasis (Wang, Li 

and Ye 2006). Other suggested functions for ataxin-3 include DNA break repair 

and apoptosis (Liu et al. 2016; Pfeiffer et al. 2017). 

Ataxin-3 consists of an N-terminal 21 kDa globular Josephin domain (JD) followed 

by two ubiquitin interacting motifs (UIMs), a polyQ domain and, depending on 

isoform, a third UIM (Figure 1.33a) (Burnett, Li and Pittman 2003; Masino et al. 

2003). These domains are separated by disordered linker regions of varying 

length.  

 

 

Figure 1.33: Ataxin-3 structure. (a) The domain organisation of ataxin-3 78Q. From N- to C-

terminus the protein consists of the global Josephin domain, two UIMs, a polyQ domain and a 

third UIM each separated by an unstructured region of varying length. The third UIM does not 

occur in all splice variants. The NMR structures of (b) the JD (Nicastro et al. 2005) and (c) the 

UIM12 region (Song et al. 2010) are shown (not to scale).   
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The JD contains the site of deubquitinase activity, as well as two ubiquitin binding 

motifs situated on either side of the helical hairpin (top of Figure 1.33b) (Nicastro 

et al. 2009). The structure of JD is well defined with several structures available 

(Figure 1.33b) (Nicastro et al. 2005). UIM1 and UIM2 also have known structures 

(Figure 1.33c) (Song et al. 2010) while UIM3 is thought to share a similar 

structure. The UIMs are predominantly helical (Song et al. 2010). The UIMs are 

thought to play a role in substrate recognition and ataxin-3’s preference for K63 

linkages in substrates (Winborn et al. 2008). In healthy individuals the length of 

the polyQ domain varies from 12 to 44 residues (NCBI 2016). Some progress has 

been made in solving the structure(s) of the polyQ domains for short polyQ 

variants of ataxin-3 (Zhemkov et al. 2016), however, a structure in the context of 

the full length protein or of an expanded polyQ domain has not been produced 

to date. 

Ataxin-3 is unusual amongst polyQ proteins in that it undergoes aggregation to 

form amyloid-like structures without the expansion of its polyQ domain (Figure 

1.34) (Ellisdon, Thomas and Bottomley 2006). The JD alone can undergo 

aggregation to form ThT positive amyloid protofibrils in vitro (Ellisdon, Thomas 

and Bottomley 2006). The protofibrils produced in this polyQ independent/JD 

dependent step are 10-12 nm in diameter and grow in length with time up to 

several hundred nm and have a curly morphology when viewed by TEM (Ellisdon, 

Thomas and Bottomley 2006). Expansion of the polyQ domain over 50 residues 

results in ataxin-3 undergoing a second aggregation step to form longer straight 

fibrils (50-100 nm in diameter and up to several µm in length) with a morphology 

more reminiscent of typical amyloid fibres (Ellisdon, Thomas and Bottomley 

2006). These fibrils are resistant to degradation by SDS (Ellisdon, Thomas and 

Bottomley 2006). Despite detailed kinetic analysis of ataxin-3 aggregation 

(Apicella et al. 2012; Ellisdon, Pearce and Bottomley 2007; Ellisdon, Thomas and 

Bottomley 2006; Lupton et al. 2015; Saunders et al. 2011) it remains unclear why 

ataxin-3 undergoes this two-step process. Interestingly, ataxin-3 aggregates 

formed by a truncation lacking the polyQ domain have been shown to be toxic in 

yeast (Bonanomi et al. 2015), providing evidence that fragments of ataxin-3 may 
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retain toxicity and that the polyQ domain is not required for some toxic 

mechanisms. 

 

Figure 1.34: Ataxin-3 aggregation occurs via a two-step mechanism. Ataxin-3 containing a non-

pathogenic length polyQ domain undergoes a polyQ independent aggregation step to form 

protofibrils. This step is thought to be mediated by the JD. Ataxin-3 containing an expanded polyQ 

domain then undergoes a second polyQ length dependent aggregation step to from mature 

fibrils. The peptide QBP1 has been shown to inhibit this second step and is relevant for the work 

presented in Chapter 4. Figure adapted from (Ellisdon, Thomas and Bottomley 2006). 

Ataxin-3 can be processed by enzymes from the calpain and caspase families 

(Hubener et al. 2013; Jung et al. 2009; Liman et al. 2014; Simoes et al. 2014; 

Wellington et al. 1998). For calpain in particular there is evidence that the 

cleavage of ataxin-3 (by caspases at residues 241, 244 and 248 (Berke et al. 2004) 

and calpains at residues 60, 221 and 260 (Goti et al. 2004; Haacke, Hartl and 

Breuer 2007; Hubener et al. 2013; Simoes et al. 2012)) can modulate its 

aggregation and toxicity in animal models (Hubener et al. 2013; Simoes et al. 

2014). However, ataxin-3 alone also appears to form toxic amyloid fibrils 

(Bonanomi et al. 2015; Evers, Toonen and van Roon-Mom 2014).  
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The lack of detailed understanding of the processes involved in ataxin-3 

aggregation and toxicity has hindered the development of therapeutics for MJD. 

This is also the case for other polyQ diseases (Fan et al. 2014). The 

characterisation of polyQ proteins aggregation is challenging due to the high 

frequency of intrinsically disordered regions and the inherent aggregation 

propensity of the polyQ itself (Fan et al. 2014). Therefore, the study of ataxin-3 

aggregation is important both in the understanding of MJD and as a model system 

in the wider context of polyQ aggregation. 
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1.3 Selected other methods for studying amyloid proteins 

1.3.1 Thioflavin T fluorescence assay 

As noted in Chapter 1.2, several dyes have been shown to selectively bind to 

amyloid fibres. Upon interacting with amyloid fibres these dyes show 

characteristic changes in their physical behaviour; for example, the apple-green 

birefringence exhibited by Congo-red upon binding to an amyloid fibre (Bennhold 

1922; Divry 1927).  

The molecule thioflavin T, a benzothiazole salt, exhibits fluorescence at 482 nm 

when excited at 440 nm. Upon ThT interacting with the β-sheet rich amyloid 

fibres, this fluorescence increases in intensity (LeVine 1999; Naiki et al. 1989). ThT 

can be used to follow the formation of amyloid fibres in real time by use of a 

continuous fluorescence detector (hereafter referred to as the ThT assay), 

allowing for detailed kinetic analysis of the aggregation process. The 

interpretation of such data is a cornerstone of the study of amyloid disease 

processes.     

The use of ThT as an indicator of the presence of amyloid fibres is not without 

problems. Unless the conditions are very carefully controlled, the relationship 

between fibre concentration and ThT fluorescence increase are not necessarily 

linear (Gade Malmos et al. 2017). In addition, not all amyloids cause the same 

degree of increase in ThT fluorescence (Cloe et al. 2011). This raises the potential 

of under or over estimating the degree of amyloid formation or a false negative 

result. The species that the ThT fluorescence reports on are not exclusively the 

final amyloid fibril (Goldsbury et al. 2000; Habicht et al. 2007; Walsh et al. 1999). 

For example, during the aggregation of the polyglutamine protein ataxin-3, the 

formation of polyQ independent protofibirils which do not have a classical 

amyloid morphology results in an increase in the ThT fluorescence (Ellisdon, 

Thomas and Bottomley 2006). The subsequent maturation process, mediated by 

the polyQ domain, does not result in further increase in the ThT fluorescence 

(Ellisdon, Thomas and Bottomley 2006). This renders the interpretation of ThT 
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fluorescence data more complicated for ataxin-3 aggregation than for other 

amyloid proteins, as detailed in Chapter 4.  

Despite these issues the ability of the ThT assay to provide kinetic information 

relating to the formation of amyloid fibres and the relative ease (and low cost) of 

the assay mean that the ThT assay remains a valuable tool for the study of 

amyloid formation.  

1.3.2 Transmission electron microscopy 

The macromolecular structures formed by amyloid proteins can vary 

considerably (see Chapter 1.2.3 for examples). Imaging amyloid fibrils can both 

give insight into their structure and also serve to ensure that any fibrils formed 

but not observed by other means (such as the ThT assay) are detected. 

Comparison of amyloid fibrils produced under different conditions or in the 

presence of an inhibitor can provide useful information.  

In this thesis negative stain transmission electron microscopy (TEM) is used to 

observe the fibrils and other species formed during amyloid aggregation. In 

negative stain TEM, a thin carbon grid is prepared onto which a sample is 

deposited. Molecules in the sample stick to the surface of the grid. After washing 

away any debris, an electron dense material (known as the stain), such as uranyl 

acetate is added. The electron dense material adsorbs onto the surface of the 

biological molecules. The prepared grid can then be dried and stored.  

The sample grid is placed in an electron microscope in such a way that the 

electron beam of the instrument will pass through the sample on its way to a 

detector (traditionally photographic film or more recently digital detectors). 

Electrons in the beam which encounter electron dense regions (such as the stain) 

will be scattered and prevented from reaching the detector, resulting in regions 

of low signal. Conversely, electrons which encounter relatively electron poor 

regions (such as unstained regions of the grid) will undergo little scattering and 

thus reach the detector resulting in high signal. The resulting data can be 

combined to form a two dimensional image of the material deposited on the grid.  
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The relatively low resolution TEM performed here should not be confused with 

the high resolution cryo-electron microscopy described in Chapter 1.2.3, which 

can be used to produce high resolution structural reconstructions of proteins and 

other biological molecules. 

1.3.3 1H-T1ρ NMR experiments:  

1H-T1ρ NMR experiments allow the observation of complex formation in solution 

while requiring only low concentrations of protein, an advantage when 

investigating amyloid protein systems in which aggregation may occurs rapidly at 

higher concentrations.  

1H-T1ρ NMR measures the line broadening which occurs in the proton channel 

of the ligand NMR spectrum when a low molecular weight ligand binds to a high 

molecular weight partner such as a protein (Lepre, Moore and Peng 2004). This 

line broadening occurs as a result of the increased tumbling time of a large 

complex compared to the free ligand. T1ρ experiments are particularly sensitive 

when measuring weak interactions. Where other NMR techniques rely on peaks 

shifts, which are not always observed in weak interactions, T1ρ experiments 

measure only the loss of signal resulting from the line broadening.  

In a T1ρ NMR experiment an excess of ligand is exposed to a low concentration 

of the protein. The protein itself will contribute little to the overall signal in this 

situation due to its low concentration and slow tumbling time. Any losses in the 

signal upon ligand binding are indicative of interaction. The magnitude of the 

signal reduction is dependent upon several factors including the strength of the 

interaction and the size of the complex formed (Lepre, Moore and Peng 2004). 

The relationship between these factors is complicated. As such the data 

presented in Chapter 4 should not be treated as indicative of the relative 

strengths of interaction between QBP1 and the various proteins, but instead 

were used qualitatively to assess binding of QBP1 to the different ataxin-3 

constructs in solution (Figure 4.17). 



82 
 

1.3.4 Far UV-circular dichroism  

Far UV-circular dichroism (CD) analyses differences in the absorbance of left hand 

and right hand circularly polarised light by chemical groups in amino acids caused 

by the secondary structure of proteins (Greenfield 2006). Various methods exist 

for calculating the relative abundance of each secondary structure element in a 

sample (Andrade et al. 1993; Compton and Johnson 1986; Provencher and 

Glockner 1981; Sreerama and Woody 1993). This can be extremely useful for 

examining or confirming the secondary structure of an unknown protein or 

peptide or to confirm that an isolated peptide retains its secondary structure. 

Comparison of the secondary structure determined by CD with those predicted 

from NMR of x-ray crystallography can also be undertaken. 

Given that amyloid proteins often undergo an increase in β-sheet structure 

during or upon aggregation (as described in Chapter 1.2), CD provides an 

excellent opportunity for the examination of amyloid protein aggregation.   
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1.4 Aims of this thesis 

Amyloid diseases represent a growing issue in the developed and developing 

world. There are few effective therapeutics to treat these diseases. In order to 

develop novel therapeutics our understanding of the processes involved in 

aggregation must be improved. The aim of this study is to investigate the 

aggregation of two amyloid systems in relation to molecules which modulate 

amyloid formation. The primary tools used for this investigation were mass 

spectrometry and ThT aggregation kinetics supported by other biophysical and 

biochemical techniques.  

The work in Chapter 3 describes the investigation of the effect of YDL085CA on 

the aggregation of amyloid proteins. YDL085CA is an ortholog of the human 

protein SERF1 which has been shown to selectively accelerate the formation of 

amyloid fibrils (Falsone et al. 2012). The effect of the addition of YDL085CA on 

the kinetics of the aggregation of Aβ40 are investigated. In addition, crosslinking 

mass spectrometry is used to define the binding site of YDL085CA on Aβ40 and to 

examine the effects this has on protein conformation.  

In Chapter 4, a known inhibitor of polyQ aggregation, the peptide QBP1, is 

investigated. The interaction of QBP1 with a range of ataxin-3 constructs is 

examined by use of native mass spectrometry and compared with NMR data. A 

novel site of interaction is observed and the potential relevance of this site to the 

literature is discussed.  

Finally, in Chapter 5 the results are summarised and their relevance to the field 

of amyloid aggregation is discussed.  
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2 Materials and methods 

2.1 Equipment 

Mass spectrometers: 

Synapt High Definition Mass Spectrometer (HDMS) quadrupole ion-mobility time-

of-flight mass spectrometer (Waters Corp., Manchester, UK). 

Synapt G2-Si HDMS quadrupole ion-mobility time-of-flight mass spectrometer 

(Waters Corp., Manchester, UK). 

Synapt G2S HDMS quadrupole ion-mobility time-of-flight mass spectrometer 

(Waters UK, Manchester, UK) 

Xevo G2-XS quadrupole time-of-flight mass spectrometer (Waters Corp., 

Manchester, UK). 

Liquid chromatography equipment: 

Acquity UPLC M-Class (Waters Corp., Manchester, UK). 

MassPREP protein desalting column (Waters Corp., Manchester, UK) 

Symmetry C18 trap column (Waters Corp., Manchester, UK) 

HSS T3 C18, 75 µm i.d. x 150 mm analytical column (Corp., Manchester) 

Nuclear magnetic resonance instruments: 

600 MHz NMR magnet (Oxford Instruments, Abingdon, UK)  

QCI-P-cryoprobe and an Avance III HD console (Bruker Corpn., Coventry, UK)  

Micro plate readers and plates: 

FLUOstar Omega (BMG Labtech, Ortenburg, Germany) 

FLUOstar Optima (BMG Labtech, Ortenburg, Germany) 

CLARIOstar (BMG Labtech, Ortenburg, Germany) with monochromator 
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Corning® 96 Well Half Area Black with Clear Flat Bottom Polystyrene NBS™ 

Microplate, non-sterile (Corning GmbH, Wiesbaden, Germany) 

Corning Costar® 96-Well Black Polystyrene Plate (Corning GmbH, Wiesbaden, 

Germany) 

Electron microscope:  

JEOL JEM-1400 transmission electron microscope (JEOL USA Inc., Peabody, USA) 

with Gatan US1000XP 2k x 2k CCD camera (Gatan Inc., Pleasanton, USA) 

Circular dichroism: 

Jasco J715 spectropolarimeter (JASCO, Easton, USA) with a 6 cell changer and 

peltier temperature control 

Spectrophotometers: 

Nanodrop 2000 (Thermo Scientific, Surrey, UK) 

VersaWave microvolume spectrophotometer (Expedeon Ltd., Cambridgeshire, 

UK)  

Ultrospec 1200 pro (Amersham Biosciences/GE healthcare, Little Chalfont, UK) 

UV 1800 UV-VIS Spectrophotometer (Shimadzu, Kyoto, Japan) 

Centrifuges: 

Avanti J-26 XP Centrifuge (Backman Coulter, Brea, CA, USA) 

GenFuge 24D Centrifuge (Progen Scientific, London, UK) 

Eppendorf 5810R Centrifuge (Fisher Scientific, Loughborough, UK Beckman 

Coulter) 

Eppendorf 5430R Centrifuge (Fisher Scientific, Loughborough, UK Beckman 

Coulter) 
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Eppendorf 5418 Centrifuge (Fisher Scientific, Loughborough, UK Beckman 

Coulter) 

Mini Fuge microcentrifuge (Starlab (UK), Milton Keynes, UK)  

Incubators, shakers and related equipment:  

Innova 43 Shaker Incubator (New Brunswick Scientific, USA)  

Innova 44 Shaker Incubator (New Brunswick Scientific, USA) 

SI600 orbital incubator (Stuart, Staffordshire, UK) 

Economy incubator size 1, with fan (Gallenkamp) 

T18 digital ULTRA TURRAX (IKA, North Carolina, USA) 

Constant cell disruption systems cabinet (Constant systems ltd., 

Nottinghamshire, UK) 

Protein purification: 

AKTAprime plus (GE healthcare, Little Chalfont, UK) 

Peristaltic Pump P-1 (GE healthcare, Little Chalfont, UK) 

HisTrap FF 5 mL Ni Sepharose (GE healthcare, Little Chalfont, UK) 

Hi Load 26/60 Superdex Peptide S75 (GE healthcare, Little Chalfont, UK) 

Hi Prep Superdex Sephacryl HR S200 (GE healthcare, Little Chalfont, UK) 

GL Superdex 10/300 Peptide 200 (GE healthcare, Little Chalfont, UK) 
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Gel electrophoresis: 

Slab Gel Electrophoresis Chamber AE-6200 (ATTO, Tokyo, Japan)  

Powerpac 3000 (Bio-Rad Lab., Hercules, CA, USA)  

Powerpac Basic (Bio-Rad Lab., Hercules, CA, USA) 

Other equipment: 

Zeba™ Spin Desalting Columns, 7K MWCO, 0.5 mL (Thermo Scientific, Surrey, UK) 

Bio-Rad Micro Bio-SpinTM 6 columns (Bio-Rad Lab., Hercules, CA, USA) 

Bio-Rad T1000 Thermocycler (Bio-Rad Lab., Hercules, CA, USA)  

Grant JB1 Unstirred Waterbath (Grant Instruments, Shepreth, UK)  

Jenway 3020 Bench pH Meter (Bibby Scientific, Stone, UK)  

SnakeSkin Pleated Dialysis Tubing – 3,500 MWCO (Thermo Scientific, Surrey, UK)  

Techne Dri-block Heater (Bibby Scientific, Stone, UK) 

Thriller shaker incubator (VWR International Ltd., Leicestershire, UK) 

Software: 

Masslynx 4.1 (Waters Corp., Manchester, UK). 

Driftscope 2.5 (Waters Corp., Manchester, UK). 

Peaks 8.0 (Bioinformatics Solutions Inc., Waterloo, Canada) 

StavroX 3.6.0.1 (University of Halle-Wittenburg, Halle, Germany) 

Bruker TopSpin (Bruker Corpn., Coventry, UK), NMRPipe (Institute for Bioscience 

and Biotechnology Research, University of Maryland, Maryland, USA) and 

CcpNMR analysis software (CCPN, UK)  
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2.2 Chemicals 

Table 2.1: Chemicals used in this investigation 

Item Company 

(Bacto)Tryptone Fisher Scientific, Loughborough, UK 

Acetic acid, glacial Fisher Scientific, Loughborough, UK 

Acetonitrile Fisher Scientific, Loughborough, UK 

Agar Fisher Scientific, Loughborough, UK 

Agarose Melford Laboratories, Suffolk, UK 

Ammonium Acetate, 7.5 M stock Sigma Life Sciences, St. Louis, USA 

Ammonium Bicarbonate Sigma Life Sciences, St. Louis, USA 

APS Thermo Scientific, Surrey, UK 

BS3 (bis(sulfosuccinimidyl)suberate) Thermo Scientific, Surrey, UK 

Caesium iodide Sigma Life Sciences, St. Louis, USA 

DTT (1,2-dithioltheritol) Formedium, Norfolk, UK 

Ethanol Honeywell research chemicals, 
Romania 

Ethidium Bromide, EtBr Nippon Genetics Europe, Germany 

Ethylenediamine tetra acetic acid, 
EDTA 

Thermo Scientific, Surrey, UK 

Formic acid Fisher Scientific, Loughborough, UK 

Glucose Fisher Scientific, Loughborough, UK 

Glycerol Fisher Scientific, Loughborough, UK 

Imidazole Sigma Life Sciences, St. Louis, USA 

Potasium phosphate, monobasic 
(KH2PO4) 

Thermo Scientific, Surrey, UK 

LB broth, granulated Melford Laboratories, Suffolk, UK 

MgCl2 Sigma Life Sciences, St. Louis, USA 

MgSO4 Fisher Scientific, Loughborough, UK 

NH4Cl Honeywell research chemicals, 
Romania 

PMSF Sigma Life Sciences, St. Louis, USA 

Sodium chloride, NaCl Fisher Scientific, Loughborough, UK 

Sodium dodecyl sulphate, SDS Fisher Scientific, Loughborough, UK 

Sodium hydroxide, NaOH Honeywell research chemicals, 
Romania 

Sodium Iodide (Waters ToF 
Instruments Service Sample kit, 2 
µg/µL NaI in 50/50 2-propanol/water) 

(Waters Corp., Manchester, UK) 

Sodium phosphate dibasic, Na2HPO4 Thermo Scientific, Surrey, UK 

Sodium phosphate monobasic, 
NaH2PO4 

Sigma Life Sciences, St. Louis, USA 

sodium sulphate, NaSO4 Fisher Scientific, Loughborough, UK 

Tetramethylethylenediamine (TEMED) Sigma Life Sciences, St. Louis, USA 
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Tris-(hydroxymethyl)-aminomethane, 
Tris base 

Fisher Scientific, Loughborough, UK 

Yeast extract Fisher Scientific, Loughborough, UK 

α-lactose Sigma Life Sciences, St. Louis, USA 

IPTG Formedium, Norfolk, UK 

Sodium azide Fisher Scientific, Loughborough, UK 

HPLC grade water Fisher Scientific, Loughborough, UK 
 

2.3 Enzymes for molecular biology and protein digest 

Table 2.2: Enzymes used in this investigation 

Item Company 

BAMHI New England Biolabs (UK) Ltd., 
Herts., UK 

DNase I Sigma Life Sciences, St. Louis, USA 

ECORI New England Biolabs (UK) Ltd., 
Herts., UK 

Lysozyme Sigma Life Sciences, St. Louis, USA 

 

2.4 Antibiotics 

Table 2.3: Antibiotics used in this investigation 

Item Company 

Carbenicillin Formedium, Norfolk, UK 

Chloramphenicol Sigma Life Sciences, St. Louis, USA 

Kanamycin Formedium, Norfolk, UK 

 

2.5 Markers and dyes 

Table 2.4: Gel standards and dyes used in this investigation 

Item Company 

Expedeon Instant Blue Coomassie stain Expedeon, Harston, UK 

Precision Plus Protein™ Dual Xtra 
Standard 

Bio-rad, Hemel Hempstead, UK 

 

  



90 
 

2.6 Kits 

Table 2.5: Kits used in this investigation 

Item Company 

Peirce micro BCA kit Thermo Scientific, Surrey, UK 

Q5 Quikchange mutagenesis kit New England Biolabs (UK) Ltd., 
Herts., UK 

Wizard ® Plus SV Minipreps DNA 
purification system 

Promega, Southampton, UK 

 

2.7 LB-agar plates 

LB-Agar plates containing various antibiotics were produced using the recipe in 

table 2.6. The mixture, minus antibiotics, was autoclaved and allowed to cool. 

Once the solution had cooled to around 50 °C the antibiotics were added and 

mixed. The LB-agar solution was then poured into plastic petri dishes and allowed 

to cool. 

Table 2.6: LB-Agar plate recipe 

LB-Agar 

1.2 g Agar 
2.5 g LB 

Variable amounts of antibiotic 
100 mL water 

 

2.8 Buffers 

The buffers used in this investigation are described in the experimental sections. 

Where a buffer is particularly complex or unusual it is described below.  

Auto induction media 

The auto induction media used in the expression of ataxin-3 and ataxin-3 

truncations is described in table 2.7. The individual components are described in 

table 2.8. All buffers were autoclaved before use with antibiotics and α-

lactose/glucose 0.22 µm filtered and added after autoclaving.  
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Table 2.7: Details of the ataxin-3 auto induction media 

Component Volume 

2ZY 463 mL 

MgSO4 1 mL 

50x Lac 10 mL 

20x NPSC 25 mL 

Carbenicillin and Chlorampehicol 500 µL each 

 

Table 2.8: Components of the ataxin-3 auto induction media 

Solution Components 

2ZY 5 g Yeast extract 
10 g (Bacto)tryptone 
463 mL water 

MgSO4 12.3 g MgSO4 
50 mL water 

50x Lac 25 g Glycerol 
2.5 g Glucose 
10 g α-lactose 
100 mL water 
(Heat to dissolve the α-lactose) 

20x NPSC 26.75 g NH4Cl 
16.1 g NaSO4 
34 g KH2PO4 
35.5 g Na2HPO4 
pH 6.75 
500 mL water 

Carbenicillin 100 mg mL-1 in water 

Chloramphenicol 25 mg mL-1 in 100% EtOH 

 

Ataxin-3 purification buffers 

The ataxin-3 purification buffers are described below in table 2.9. All buffers were 

filtered (0.22 µm filter) and degassed prior to use and stored at 4 °C. 
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Table 2.9: Buffers used in the Nickel affinity chromatography  

Buffer Components 

200 mM sodium 
phosphate, pH 7.5 

Set the pH of solution 1 to 7.5 by addition of 
solution 2. 

Solution 1 Na2HPO4.2H2O 35.598 g 
1 L water 

Solution 2 NaH2PO4.2H2O 7.120 g 
100 mL water 

Buffer A (20 mM sodium 
phosphate,0.5 M NaCl, 5% 
glycerol v/v, pH 7.5) 

100 mL of sodium phosphate buffer 200 mM 
29.22 g NaCl 
5 % glycerol (v/v) 
1 L water 
pH 7.5. 

Buffer B (20 mM sodium 
phosphate,0.5 M NaCl, 5% 
glycerol v/v, 500 mM 
imidazole, pH 7.5 

50 mL of sodium phosphate buffer 200 mM 
14.6 g NaCl 
17.0 g imidazole 
5 % glycerol (v/v) 
pH 7.5. 

 

2.9 Methods 

2.9.1 Molecular biology 

In all cases the sequence of the final constructs was confirmed through DNA 

sequencing. 

2.9.1.1 Ataxin-3 

The ataxin-3 encoding plasmids for ataxin-3 78Q, ataxin-3 14Q and JD were 

provided by Prof. Sandra Macedo-Ribeiro (Institute for Molecular and Cell 

Biology, Porto, Portugal). They consist of an ataxin-3 gene in a pET11a plasmid as 

described in Appendix I.  

The truncation variants of atatxin-3 were generated by inserting stop codons at 

the appropriate site in ataxin-3 using a Q5 Quikchange mutagenesis kit. The 

primers used are shown in Table 2.10. The primers were mixed with ataxin-3 14Q 

plasmid DNA and the manufacturer’s protocol was followed.  
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Table 2.10: Primers used in the generation of novel truncated ataxin-3 constructs 

Construct Primer 

JDU1 CGCCAAGAAATTGACTGATAAGATGAGGAAGCAGATCTCCGCAGGG 
and 
CCCTGCGGAGATCTGCTTCCTCATCTTATCAGTCAATTTCTTGGCG 

JD+ TAATTAGACGAAGATGAGCAG 
and 
CATTCCTGAGCCATCATTTG 

 

2.9.1.2 MBP-183-221 

Dr David Brockwell (University of Leeds) provided a modified pMAL-c5X plasmid 

containing the BamA POTRA domains with the addition of an N-terminal 6x His-

tag (HT) and replacement of the thrombin cleavage site with a TEV cleavage site. 

The sequence encoding residues 183-221 of ataxin-3 were excised from pET11a 

ataxin-3 14Q by PCR with the primers shown in table 2.11. The pMAL-c5X POTRA 

plasmid was digested with BAMHI and ECORI and the digested plasmid ligated 

with the ataxin-3 sequence excised above. The resulting plasmid contained a 

construct that contained (from N- to C-terminus of the expressed protein) a hexa-

His tag, MBP, TEV cleavage site and residues 183-221 of ataxin-3.  

Table 2.11: Primers used in the generation of MBP-183-221 

Construct Primer 

MBP+ ATTACTTGCGGATCCGTCCAACAGATGCATCGACCAAAAC 
and 
AGGACTAGAGAATTCCTTACATTCCTGAGCCATCATTTGCTTC 

 

2.9.1.3 Aβ40 

The pETSac plasmid encoding WT Aβ40 was provided by Dr. Sara Linse (Lund 

University, Sweden) and Prof. Dominic Walsh (Harvard Institute of Medicine, 

USA). 

2.9.1.4 α-synuclein 

The pET23a plasmid encoding α-synuclein was provided by Prof. Jean Baum 

(Department of Chemistry and Chemical Biology, Rutgers University, NJ, USA). 
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2.9.1.5 YDL085CA 

YDL085CA protein was provided by Prof. James Bardwell (University of Michigan). 

Two sequences were used in the expression of YDL085CA (see experimental 

section for details). In both cases the sequence for YDL085CA was inserted into 

pET28b with an N-terminal His-SUMO tag. The first contained the cDNA sequence 

from S. cerevisiae while the second was codon optimised for E. coli. Both 

sequences are shown in Table 2.12 with the rare codons encoding arginine 

highlighted in red.  

Table 2.12: The sequence of the YDL085CA coding region of the plasmids. Rare codons encoding 

arginine highlighted in red. 

Sequence name Sequence 

YDL085CA ATG GCT AGA GGT AAT CAA AGA GAC TTG GCA AGA CAA 
AAA AAC TTG AAA AAA CAA AAG GAC ATG GCT AAG AAC 
CAG AAA AAG AGT GGT GAT CCT AAG AAA AGA ATG GAG 
TCA GAC GCC GAA ATC TTG AGA CAA AAG CAG GCC GCC GCA 
GAT GCT AGA AGA GAG GCT GAA AAG CTT GAG AAG TTA 
AAA GCC GAA AAG ACG AGA AGA TAA 

YDL085CA 
codon 
optimised 

ATG GCG CGC GGT AAC CAG CGT GAC CTG GCC CGT CAG 
AAA AAT CTG AAA AAA CAA AAA GAT ATG GCG AAG AAT 
CAA AAA AAA TCT GGT GAT CCA AAA AAA CGC ATG GAG TCC 
GAC GCA GAA ATT CTG CGC CAG AAA CAG GCC GCC GCC GAT 
GCA CGT CGC GAA GCA GAA AAG CTG GAA AAA CTG AAA 
GCG GAG AAA ACC CGC CGT TAA 

 

The ULP1 cleavage sequence in codon optimised plasmid was subsequently also 

modified to delete the c-terminal serine and allow expression and purification of 

a YDL085CA without the non-natural serine residue at its N-terminus.  

2.9.2 Expression and purification of proteins 

2.9.2.1 Expression and purification of ataxin-3 constructs 

All ataxin-3 constructs (ataxin-3 78Q, ataxin-3 14Q, JDU1, JD+ and JD) were 

expressed and purified following the same protocol, previously described (Scarff 

et al. 2013) and altered as indicated below. 
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BL21(DE3)pLysS cells were transformed with pDEST17 expression vector 

containing the appropriate ataxin-3 sequence. 2 µL of plasmid DNA (100-200 ng 

µL-1) was added to 50 µL of cells and incubated on ice for 30 minutes. The cells 

were then heat shocked by incubation in a water bath at 42 °C for 45 seconds 

followed by 5 minutes of further incubation on ice. The transformation mixture 

was then plated on LB-Agar plates containing 100 µg mL-1 carbenecillin/25 µg mL-

1 chloramphenicol. The plates were then incubated at 37 °C overnight. 

The following day transformed colonies were selected and used to inoculate 50 

mL of LB media containing 100 µg mL-1 carbenecillin/25 µg mL-1 chloramphenicol. 

The cultures were incubated overnight at 37 °C with shaking. 

The overnight suspension cultures were used to inoculate 500 mL of 

autoinduction media containing 100 µg mL-1 carbenecillin/25 µg mL-1 

chloramphenicol in 2.5 mL conical flasks (without baffles). 2 mL of the overnight 

culture was added to each 500 mL of autoinduction media. The cultures were 

incubated at 25 °C with 200 rpm shaking for 20-30 hours (ideally 22 hours).  

After the incubation period the OD600 of the culture was determined 

(approximately 10). The culture was centrifuged at 6500 rpm in a JLA 8.1 rotor for 

30 mins at 4°C. The supernatant was discarded and the pellet for each litre of 

culture resuspended in 40 mL of buffer A (20 mM sodium phosphate, 0.5 M NaCl, 

5% glycerol v/v, pH 7.5) with 1 mL of 50 µg mL lysozyme added. The resuspended 

pellets were frozen and stored at -20 °C.  

For the purification typically the pellets of two litres of culture were combined 

and purified together. Higher volumes of culture may have resulted in the 

overloading of the nickel affinity columns.  

The cell suspension was thawed under running warm water. DNase, MgCl2 and 

PMSF were added to final concentrations of 5 µg mL-1, 10 mM and 1 mM 

respectively. The solution was incubated at 4 °C with gentle stirring until the 

solution was homogenous. If the solution remained “stringy” after 20 minutes 

the concentration of DNase was doubled. Once the solution was homogenous it 
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was poured into a syringe with a blunt needle and gently syringed to break up 

any remaining large particles. The resulting solution was then centrifuged at 

16000 rpm in a JA 25.50 rotor at 4 °C for 40 minutes. The supernatant was 

collected and syringe filtered through a 0.22 µm filter.  

Two NiNTA columns were arranged in series and equilibrated with 5 column 

volumes of water followed by 5 column volumes of buffer A. The filtered 

supernatant was applied to the column using a peristaltic pump. After the 

supernantent was applied the columns were moved to an AKTA prime plus. A 

stepped gradient of buffer A and buffer B (buffer A with the addition of 500 mM 

imidazole) was applied as shown in Table 2.13. The flow rate was 3 mL min with 

a pressure limit of 0.15 mPa. Each step of the gradient was applied for 5 column 

volumes which was enough to return the A280 signal to baseline post elution.  

Table 2.13: Details of the AKTA program used in the NiNTA purification of ataxin-3 

Buffer A Buffer B Imidazole 
concentration 

Fractions 

100% 0% - 5 mL 

95% 5% 25 mM 2.5 mL 

90% 10% 50 mM 2.5 mL 

85% 15% 75 mM 2.5 mL 

80% 20% 100 mM 10 mL 

0% 100% 500 mM 10 mL 

   

The fractions collected from the peaks at 50 mM and 75 mM imidazole were 

combined to form a single solution and buffer exchanged into 250 mM 

ammonium bicarbonate/1 mM DTT/5% glycerol (v/v), pH 8.0 and concentrated 

to a volume of 5-10 mL using a vivaspin 20 kDa molecular weight cut off column. 

The concentrated solution was syringe filtered through a 0.22 µm filter. 

A HiPrep 26/60 sephacryl S200 column with a bed volume of 230 mL was attached 

to an AKTA prime plus system in a cold room at 4 °C. The column was equilibrated 

with 1 column volume of water followed by 1 column volume of 250 mM 

ammonium bicarbonate/1 mM DTT/5% glycerol (v/v), pH 8.0. The protein 

solution was loaded into a loop (either a single 5 mL loop or two 5 mL loops in 
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series depending on the volume of solution). The AKTA was run programmed as 

indicated in Table 2.14.   

Table 2.14: Details of the AKTA program used to purify ataxin-3 

Volume Flow rate Fractions Notes 

0 mL 1 mL min-1 -  

5 mL 0.5 mL min-1 - Switch to loop 

25 mL 0.5 mL min-1 - Switch to Load 

50 mL 0.5 mL min-1 2.5 mL  

220 mL 0.5 mL min-1 5.0 mL  

320 mL 0.5 mL min-1 -  

321 mL 0.1 mL min-1 -  

 

The peak corresponding to the monomeric protein was collected and combined. 

Only the second half of the peak should be collected in order to avoid 

contamination with dimer and larger species. The protein was concentrated as 

described above to 10 mg mL-1 and snap frozen in 50 µL or 100 µL aliquots. The 

aliquoted proteins were stored at -80 °C. 

An example purification for ataxin-3 78Q is shown in Figure 2.1. The 50 mM and 

75 mM imidazole elutions from the NiNTA purification were combined and then 

purified by SEC as described above. The gel sample shows that only ataxin-3 78Q 

is present in the final sample. The SEC elution profiles for the other ataxin-3 

constructs (ataxin-3 14Q, JDU1, JD+ and JD) are shown in Appendix I. 
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Figure 2.1: The purification of ataxin-3 78Q. (a) A280 trace of the NiNTA purification of ataxin-3 

78Q. The dashed line shows the concentration of imidazole. Note that on this occasion the 100 

mM to 500 mM change was a gradient rather than a step. (b) The A280 trace for the SEC of ataxin-

3 78Q. The grey box indicates the fractions collected as monomeric protein. Inset: SDS-PAGE of 

the resulting protein at 20 µM showing a single intense band at approximately the correct 

molecular weight (53 kDa).  
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2.9.2.2 Expression and purification of maltose binding protein constructs 

The pMAl-c5X plasmid containing the MBP or MBP-183-222 sequence was 

transformed into BL21(DE3) cells as described for ataxin-3 and grown overnight 

on LB-agar plates containing 100 µg mL-1 cabenicillin at 37 °C. Single colonies were 

used in to inoculate 10 mL of LB media containing 100 µg mL-1 cabenicillin. The 

cultures were then grown overnight at 37 °C with shaking. The overnight cultures 

were used to inoculate flasks containing 1 L LB media and 100 µg mL-1 cabenicillin. 

The cultures were grown at 37 C with 200 rpm shaking until the OD600 reached 

0.6. At this time the expression of protein was induced by the addition of 1 mM 

IPTG. The cells were grown for another 4 hours and then harvested by 

centrifugation at 5000 xg for 15 min at 4 °C in a JLA 8.1 rotor. 

The subsequent steps of the MBP purification we carried out as described for the 

ataxin-3 constructs.  

 

Figure 2.2: The purification of the maltose binding protein – 183-222 construct. The A280 trace for 

the SEC of MBP-183-222. The grey box indicates the fractions collected. Inset: SDS-PAGE of the 

resulting protein at 100 µM post SEC showing a single intense band at approximately the correct 

molecular weight (49.2 kDa). 

2.9.2.3 Expression of TEV protease 

TEV protease was expressed and purified by Ellen Kendirk (University of Leeds). 

In short pMHTDelta238 containing the his-tagged TEV protease sequence was 

transformed into BL21-CodonPlus(DE3)-RIPL cells and grown in LB media in the 
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presence of 50 µg/mL kanamycin at 37 °C with shaking (200 rpm) until the culture 

reached an OD600 of ~0.6. The temperature was then lowered to 30 °C and 

expression induced with 0.5 mM IPTG. The cells were harvested by centrifugation 

and the pellet was resuspened in in 25 mM sodium phosphate buffer, pH 8.0, 200 

mM NaCl, 10% (v/v) glycerol, 25 mM imidazole, 1 mM PMSF, 2 mM benzamidine, 

~0.02 mg/ml DNase (Sigma, UK), and lysed by sonication (6 x 30 s bursts with 1 

min cooling on ice between each sonication).  

The lysed cells were centrifuged (20 mins, 4 °C, 39000 xg) and the lysate was 

applied to Ni2+ Sepharose beads (GE Healthcare) and washed twice with 25 mM 

sodium phosphate buffer, pH 8.0, 200 mM NaCl, 10% (v/v) glycerol, 25 mM 

imidazole. His-tagged TEV was eluted with 25 mM sodium phosphate buffer, pH 

8.0, 200 mM NaCl, 10% (v/v) glycerol, 500 mM imidazole.  

The protein solution was filtered (0.2 μM syringe filter, Sartorius, UK) and gel 

filtered on a HiLoad Superdex 75 26/60 column (GE Healthcare) equilibrated with 

25 mM sodium phosphate buffer, pH 8.0, 200 mM NaCl, 25 mM imidazole, 10% 

(v/v) glycerol, 5 mM β-mercaptoethanol. Peak fractions were concentrated to ~1 

mg/mL using Vivaspin 20 (5 kDa MWCO) concentrators (Sartorius, UK), aliquoted, 

snap-frozen in liquid nitrogen and stored at 80 °C.   

2.9.2.4 Expression and purification of Aβ40 

The purification of Aβ40 follows the protocol first reported by Walsh et al. (Walsh 

et al. 2009) and optimised in our laboratory by Dr Katie Stewart.  

BL21(DE3) cells were transformed with pETSac vector containing the Aβ40 

sequence by adding 1 µL of DNA to 50 µL of cells. The cells were incubated on ice 

for 30 mins before being heat shocked by incubation in a water bath at 42 °C for 

45 seconds. The cells were left to recover on ice for 10 mins. 500 µL of LB media 

was added to the cells and the solution incubated for 30 mins at 37 °C for 30 min. 

200 µL of the culture was spread on an LB-agar plate containing 100 µg mL-1 

carbenicillin and incubated at 37 °C overnight.  
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A single colony was used to inoculate 100 mL of LB media containing 100 µg mL-

1 carbenicillin and incubated at 37 °C with 200 rpm shaking overnight. After 

incubation the OD600 of these culture should be 1.0 or greater. 

500 mL of LB media containing 100 µg mL-1 carbenicillin was prepared in baffled 

conical flasks to which was added 5 mL of the overnight culture. This solution was 

incubated at 37 °C with 200 rpm shaking. Once the OD600 reached 0.5 (generally 

2 to 3 hours) exspression of Aβ40 was induced by the addition of isopropyl-β-D-

thiogalacto-pyranoside (IPTG) to a final concentration of 1 mM and then grown 

for a further 4 hours. Two 500 mL cultures were combined in to a single 1 L 

centrifuge bottle and centrifuged for 15 min at 6000 rpm at 4 °C in a JLA 8.1 rotor. 

The pellets were collected and frozen after which they were stored at -20 °C.  

The cell pellets were thawed on ice and 12.5 mL of 10 mM Tris, 1 mM EDTA, pH 

8.5 added to each pellet. 0.5 mg of DNase and 300 µL of PMSF (10 µg/mL) were 

added to the solution. The pellets were then homogenised by mechanical stirring 

overnight at 4 °C. The following morning the solution was pulled through a 50 mL 

syringe with a 1 1/2” mixing needle and incubated at 4 °C for 30 minutes to 

further homogenise the solution. The solution was then sonicated for 30 seconds 

at 4 W. The sonicated solution was poured in to centrifuge tubes which had been 

preincubated on ice. These were then centrifuged for 15 min at 18000 rpm at 4 

°C in a JA 25.5 rotor. The supernatants were removed and the pellets 

resuspended in 10 mL of 10 mM Tris, 1 mM EDTA, pH 8.5. The resuspended 

pellets were incubated at 4 °C with stirring for 1 hour followed by homogenisation 

with a syringe as described above. The centrifugation step was repeated and the 

pellets resuspended in 8 M urea. The resuspended pellet wad homogenised by 

mechanical stirring at 4 °C and then stirred with a benchtop vortexer. The 

homogenised sample was then sonicated for 30 seconds as described above and 

centrifuged at 18000 rpm at 4 °C in a JA 25.5 rotor. The supernatant, which was 

yellow/brown was collected.  

 25 mL of Q-sepharose resin was washed in 10 mM Tris, 1 mM EDTA, pH 8.5 by 

shaking the solution to resuspend the resin and then leaving it for one hour to 
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settle. The buffer was discarded and the process repeated three times. To the 

washed resin was added the supernatant diluted 1:4 with 10 mM Tris, 1 mM 

EDTA, pH 8.5. The mixture was placed on a rocker at 4 °C for 30 min.  

The resin solution was next poured into a Buchner funnel with a 70 mm number 

1 Whatman filter paper circle. The mixture was stirred with a glass rod and 

allowed to settle for 5 min. After 5 min the resin and buffer had separated and a 

vacuum was applied. The flow through was collected. This process was repeated 

as shown in table 2.15. 

Table 2.15: Solutions conditions used in the purification of Aβ40 

 Solution 

Wash 1 10 mM Tris, 1 mM EDTA, pH 8.5 

Wash 2 10 mM Tris, 25 mM NaCl, 1 mM EDTA, pH 8.5 

Elution 1-4 10 mM Tris, 125 mM NaCl, 1 mM EDTA, pH 8.5 

Elution 5 10 mM Tris, 250 mM NaCl, 1 mM EDTA, pH 8.5 

High salt wash 1 10 mM Tris, 1 M NaCl, 1 mM EDTA, pH 8.5 

High salt wash 2 10 mM Tris, 1 M NaCl, 8 M Urea 1 mM EDTA, pH 8.5 

 

The elution profile of Aβ40 was confirmed by SDS-PAGE and the fractions 

containing large amounts of Aβ40 were combined (generally elutions 1-5). The Q-

sepharose resin was reequilibrated by washing with water twice and 10 mM Tris, 

25 mM NaCl, 1 mM EDTA, pH 8.5 six times. The flow through and wash 1 were 

added to the resin and the steps detailed above repeated up to elution 3. Again 

the elution profile of Aβ40 was confirmed by SDS-PAGE and the relevant fractions 

combined with those from the first round of purification.  

The Aβ40 containing fractions were dialysed into 50 mM ammonium bicarbonate. 

The solution was poured into snake skin dialysis tubing (3500 MWCO) and the 

sealed dialysis bags added to 5 L of 50 mM ammonium bicarbonate. Over the 

course of two days the 5L of 50 mM ammonium bicarbonate was changed four 

times. The resulting solution was poured into 50 mL flacon tubes (15 mL in each) 

and lyophilised by freezing in a dry ice/ethanol slurry and freeze drying for 2-3 

days.  
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A Superdex 75 16/60 SEC column with a column volume of 330 mL was 

equilibrated into 50 mM ammonium bicarbonate in a cold box at 4 °C. A tube (or 

tubes) of lyophilised Aβ40 was resuspended in 5.1 mL of 50 mM Tris, 7 M 

guanidine HCL. The solution was centrifuged for 10 min at 14000 rpm at 4 °C on 

a benchtop centrifuge to remove aggregates. The solution was added to a 5 mL 

loop on the AKTA prime plus and injected onto the column. The column run is 

detailed in table 2.16.  

Table 2.16: Details of the AKTA run for the purification of Aβ40 

Time Flow rate Fractions Valve position 

0 min 2.0 mL min-1 - Load 

2 min 2.0 mL min-1 - Inject 

10 min 2.0 mL min-1 - Load 

25 min 2.0 mL min-1 4.0 mL Load 

180 min 2.0 mL min-1 - Load 

181 min 0.1 mL min-1 - Load 

 

Monomeric Aβ40 eluted in fractions 33-39. The whole peak was collected as a 

second SEC step is performed later. The solution is lyophilised as described above 

with 2 mL of solution in a 15 mL falcon tube. 500 µL is lyophilised in a 1 mL 

Eppendorf for concentration determination.  

The concentration of Aβ40 was determined by resuspending the 500 µL Aβ40 

sample in 200 µL of 50 mM Tris, 7 M guanidine HCL and recording the A260, A280 

and A340 on a dual beam spectrophotometer. The extinction coefficient of Aβ40 

under these conditions is 1490 M-1 cm-1.  

In order to achieve a higher level of purity and to remove any dimer or higher 

order species from the sample a second round of SEC was performed. This was 

performed on an analytical Superdex S75 column with a column volume of 24 mL. 

The column was equilibrated into 50 mM ammonium bicarbonate. 2.5-3.0 mg of 

Aβ40 was resuspended as before and injected into the loop of the AKTA prime 

plus. The column was run at 0.5 mL min-1 collecting 1 mL fractions. The second 

half of the elution peak (fractions 11-13) was collected to avoid contamination 
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with dimer. The Aβ40 was freeze dried as described previously in 0.5 mL or 1.0 

mL aliquots with 200 µL saved for determination of the final concentration of the 

samples.  

An example of an Aβ40 purification is shown in figure 2.3. As described above 

elutions 1-5 were combined and the flow through and wash 1 were combined 

and repurified using the Q-sepharose resin.  
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Figure 2.3: The purification of Aβ40. (a) The SDS-PAGE of the fractions recovered from the first 

round of the Q-sepharose purification. (b) The A280 trace of the first round of SEC. The grey box 

indicates the factions collected and taken forward. (c) The A280 trace of the second round of SEC. 

The grey box indicates the factions collected and taken forward. The peak at 21 mL is from 

guanidine HCl.  Inset: An SDS-Page of the purified Aβ40 at 25 µM.  
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2.9.2.5 Expression and purification of α-synuclein 

α-synuclein was expressed from a pET23a vector. The pET23a-α-syn was 

transfected into BL21(DE3) cells which were then grown overnight on LB-agar 

plates containing 100 μg mL-1 carbenicillin. A 100 mL of LB was inoculated with a 

single colony and grown overnight in the presence of 100 μg mL-1 carbenicillin.  

The following day 10 1 L LB flask containing 100 μg mL-1 carbenicillin were 

inoculated with 10 mL each of the overnight culture. The cultures were grown for 

four hours at 37 °C with 200 rpm (by which time the OD600 was approximately 

0.6) and then expression was induced by the addition of 0.5 mM IPTG. Post 

induction the cells were grown for a further 4 hours with the same conditions 

described above. The cells were then harvested by centrifugation at 6000 xg for 

15 min at 4 °C in a JLA 8.1 rotor. The resulting cell pellets were resuspended in 25 

mM Tris-HCl, pH 8.0 and stored at -20 °C. 

The resuspended pellets were thawed and 100 μg mL-1 lysozyme, 50 μg mL-1 

PMSF and 20 μg mL-1 DNase added to the solution. The cell pellets were 

homogenised in a cell disruptor (30000 psi) and then heated to 80 °C in a water 

bath for 10 mins. The heated homogenate was then centrifuged in a JA 25.5 rotor 

at 30000 xg for 30 min at 4 °C and the pellet discarded. The proteins contained in 

the supernatant were precipitated with 50% (w/v) ammonium sulfate for 30 min 

at 4 °C. The precipitated protein was collected by centrifugation in JA 25.5 rotor 

at 30000 xg for 30 min at 4 °C and the precipitation step repeated. The 

precipitated protein was again centrifuged and the pellet resuspended, this time 

in 20 mM Tris-HCl, pH 8.0.  

The resuspended protein was loaded onto a 500 mL Q-sepharose anion exchange 

column preequilibrated in 20 mM Tris-HCl, pH 8.0 attached to an AKTA prime 

plus. A linear gradient from 0-500 mM NaCl was used to elute the proteins and 

the absorbance at 280 nm monitored to observe elution. The presence of α-syn 

was confirmed by SDS-PAGE and the relevant fractions were dlaiyed into 50 mM 

ammonium bicarbonate using snakeskin dialysis tubing with a 2500 MWCO. The 

dialysed protein was lyophilised by freeze drying for 2-3 days.  
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The lyophilised protein was resuspended in 20 mM sodium phosphate, pH 7.5, 

and loaded onto a preequilibrated HiLoadTM 26/60 Superdex 75 prep grade gel 

filtrations column attached to an AKTA prime plus. The flow rate of the AKTA was 

set to 2 mL min-1 with 2.5 mL fractions collected. The fractions containing 

monomeric α-syn were collected. The central 50% of the peak was collected in 

order to avoid contamination with higher order species or with truncations of α-

syn which have been observed in some preparations. The presence and purity of 

α-syn were confirmed by SDS-PAGE and the relevant fractions combined and 

dialysed into 50 mM ammonium bicarbonate. The dialysed protein solution was 

the lyophilised by freeze drying for 2-3 days and stored at -20 °C. 

An example of an α-synuclein preparation SEC is shown in Figure 2.4.  

 

Figure 2.4: An example α-synuclein SEC A280 profile. Several peaks are observed corresponding to 

higher order species. The grey box shows the fractions collected as monomeric protein. Inset: 

SDS-PAGE of purified α-synuclein. 
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2.9.2.6 Expression and purification of YDL085CA 

YDL085CA protein was expressed and purified by Prof. James Bardwell (University 

of Michigan). The protein was expressed as a His-SUMO-YDL085CA fusion 

protein.  

The pET28b-YDL085CA plasmid was transfected into BL21(DE3) cells and grown 

on LB-Agar plates containing 50 µg mL-1 kanamycin. Single colonies were selected 

and used to inoculate 25 mL LB media containing 50 µg mL-1 kanamycin and 

grown overnight. These cultures were used to inoculate terrific broth media and 

grown at 37 °C with 200 rpm shaking until they reached an OD600 of 0.6. YDL085CA 

expression was then induced by the addition of 1 mM IPTG and grown overnight 

at 22 °C. The cells were collected by centrifugation followed by disruption of the 

cells by means of a French press (1300 psi). The lysate was purified by nickel 

affinity chromatography the subsequently digested overnight with ULP1 to cleave 

the SUMO tag. The digested samples was again purified by nickel affinity 

chromatography. The fractions containing YDL085CA were identified by SDS-

PAGE. These fractions were then concentrated, snap frozen in liquid nitrogen and 

stored at -80 °C.  

Note that the ULP1 cleavage sequence was modified so that the C-terminal serine 

was replaced with the N-terminal methionine of YDL085CA. Efficient cleavage 

was still observed and the purified protein lacked the additional N-terminal serine 

residue.  

2.9.2.7 TEV cleavage of MBP-183-221 

MBP-183-221 was digested with TEV in order to separate the fusion protein 

domain from the ataxin-3 derived sequence. His-tagged TEV protease was added 

at a 1:10 TEV:MBP-183-221 molar ratio and incubated for 1 hour 45 minutes at 

20 °C. These conditions were found to be optimal for the digestion, longer digest 

times and higher concentrations resulted in poor protein recovery. MS analysis 

of the digested products observed the presence of MBP but the ataxin-3 derived 

sequence could not be observed. 
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2.9.3 Native IMS-MS 

All native IMS-MS experiments were performed using a Synapt G1 HDMS. 

Samples were prepared as indicated and introduced to the MS by nanoESI via 

palladium coated borosilicate capillaries produced in house. All samples were 

analysed in positive ion mode. The m/z was calibrated using 2 mg/mL sodium 

iodide (NaI) or 10 mg/mL aqueous caesium iodide (CsI) across the acquisition 

range required for the experiment. Data acquisition and processing was 

performed using the MassLynx and driftscope software supplied with the MS.  

Samples were thawed and buffer exchanged into appreciate buffer by means of 

zebaspin desalting columns where possible (for proteins and peptides under 7.5 

kDa drop dialysis or simple dilution was used). The samples were then diluted as 

indicated in the experimental sections. Buffers were ammonium bicarbonate or 

ammonium acetate based for native samples. 

Typical instrumental conditions varied by protein and are described in Table 2.17. 

Theoretical masses for each protein are provided in Table AI.1. 
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Table 2.17: Instrumental conditions for native IMS-MS of proteins in this study. All proteins were 

investigated using positive polarity. 

Protein Instrumental conditions 

Ataxin-3 capillary voltage 1.5 – 1.7 kV 
sampling cone 60 V 
trap collision energy 15 V 
transfer collision energy 25 V 
IMS wave velocity 250 m/s 
IMS wave height 8 V 

UIMs capillary voltage 1.2 – 1.5 kV 
sampling cone 10 V 
trap collision energy 4 V 
transfer collision energy 6 V 

Aβ40/YDL085CA capillary voltage 1.5 kV 
sampling cone 170 V 
trap collision energy 5 V 
transfer collision energy 5 V 
IMS wave velocity 300 m/s 
IMS wave height 6 V 

α-synuclein capillary voltage 1.5 kV 
sampling cone 60 V 
trap collision energy 5 V 
transfer collision energy 5 V 
IMS wave velocity 300 m/s 
IMS wave height 8 V 

 

The TWIMS cell was calibrated using native protein calibrants from the Bush 

database (Bush et al. 2010). The typical calibrants used were: cyctochrome C, 

concanavalin A, β-lactoglobulin, alcohol dehydrogenase, and avidin. Calibrant 

drift times were recorded under the same conditions as the sample spectra. The 

quoted CCS values were calculated from the logarithmic fit produced using the 

method described by Bush et al. and Ruotolo et al. (Bush et al. 2010; Ruotolo et 

al. 2008). 

2.9.4 LC-MS 

Intact mass analysis was performed on an online M-class ACQUITY UPLC (Waters 

UK, Manchester, UK) interfaced to a Synapt G2S Q-IMT-TOF mass spectrometer 

(Waters UK, Manchester, UK). 1 µL of 5 µM sample was injected onto a MassPREP 

protein desalting column (Waters UK, Manchester, UK) washed with 10% (v/v) 
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acetonitrile in water, 0.1% formic acid for 5 min at 25 µL min-1. The bound protein 

was eluted by a gradient of 2-40% (v/v) acetonitrile in water, 0.1% formic acid 

over 1 min at 25 µL min-1. Typical instrument conditions are given in Table 2.18. 

Mass calibration was performed via MS/MS of a lockmass solution consisting of 

250 fmol µl-1 [Glu]-fibrinopeptide b. 

Table 2.18: Typical LC-MS conditions for intact mass analysis 

Condition Setting 

Polarity Positive 

Capillary voltage 3.0 kV 

Sample cone voltage 20 V 

Source offset voltage 80 V 

Backing pressure 7.9 mbar 

Trap bias 4.1 V 

Source temperature 100 °C 

Desolvation temperature 250 °C 

Buffer gas Argon (9.1x10-3 mbar) 

 

Sequencing of peptides digested in solution was performed on a Xevo G2-XS 

quadrupole time-of-flight mass spectrometer (Waters Corp., Manchester, UK) 

equipped with an ACQUITY M-Class UPLC (Waters UK, Manchester) with a 

Symmetry C18 trap column (180 µM i.d. 20 mm) and a HSS T3 C18 (75 µm i.d.  

150 mm) analytical column (Waters UK, Manchester). Samples were injected 

onto the trap column and washed 1% acetonitrile/0.1% formic acid for 5 min at 5 

µL min-1 and eluted with 1-60% acetonitrile, 0.1% formic acid in water, 0.1% 

formic acid over 30 min. at 0.3 µL min-1.  

Cross linking samples from in-gel digests were analysed using a Synapt G2-Si 

HDMS quadrupole ion-mobility time-of-flight mass spectrometer (Waters Corp., 

Manchester, UK). The peptides were separated as described for sequencing of in-

solution digests. The typical instrumental settings for the Synapt G2-Si HDMS are 

shown in Table 2.19. 
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Table 2.19: Typical LC-MS/MS conditions for sequencing of digested peptides 

Condition Setting 

Polarity Positive 

Capillary voltage 3.0 kV 

Sample cone voltage 40 V 

Source offset voltage 80 V 

Backing pressure 3.58 mbar 

Trap bias 2.0 V 

Source temperature 80 °C 

Desolvation temperature 250 °C 

Buffer gas Argon (8.6x10-3 mbar) 

 

Mass calibration and lock mass calibration were performed via MS/MS of a lock 

mass solution consisting of 250 fmol µl-1 [Glu]-fibrinopeptide b. The lock mass 

calibration was checked every 30 seconds. Data was acquired using a data 

independent acquisition method. A 0.2 s scan window was acquired across a 

range of 350-2000 m/z followed by a 0.5 second MS/MS acquisition of the five 

most intense ions with the collision energy applied dependent on the mass and 

charge of the ion. Only 2+ and 3+ ions were selected for MS/MS.  

2.9.5 Crosslinking 

Crosslinking of Aβ40 and YDL085CA was undertaken using the crosslinking 

reagent bis(sulfosuccinimidyl)suberate (BS3). A variety of concentrations of BS3 

were used during optimisation of the experiment as detailed in the experimental 

section. In addition an isotopically labelled BS3 was also utilised.  

The protein-crosslinker mixture was incubated at room temperature for 1 hour 

and the reaction quenched by the addition of 50 mM Tris-HCl. The samples were 

then examined by SDS-PAGE and the relevant bands extracted by cutting them 

out of the gel using a clean scalpel. The extraction and digestion (below) were 

performed in a laminar flow hood to prevent contamination with environmental 

proteins.  

The extracted bands were cut into small pieces (approximately 1 mm3) with a 

scalpel. The gel pieces were then destained by incubation in 30% ethanol at 60 °C 
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for 30 min with shaking. The ethanol solution was discarded and the wash 

repeated until the gel pieces were completely destained. The gel pieces were 

then washed in 50% acetonitrile/25 mM ammonium bicarbonate for 10 mins with 

shaking. The solution was removed and the gel pieces were dehydrated by 

addition of 100% acetonitrile for 10 min with shaking. The dehydrated gel pieces 

turned opaque upon dehydration. The excess acetonitrile was removed and the 

residue evaporated by leaving the tubes open in the laminar flow hood for 1 hour.  

The gel pieces were incubated on ice and precooled 0.02 µg µL-1 trypsin in 25 mM 

ammonium bicarbonate added. The gel pieces were rehydrated on ice for 30 min. 

Once the gel pieces were transparent the excess trypsin was removed and the gel 

pieces covered with 25 mM ammonium bicarbonate. The solution was then 

incubated at 37 °C with shaking for 18 hours. 

Subsequent to the trypsin digest the solution was centrifuged using a benchtop 

microcentrifuge and 50 µL of water added. After a 10 min incubation with shaking 

the solution was removed and stored in an Eppendorf tube containing 5 µL of 60 

% acetonitrile/5 % formic acid (v/v). 50 µL of 60 % acetonitrile/5 % formic acid 

(v/v) was added to the gel pieces and incubated for 10 min with shaking. The 

solution was removed and combined with the previously extracted solution. This 

process was repeated twice more and the solutions recovered pooled. The 

combined solution was evaporated using a speed vac until only 5-10 µL of sample 

remained (usually 2-3 hours). The sampele was then diluted to 20 µL with 5% 

acetonitrile/0.1 % formic acid (v/v) for LC-MS/MS analysis. 

Note that neither Aβ40 nor YDL085CA contain disulphide bonds and as such there 

was no requirement for reduction and alkylation so this step was omitted.  

Data analysis was performed using the PEAKS software (version 8.0) and StavroX 

(version 3.0.6.1). Data files were refined using the default settings in PEAKS. The 

refined data files were exported as .MGF files and imported into Stavrox. In 

StavroX the isotopically labelled BS3 was manually added to the crosslinker 

library. Mass comparison settings were: precursor precision 3.0 ppm, fragment 
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ion precision 0.8 Da, b and y ions. The score settings were: score cut off 10.0, 

score settings slow, precise scoring and decoy analysis was applied using a 

shuffled sequence that maintained protease sites. The FASTA file used for the 

sequence search contained the sequences of Aβ40 and YDL085CA only. The 

crosslinks were manually validated in the StavroX software and in MassLynx.  

Figures were prepared with the xVis server. The StavroX data was exported as csv 

files and any N-terminal crosslinks (listed as position 0) were manually altered to 

position 1 (the first residue) in order to facilitate the generation of diagrams. Only 

crosslinks with StavroX scores that had a FDR of less than 0.05 were included in 

the data set.  

2.9.6 ThT fluorescence assay 

All ThT fluorescence assays were performed on BMG labtech plate readers 

(FLUOstar Omega, FLUOstar Optima and CLARIOstar). In the case of the Omega 

and Optima the excitation and emission wavelengths were selected via filters 

while for the clariostar they were set by means of a monochromator. In all cases 

the top optic was used. The excitation wave length was set to 440 nm and 

emission was read at 475 nm for the Omega and Optima. For the Clariostar the 

emission was 440 nm ± 10 nm and emission was read at 475 ± 10 nm. 

Data was exported and analysed in Microsoft excel and Origin pro 8.6. All data 

was corrected to base line by the subtraction of the lowest data point within a 

data set for each well subtracted from all values. Where normalised data are 

shown the values are normalise between 0 and 1 for each well individually. 

Quoted lag times were determined by applying a linear fit to the region from 0.2 

to 0.6 of the relative signal for each well and extrapolating the x-intercept. 

Quoted gradients of the linear growth phase were determined form the same 

linear fit described for lag times. All fitting was performed in Origin 8.6.  

The conditions for the assays varied and are described for each protein below.  
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2.9.6.1 Aβ40 

Aβ40 aggregation assays were performed in 50 mM ammonium bicarbonate, pH 

7.4 and 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium azide (w/v), pH 

7.4. The assays were performed at 37 °C without shaking in Corning® 96 well half 

area plates. 

2.9.6.2 Ataxin-3 

The ataxin-3 aggregation assays were performed in 250 mM ammonium 

bicarbonate, 1 mM DTT, pH 7.8 at 37 °C without shaking. The protein was 10 µM 

and the ThT was also added at 10 µM. The assays were performed in Corning 

Costar® 96-Well black polystyrene plates. 

2.9.6.3 α-synuclein 

The aggregation of α-syn was investigated in at 80 µM in 20 mM Tris-HCl, 200 

mM NaCl, pH 7.5 with 10 µM ThT. The samples were incubated at 37 °C in 

Corning® 96 well half area plates with orbital shaking at 600 rpm. The top optic 

was used to read the fluorescence and orbital averaging was applied.  

2.9.7 Transmission electron microscopy 

The formation and morphology of fibrils formed by the amyloid proteins ataxin-

3, Aβ40 and α-syn were examined by negative stain transmission electron 

microscopy. 15 µL samples were pipetted onto the surface of carbon coated 

formvar grids provided by the University of Leeds. The sample was left for 15 

seconds and then removed by blotting with filter paper. The grid was washed by 

the addition of 15 µL of water which was then removed as described previously. 

This wash was then repeated. 15 µL of 4% (w/v) uranyl acetate was added for 15 

seconds and blotted. A final wash of water was added and the water allowed to 

evaporate.  

The images were captured using a Jeol JEM 1400 transmission electron 

microscope operating at 120 kV. Some images were edited to increase contrast 

in order to increase clarity upon printing. This was performed in Coreldraw.  
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2.9.8 Nuclear Magnetic Resonance spectroscopy 

Nuclear Magnetic Resonance spectroscopy was performed by Dr Theo 

Karamanos and Dr Arnout Kalverda (University of Leeds) with samples prepared 

by the author. T1ρ experiments were performed on ataxin-3 and truncations of 

ataxin-3. 

Unlabelled proteins were prepared in buffer containing 10% v/v deuterated 

water. The data were acquired on a 600 MHz NMR magnet (Oxford Instruments, 

Abingdon, UK) using a QCI-P-cryoprobe and an Avance III HD console (Bruker 

Corpn., Coventry, UK) using a 100 ms spin-lock. The data were acquired and 

processed with Bruker TopSpin 3.5, NMRPipe 8.2 and CcpNMR analysis software 

2.4.1. Errors we estimated based on the signal to noise ratio comparing the signal 

in the region 0.55 to 0.5 ppm to noise in the region 0 to -2 ppm. Errors were then 

propagated to account for the data processing.   

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

Tris-tricine buffered SDS-PAGE was used to investigate various aspects of protein 

purity and to separate corsslinked species in the crosslinking experiments. The 

gels used are two layered gels consisting of a stacking gel and a resolving gel, 1.5 

mm thick. The details of the components of the 30% acrylamide gels used are 

given in table 2.20. 

Table 2.20: Components of a 30% Tris-trycine gel for SDS-PAGE.  

Component Resolving gel Stacking 
gel 

30% (w/v) Acrylamide:0.8% (w/v) bisacrylamide 7.5 0.83 

3 M Tris.HCl, 0.3% (w/v) SDS pH 8.45 5.0 1.55 

H2O 0.44 3.72 

Glycerol 2.0 - 

10% (w/v) ammonium persulphate 0.05 0.10 

TEMED 0.005 0.005 

 

APS and TEMED were added immediately before pouring the gel. The resolving 

gel was poured first to fill 4/5th of the gel volume. This was allowed to settle for 

several seconds and then the stacking gel gently added directly on top of the 
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resolving gel. A comb was added to create wells for samples. The gels were 

allowed to set before use (usually 40 min to 1 hour).  

Samples for SDS-PAGE were diluted with 2x or 6x SDS reducing loading buffer and 

boiled for 5 mins. The samples were then centrifuged at 16000 x g for 15 seconds 

to recover the solution. 15 µL of sample was loaded into each lane of the gel with 

any empty lanes (accounting for molecular weight marker lanes) filled with a 

mixture of water and loading buffer. Molecular weight markers (precision plus 

protein standards) were added 5 µL to a lane.  

The gels were placed in a gel tank with cathode buffer in the inner reservoir and 

anode buffer in the out reservoir. The gels were attached to a power pack and 

run at a constant current of 30 mA until the samples entered the resolving gel 

and at 60 mA thereafter.  

Gels were stained in Expedeon Instant Blue Coomassie stain. Gels for images 

were stained overnight while gels for cross linking were stained for the minimum 

amount of time required to see bands of interest. Where destaining was required 

it was performed by incubating the gels in water for 1 hour.  

Gels were imaged using an InGenius Gel documentation system (Syngene, 

Cambridge, UK). Images were altered in order to increase contrast for printing 

using the CorelDraw software.  

2.9.10 Circular dichroism 

Far-UV CD was performed using a Chirascan spectrophotometer (Applied 

Photophysics, Leatherhead, Surrey, UK) with 4 nm bandwidth, in a 1.0 mm 

cuvette. The sample temperature was controlled by a Peltier temperature 

controller. The spectra were recorded over the range 180-260 nm. Each spectrum 

was recorded three times and the average of the three scans is shown.  

The secondary structure content of each of the peptides was calculated from 

these data using the CDSSTR method available on Dichroweb (Compton and 

Johnson 1986; Whitmore and Wallace 2004). 
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The peptides UIM1 and UIM12 were each suspended in 50 mM sodium 

phosphate buffer, pH 8.0 at 0.25 mg/mL and 0.11 mg/mL, respectively. The 

concentration of the peptides was determined by the Scopes method (Scopes 

1974). The spectra were acquired at 20 °C.  

The proteins Aβ40 and YDL085CA were each suspended in 25 mM sodium 

phosphate, pH 7.4 at 22 µM. EDTA was excluded from the buffer to prevent 

interference from the carboxylate groups of EDTA which absorb below 200 nm. 

2.9.11 Protein concentration determination 

For the proteins Ataxin-3 (all variants), MBP, α-syn and Aβ40 the concentration 

of the protein was determined by using the Beer-Lambert law (Grimsley and Pace 

2004). The absorbance at 280 nm of the solution was recorded on an Ultrospec 

1200 pro spectrophotometer. A sample of buffer alone was used as a blank to 

correct for background absorbance. The extinction coefficients used are given in 

Table 2.21. 

Table 2.21: Extinction coefficients for the protein used in this study. These values were calculated 

using ProtParam (The Proteomics Protocols Handbook  2005).    

Protein Extinction coefficient  

Ataxin-3 78Q 31400 

Ataxin-3 14Q 31400 

JDU1 29110 

JD+ 29110 

JD 29110 

MBP 67840 

MBP+ 67840 

α-syn 5960 

Aβ40 1490 

 

YDL085CA lacks lack tryptophan residues and as such does not have a high 

extinction coefficient at 280 nm. The concentration of YDL085CA was instead 

determined by means of the Peirce BCA assay.  

For UIM1 and UIM12, which lack tryptophan residues and are small peptides 

which are not recommended for use with the BCA assay, the concentrations of 
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the peptides were determined from the absorbance at 205 nm on a UV-1800 dual 

beam spectrophotometer (Shimadzu, Tokyo, Japan) following the Stokes method 

(Scopes 1974). The absorbance at 205 nm was recorded and an extinction 

coefficient of 31 was used to determine the concentration. The variation 

between the extinction coefficients of proteins at 205 is very low, allowing for an 

accurate concentration to be determined.  

2.9.12 Data analysis and statistical methods for Thioflavin T data 

The statistical analysis of the data acquired through the ThT assay is described 

below. The number repeat experiments for each value are described in the figure 

legends and in the data table provided in the appendices. Data analysis was 

performed in Microsoft Excel 2013 and Origin Pro 8.6. 

The ThT data were first background subtracted by subtracting the mean of the 

black wells (i.e. those containing only ThT and buffer solution) from all 

fluorescence values. At this stage the maximal ThT fluorescence signal values 

were recorded foe each sample.   

The data were next normalised between 0 and 1 by first subtracting the minimum 

value in a given well data set from all other values within that well data set 

followed by dividing all values in a well data set by the maximum value in that 

well data set. This normalisation served the dual purpose of making data sets with 

different maximal fluorescence single more easily comparable and facilitating 

further analysis. From these data the T50 values were determined for each well 

based on the time value at which the normalised fluorescence first reached 0.5 

arbitrary units.  

To determine the lag times and elongation rates the linear region of the 

normalised data was isolated (the range chosen was 0.2 to 0.6 arbitrary units as 

this was observed to prevent the inclusion of non-linear regions with minimal 

reduction of the data set). These data were then plotted in Origin Pro 8.6 and 

independently fitted with linear fits. The gradient of these linear fits was taken as 

the elongation rate in arbitrary units hour-1. Using the find x from y function in 
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Origin Pro 8.6, with y set to 0, the projected lag time was determined for each 

sample. At this stage the T50 value could also be calculated from y = 0.5, however 

this method of determining the T50 was not used.  

As the aggregation kinetics of amyloid proteins can vary between experiments 

the values described above (T50, lag time and maximal ThT fluorescence) were 

normalised across experiments by dividing all vales obtained by the average of 

the relevant amyloid protein alone control. These ratios were then compared 

between experiments.  

Data are presented as both ThT fluorescence traces and as box plots. Box plots 

were generated in Origin Pro 8.6 with 25th and 75th percentile boxes and whiskers 

representing outlier values within 1.5 inter quartile ranges of the mean. Data 

points outside of the whiskers were not shown. This method of presentation 

follows the guidance presented by Nature Methods (Krzywinski and Altman 

2014).  

Significance p values were calculated in Microsoft Excel 2013 using the t-test. The 

data were treated as describing a population with a two-tailed distribution 

containing two samples with unequal variance. P values were calculated for each 

treated population compared to the untreated control. In the case of YDL085CA, 

each concentration used was compared to the untreated control and to each 

other concentration. T-test p values of below 0.05 were taken as cause to reject 

the hypothesis that the two groups were sampling the same population.  
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3 YDL085CA – a modulator of amyloid protein aggregation 

3.1 Introduction 

3.1.1 Introduction to MOAG-4 

As discussed in Chapter 1.2, many diseases are caused by the aggregation of 

amyloid proteins. As such, it could be considered surprising that proteins which 

increase the rate of amyloid formation occur in nature. However, several 

instances of proteins that accelerate amyloid protein aggregation have been 

described and may be associated with disease states (Goehler et al. 2004; 

Muchowski et al. 2002; Sittler et al. 1998). 

The protein Modifier of aggregation 4 (MOAG-4) was identified as a modulator of 

age-related phenotypes and death in C. elegans expressing polyglutamine 

proteins (van Ham et al. 2010). Initial screening identified the deletion of MOAG-

4 as reducing the severity of the polyQ phenotype. Further investigation 

demonstrated that deletion of MOAG-4 reduced the rate of aggregate formation 

by 75%. The activity of MOAG-4 was shown to be autonomous (i.e. mediated by 

MOAG-4 alone) suggesting that MOAG-4 may represent an easily manipulated 

mechanism of aggregation enhancement (van Ham et al. 2010).   

MOAG-4 is an 82 residue protein with a theoretical molecular weight of 8.9 kDa. 

MOAG-4 is part of a highly conserved family of orthologous proteins which occur 

in both fungi and animals (van Ham et al. 2010). In all cases, the MOAG-4 family 

are characterised by having large numbers of charged residues leading to an 

overall basic charge (example sequences are shown in Figure 3.1a). Lysine in 

particular is over-represented amongst the residues of these proteins. Two 

conserved regions are found: one at the N-terminus (residues 1 to 24 of MOAG-

4) and one in the central region of MOAG-4 (residues 38 to 63). NMR data (Figures 

3.1b and c) for MOAG-4 suggest that parts of these regions form α-helices 

(residues 8-22 and 45-70) (Yoshimura et al. 2017). In the case of the N-terminal 

helix this secondary structure is likely to be transient (Yoshimura et al. 2017). 

Secondary structure prediction algorithms suggest that this secondary structure 
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is maintained in several MOAG-4 orthologs (Figure 3.1d) (Cuff and Barton 1999; 

Drozdetskiy et al. 2015). 

 

Figure 3.1: Structural relationships of the MOAG-4 protein family. (a) The sequences of MOAG-4, 

SERF1a and YDL085CA, representatives of the MOAG-4 family from C. elegans, H. sapiens and S. 

cerevisiae respectively. The sequence alignment shown was performed using BlastP (Altschul et 

al. 1990) with the black boxes indicating preservation of an amino acid and the grey boxes 

indicating conservation of characteristics. (b) The solution NMR ensemble structure for MOAG-4 

depicting a helix from residues D45 to N70. The remaining sequence of MOAG-4 appears to be 

disordered. (c) The population of helical structure per residues determined from the ensemble 

structures depicted in b. (d) Secondary structure prediction for the MOAG-4, SERF1a and 

YDL085CA. α-helices are shown as brown boxes and β-strands as orange arrows as determined 

by jnetpred. The JENTCONF value is given below each residue, with nine indicating a high degree 

of agreement between simulations and lower values indicating increasing uncertainty.(Cuff and 

Barton 1999; Drozdetskiy et al. 2015) Panels (b) and (c) reproduced from Mulder and co-workers 

(Yoshimura et al. 2017).  

Both MOAG-4 and its human orthologs, SERF1 and SERF2, have been shown to 

directly alter the aggregation of amyloid proteins (Falsone et al. 2012; van Ham 

et al. 2010). Interestingly, the SERF1 isoform SERF1a has been identified as a 
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modifier of spinal muscular atrophy, a disease in which protein misfolding has 

been suggested to play a role (Scharf et al. 1998). However, the effect of SERF1 

on aggregation appears to be selective as the aggregation kinetics of non-amyloid 

forming aggregating proteins (insulin, actin and citrate synthase) are unaltered 

upon the addition of SERF1 (Falsone et al. 2012). The aggregation process of 

amyloid-forming proteins, as measured by the ThT-assay, appears to be 

accelerated in the presence of SERF1 even at substoichiometric levels (Falsone et 

al. 2012). The reduction in the length of the lag phase has been demonstrated for 

a variety of amyloid forming proteins including Aβ40, α-synuclein, huntingtin 

exon 1 and the prion protein, PrPc (Falsone et al. 2012). 

The interaction between SERF1 and α-synuclein leads to a rapid increase in the 

amount of soluble oligomers of high molecular weight formed by α-synuclein, 

which were not normally detected during aggregation (Falsone et al. 2012). These 

species were found to be unstable, disappearing over time (3-4 days), although 

they were ThT positive in their own right, suggesting that they already had at least 

some of the characteristics of mature amyloid fibrils. When examined by TEM, 

the morphologies of the ThT positive species were found to be primarily short 

rods and spherical aggregates, as opposed to the long fibrils observed in the 

absence of SERF1 (Falsone et al. 2012). Over time these short fibrils matured into 

structures that could not be differentiated from those formed in the absence of 

SERF1.  

Both SERF1 and MOAG-4 appear not to interact with the mature aggregates and 

do not co-localise with them (van Ham et al. 2010). This suggests that monomeric 

or early stage aggregate species are the primary substrate for SERF interaction. 

NMR studies of the interaction between SERF1 and α-synuclein demonstrate that 

C-terminus of α-synuclein is perturbed upon interaction with SERF1 suggesting 

that binding may occur in this region (Falsone et al. 2012). Further NMR studies 

with MOAG-4 support this proposed binding site, once again showing evidence 

for the involvement of the C-terminus in this interaction (Yoshimura et al. 2017). 

This second study also showed that the secondary structure of α-synuclein upon 

binding was largely unchanged from random coil, however, α-synuclein samples 
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a less compact conformation upon interaction with MOAG-4 (Yoshimura et al. 

2017).  

The effect of MOAG-4/SERF on the aggregation of α-synuclein is theorised to be 

mediated by the exposure of the central amyloidogenic region of α-synuclein due 

to the interaction between MOAG-4/SERF and the negatively charged C-terminus 

of α-synuclein which normally shields the core of α-synuclein (Yoshimura et al. 

2017). The exposure of normally shielded amyloidogenic regions upon binding to 

MOAG-4 family proteins may represent a general mechanism by which they 

accelerate aggregation. Perturbation of the C-terminus of α-synuclein has been 

shown previously to drive amyloid formation by exposing the hydrophobic core 

(Fernandez et al. 2004; Hoyer et al. 2004; Levitan et al. 2011; McClendon, 

Rospigliosi and Eliezer 2009; Ranjan and Kumar 2017; Rasia et al. 2005).  

While the interaction between MOAG-4/SERF1 and α-synuclein is now well 

defined (Falsone et al. 2012; Yoshimura et al. 2017), there are no published data 

investigating the interaction between MOAG-4 family proteins and other amyloid 

proteins in the same molecular detail. This chapter aims to characterise the 

interaction of the MOAG-4 ortholog YDL085CA and the amyloid protein Aβ40 by 

means of MS based techniques. In addition, a more detailed kinetic analysis of 

the effects of YDL085CA on the aggregation of amyloid proteins is presented.  
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3.1.2 Amyloid-β 

The majority of the experiments described in this Chapter were performed on 

Aβ40. As described in the Chapter 1.2, Aβ40 is a 40 residue peptide involved in 

the pathology of Alzheimer’s disease. The sequence of Aβ40 (and the related 

Aβ42) is shown in Figure 3.2.  

 

Figure 3.2: The sequence of Aβ40 and Aβ42. The primary sequence of Aβ40/42 is shown. The 

additional residues present in Aβ42 are shown in grey. The N-terminal methionine residue 

present in the recombinant Aβ40 used in many of the experiments in this investigation is shown 

in blue.  

Two forms of Aβ40 were used in this investigation. The recombinantly expressed 

Aβ40 was expressed and purified as described in Chapter 2.9.2.4. As a result of 

the expression mechanisms employed, this Aβ40 contains an additional 

methionine residue at the N-terminus which is not present in the endogenously 

occurring Aβ40 found in disease (Figure 3.2). Many publications have made use 

of MAβ40 (Assarsson et al. 2014; Cukalevski et al. 2015; Meisl et al. 2014b) and it 

has been shown to behave in a similar way to Aβ40 (Walsh et al. 2009). It was 

recently shown that MAβ42 and Aβ42 form the same fibrillar structures (Silvers 

et al. 2017).  

The second form of Aβ40 used in this investigation is chemically synthesised 

Aβ40. The synthetic Aβ40 was purchased from BAchem (Bachem AG, Bubendorf, 

Switzerland). Synthetic Aβ40 does not contain the N-terminal methionine residue 

and is identical in sequence to the Aβ40 found expressed endogenously in cells. 

Where there was concern that the N-terminal methionine might play a role in an 

effect observed for the MAβ40, synthetic Aβ40 was used to repeat the 

experiment.  

Throughout this thesis the recombinantly expressed MAβ40 will be referred to as 

Aβ40 with notice given when synthetic Aβ40 is used. 
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3.1.3 Aims of this chapter: 

In this Chapter the effect of the yeast homolog of MOAG-4/SERF1, known as 

YDL085CA, upon the aggregation of the amyloid protein Aβ40 is investigated to 

determine whether the acceleration of amyloid aggregation previously observed 

in the presence of MOAG-4/SERF1 (Falsone et al. 2012; van Ham et al. 2010) is 

specific to those proteins. The relationship between the concentration of 

YDL085CA and the effect observed is explored. In addition chemical crosslinking 

MS is utilised to examine the interaction between YDL085CA and Aβ40. 
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3.2 YDL08CA modulates the aggregation of amyloid proteins 

The effect of the addition of YDL085CA on the aggregation kinetics of Aβ40 were 

investigated by means of the ThT assay. Falsone et al. demonstrated that the 

effect of SERF1 on α-synuclein aggregation shows a concentration dependence, 

though the discontinuous nature of the data and the wide errors associated with 

the measurements make further analysis of the relationship difficult (Falsone et 

al. 2012). In the same publication the addition of equimolar SERF1 to Aβ40 

resulted in a reduction in the lag time. Again, the discontinuous nature and 

sparsity of the data make further analysis problematic however, unlike α-

synuclein, the total signal intensity for the Aβ40 treated with SERF1 does not 

appear significantly different from that observed for Aβ40 alone.  

The aggregation kinetics described here were undertaken in the Aβ40 

aggregation buffer described by Knowles and co-workers (20 mM sodium 

phosphate, 0.2 mM EDTA, 0.02% sodium azide, 25 µM ThT, pH 7.4) in order to 

match previous literature for Aβ40 (Meisl et al. 2014a). This varies from the buffer 

used in previous investigations of SERF1 (138 mM NaCl, 2.7 mM KCl, 0.02% 

sodium azide, pH 7.4) (Falsone et al. 2012; van Ham et al. 2010; Yoshimura et al. 

2017). For instance, the buffer used here buffer lacks sodium chloride. 

YDL085CA was expressed and purified by the laboratory of Prof. James Bardwell 

(University of Michigan). YDL085CA was expressed as sumo-tagged fusion protein 

and purified by nickel-affinity chromatography. Subsequently, the sumo-tag was 

removed by digestion with ubiquitin-like specific protease 1 (ULP1). The full 

details of the expression and purification are given in Chapter 2.9.2.6.  

Initial investigation of the effect of YDL085CA on the kinetics of the formation of 

amyloid by Aβ40 showed that no significant effect (p=0.40) was observed in the 

lag phase upon addition of an equimolar ratio of YLD085CA (Figure 3.3). It does 

appear that the elongation rate of Aβ40 in the presence of YDL085CA is increased, 

although not to significance (Aβ40 alone: 0.20 ± 0.06 arbitrary units hour-1, 
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Aβ40+YDL085CA: 0.31 ± 0.06 arbitrary units hour-1, p=0.053) along with the 

maximal relative fluorescence (Aβ40 alone: 5001 ± 543 arbitrary units, 

Aβ40+YDL085CA: 7245 ± 834 arbitrary units, p=0.007). Previous work on the 

ortholog SERF1 had shown a significant decrease in the lag time of Aβ40 fibril 

formation in the presence of SERF1 (Falsone et al. 2012); this finding was 

therefore somewhat unexpected, although it does represent a single 

concentration under one set of buffer conditions. 

 

Figure 3.3: Initial experiments suggest that YDL085CA does not modify the lag time or T50 of Aβ40 

at equimolar concentrations. The aggregation of Aβ40 was measured by means of the ThT 

fluorescence assay. The samples were 25 µM Aβ40 +/- 25 µM YDL085CA in 20 mM sodium 

phosphate, 0.2 mM EDTA, 0.02% sodium azide, 25 µM ThT, pH 7.4 incubated at 37 °C without 

shaking. 

LC-MS analyses of intact YDL085CA reveal a mixed population consisting of 

several species of different masses (Figure 3.4). Several of these mass differences 

correspond to amino acid substitutions; however, sequencing of the plasmid 

revealed that no mutations had occurred.  
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Figure 3.4: Intact LC-MS of YDL085CA indicates various amino acid substitutions. The primary 

peak corresponds to the expected mass for YDL085CA including a serine from the sumo tag 

cleavage however several other major peaks are also observed. The peaks correspond to various 

single or double amino acid substitutions shown in the table (b). Substitutions indicated in grey 

are for residues which do not occur in the wild type YDL085CA sequence. The presence of several 

different peaks indicates the population is a mixture of wild type protein and protein containing 

different amino acid substitutions. The theoretical mass of YDL085CA(S) is 8036.28 Da. 

Digestion of the YDL085CA with the typical enzymes used in the laboratory was 

deemed unsuitable due to the amino acid content of the protein (Figure 3.5). The 

large numbers of lysine residues mean that digestion with trypsin or LysC would 

generate large numbers of very short peptides and so make sequencing difficult. 

The absence of aromatic residues in YLD08CA results in chymotrypsin being 

unsuitable for digestion of YDL085CA. Thus, the endopeptidase AspN was 

selected as digest prediction indicates that digestion with this enzyme would 

generate peptides ranging from 7 to 19 residues in length with an average length 

of 11.3 residues.  
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Figure 3.5: Digestion sites of common enzymes on YDL085CA. The predicted peptides after the 

digestion of YDL085CA by trypsin (blue), LysC (orange) and AspN (red). Chymotrypsin (not shown) 

resulted in the generation of zero peptides.  

Post-digestion LC-MS/MS detected a number of amino acid substitutions in 

YDL085CA (Figure 3.6). These include substitutions at several arginine residues. 

The codons encoding these residues were found to be rare in E. coli (see Table 

2.12). There are instances in published papers describing the incorporation of 

incorrect amino acid residues at sites of rare codons with other residues by the 

ribosomes of bacteria (Liu et al. 2017; Forman et al. 1998). It seems likely that the 

YDL085CA DNA sequence, which was taken from yeast and poorly optimised for 

E. coli, resulted in a similar process occurring here. Analysis of the DNA sequence 

encoding YDL085CA in relation to rare codons is presented in the Chapter 2 (Table 

2.12). The observation that certain arginine residues are substituted while others 

are not is consistent with the literature which suggests that the position of a rare 

codon in a sequence (especially, but not exclusively in relation to other rare 

codons) can alter the rate of substitution (Liu et al. 2017). The amino acid 

substitutions observed in the post-digest LC-MS/MS data account for the -27.9 

Da (RK and RQ) and -68.8 Da (RS) peaks as well as the -55.9 Da and -84.7 

Da peaks (double and triple RK/Q substitutions, respectively). However, the 

+30.0 Da and +55.3 Da peaks are not explained by the LC-MS/MS data. The RG 

and RN substitutions may be present in the intact LC-MS (Figure 3.4a) at low 

concentration.  
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Figure 3.6: Digestion and sequencing of YDL085CA reveals the presence of several amino acid 

residue substitutions. AspN digest followed by LC-MS/MS resulted in good coverage of the 

YDL085CA sequence. AspN digestion product peptides are shown in blue beneath the sequence 

while de novo assembled peptides (corresponding to cleavages at sites not predicted to be 

cleaved) are shown in grey. Modifications are shown where they were observed and detailed in 

the key. Several amino acid substitutions were detected at the site of arginine residues.  

Given the potential importance of charged residues in the function of YDL085CA, 

the substitutions observed rendered the samples unsuitable for further analysis. 

It was also considered that the sequence variation observed may have altered 

the effect of YDL085CA on the aggregation of amyloid proteins. Codon 

optimisation for E. coli expression of YDL085CA was undertaken and the protein 

expressed and purified by the laboratory of Prof. James Bardwell (University of 

Michigan), as described in Chapter 2.9.2.6. The plasmid was also modified to 

remove the final serine in the ULP1 cleavage site resulting in the purified 

YDL085CA lacking the N-terminal serine present in the previously expressed 

protein. This deletion was found not to alter the efficiency of the purification. 

Intact MS analysis of the E. coli optimised YDL085CA revealed a single charge 

state distribution of the correct mass for the sequence of YDL085CA (Figure 3.7). 
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In all further experiments protein obtained from the codon optimised plasmid 

was employed.  

 

Figure 3.7: Intact LC-MS of the codon optimised YDL085CA reveals a single major species of the 

correct mass (note that the codon optimised YDL085CA also lacks a serine left over from sumo-

tag cleavage). The theoretical mass of YDL085CA is 7949.20 Da. The peaks centred at 659 m/z 

(labelled a) and 665 m/z (labelled b) are M+14H14+ ions from low intensity contaminant ions with 

masses of 9222 Da and 9298 Da respectively. 

3.3 Kinetics of Aβ40 aggregation in the presence of YDL085CA 

The effect of the addition of the newly prepared YDL085CA upon the aggregation 

was again measured by means of the ThT assay. The kinetics of Aβ40 varied 

considerably from that reported for SERF1a (Falsone et al. 2012) where the 

addition of an equimolar concentration of SERF1a reduced the lag time of fibril 

formation by around 50%. At equimolar ratios the addition of YDL085CA was 

observed either to retard the generation of ThT positive species or to cause no 

change in different experiments (Figure 3.8).  
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Figure 3.8: Example Aβ40 aggregation kinetics in the presence of YDL085CA. Two repeats of the 
same experiment are shown, (a) and (b). In both cases the Aβ40 was 25 µM in 20 mM sodium 
phosphate, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 incubated at 37 °C without shaking. Note 
that one sample for 4:1 YDL085CA:Aβ40 in panel (b) has much higher signal than the others but 
was included in all analysis.  
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A concentration dependence is observed, with excess YDL085CA causing a 

significant increase in the lag time of fibril formation (Figure 3.8). 

Substoichiometric amounts of YDL085CA result in minimal effect, in some cases 

resulting in a small reduction in the lag time. An analysis of all of the acquired 

data is presented in Figure 3.9. The combined data set reveals that, while 

substoichiometric amounts of YDL085CA cause no change in lag time they do 

result in a small reduction in the T50 at a 0.2:1 ratio (an average relative T50 of 

0.83). When YDL085CA is present in equimolar ratio or at fourfold excess both 

the lag time and T50 of Aβ40 aggregation increase significantly.  
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Figure 3.9: Analysis of Aβ40 aggregation in the presence of YDL085CA. (a) The lag time of Aβ40 

aggregation, relative to Aβ40 alone, in the presence of increasing concentrations of YDL085CA. 

(b) The T50 of Aβ40 aggregation, relative to Aβ40 alone, in the same experiments. (c) The relative 

total maximal ThT fluorescence in the same experiments. In all cases the whiskers indicate outliers 

within the 1.5x IQR. All experiments performed with 25 µM Aβ40 in 20 mM sodium phosphate, 

0.2 mM EDTA and 0.02% sodium azide, pH 7.4 at 37 °C without shaking. In (a) n=24, in (b) and (c) 

n=18. P values are given for a T-test for each data set compared to Aβ40 alone. 



136 
 

In addition to the changes observed in the lag time and T50 values of the 

YDL085CA treated Aβ40, the total fluorescence signal observed also varied when 

compared to Aβ40 alone (Figure 3.9c). The addition of YDL085CA at any of the 

investigated concentrations resulted in approximately a 1.5 fold increase in the 

maximal ThT fluorescence signal on average. However, at lower concentrations 

of YDL085CA there was greater variation in the effect observed. Maximal ThT 

fluorescence can, under specific circumstances (Meisl et al. 2014a), be used as an 

indicator of the fibril yield; however, there are many instances of molecules 

interfering with ThT fluorescence (Coelho-Cerqueira, Pinheiro and Follmer 2014; 

Gade Malmos et al. 2017). As such any conclusions drawn from maximal ThT 

signal should be considered carefully.  

The YDL085CA effect observed is maintained in the reverse experiment wherein 

the concentration of YDL085CA was kept constant and the concentration of Aβ40 

varied (Figure 3.10). As the lag time and kinetics of Aβ40 aggregation are 

concentration dependent, each concentration of Aβ40 should be compared 

separately. In all cases, with the exception of the 5 µM Aβ40 experiment, the lag 

time of Aβ40 aggregation was unchanged. The addition of YDL085CA to 5 µM 

Aβ40, a fivefold excess of YDL085CA, resulted in an increase in the lag time from 

around 10 hours to above 22 hours.  
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Figure 3.10: Aβ40 aggregation kinetics at different concentrations in the presence of YDL085CA. 

(a) The kinetics of Aβ40 aggregation vary with concentration. The addition of 25 µM YDL085CA to 

(b) 100 µM Aβ40 (c) 50 µM Aβ40 and (d) 25 µM Aβ40 cause no change in lag time while the 

addition of 25 µM YDL085CA to 5 µM Aβ40 (e) results in an increase in lag time. The relative lag 

times, T50 values and maximum fluorescence are compared in Figure AII.I.  
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The recombinantly expressed Aβ40 used in the experiments described above 

includes an N-terminal methionine which does not occur in the natural protein 

(Figure 3.2). To investigate any possible effect of this residue, a synthetic Aβ40 

peptide was purchased. The ThT assay described above was repeated with this 

Aβ40. The lag time of the Aβ40 aggregation was observed to be slightly shorter 

(2.7 ± 0.2 hours) than that observed for the same concentration of recombinant 

Aβ40 (4.3 ± 0.3 hours) (Figure 3.11). Once again, a concentration dependence was 

observed in the effect of YDL085CA. Similar to the recombinant Aβ40, high 

concentrations of YDL085CA increase the lag time of the formation of amyloid 

fibrils. However, in this data substoichiometric concentrations of YDL085CA also 

caused retardation of aggregation (for the change in lag time for 0.2:1 

YDL085CA:Aβ40 p = 0.00004 and for 0.5:1 YDL085CA:Aβ40 p = 0.003).  

 

Figure 3.11: Aggregation kinetics for synthetic Aβ40 in the presence of YDL085CA. The Aβ40 was 

25 µM in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 incubated at 37 

°C without shaking. The final concentration of DMSO in each sample was 1% (v/v). The relative 

lag times, T50 values and maximum fluorescence are compared in Figure AII.II. 

Variation in protein concentration, due to poor quantification of the protein, 

could explain the variation in YDL085CA’s activity between experiments. 



139 
 

YDL085CA lacks tryptophan residues and consequentially has an extremely low 

extinction coefficient at 280 nm making spectrophotometric quantification at this 

wavelength impossible. The concentration of the YLD085CA stocks were 

estimated based on the results of a BCA assay (Chapter 2.9.11) (Smith et al. 1985). 

Likewise the extinction coefficient of Aβ40 is very low, decreasing the accuracy of 

protein concentration determinations by use of this method. Therefore the 

concentration of the Aβ40 was determined for a highly concentrated stock prior 

to dilution. A further possibility is that the presence of DMSO in the buffer used 

in the ThT assay for the synthetic Aβ40, which was not present in the recombinant 

Aβ40 samples, may have caused the changes seen in the effect of YDL085CA at 

low concentration.  

3.4 The effect of buffer on YDL085CA activity 

The sodium phosphate buffer used in the experiments described above is not 

suitable for native MS analysis. Interestingly, the effects of YDL085CA in 

ammonium bicarbonate are very different from those seen in sodium phosphate 

(Figure 3.12). Under these conditions all concentrations of YDL085CA tested 

resulted in the same reduction in lag time. In addition, a degree of concentration 

dependence is observed in the final total fluorescence with higher concentrations 

of YDL085CA resulting in a higher overall fluorescence.  
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Figure 3.12: Typical kinetics for Aβ40 in the presence of YDL085CA in ammonium bicarbonate. 

The Aβ40 was 25 µM in 50 mM ammonium bicarbonate pH 7.4 incubated at 37 °C without 

shaking.  

Analysis of multiple data sets for Aβ40 aggregation in the presence of YDL085CA 

in ammonium bicarbonate shows very different trends from those observed in 

sodium phosphate (Figure 3.13). While there is little variation in the reduction in 

the lag time or T50 between 0.2:1 and 1:1 ratios, a fourfold excess of YDL085CA 

does result in a lag time slightly longer than at lower concentrations (T test p 

value = 0.04 for T50 and p > 0.00001 for lag time), but still significantly faster than 

for Aβ40 alone. There does appear to be a concentration effect on the maximal 

fluorescence, with a fourfold excess of YDL085CA resulting in a much larger 

increase in maximal signal than lower ratios (Table A.II.5).  
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Figure 3.13: Summary of Aβ40 aggregation kinetics in the presence of YDL085CA in ammonium 

bicarbonate. (a) The lag time of Aβ40 aggregation, relative to Aβ40 alone, in the presence of 

increasing concentrations of YDL085CA. (b) The T50 of Aβ40 aggregation, relative to Aβ40 alone, 

in the same experiments. (c) The relative total maximal ThT fluorescence in the same 

experiments. In all cases the whiskers indicate outliers within the 1.5x IQR. All experiments 

performed with 25 µM Aβ40 in 50 mM ammonium bicarbonate pH 7.8, at 37 °C without shaking. 

In each case for 0.2:1 n=6, for 0.5:1 and 1:1 n=10 and for 4:1 n=5. P values are given for a T-test 

for each data set compared to Aβ40 alone. 
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These data suggest that the effect of YDL085CA is far more complicated than 

initially thought. It seems that the composition of the buffer in which the 

experiment is performed can markedly change the effect of YDL085CA with 

regard to aggregation, changing it from an inhibitor to an accelerator of 

aggregation. The high number of charged residues present in YDL085CA suggest 

that the ions present in solution may have a significant effect on its function and 

structure. In addition, intrinsically disordered proteins such as Aβ40 and 

YDL085CA have been shown to be especially sensitive to the presence of charged 

ions in the solution (Liao et al. 2013; Wicky, Shammas and Clarke 2017). 

Transmission electron microscopy was utilised to examine the morphology of the 

species in solution at the end of the aggregation assay (26 hours). The TEM 

images, shown in Figure 3.14, reveal that a significant morphological change 

occurs when Aβ40 is incubated with YDL085CA. Aβ40 alone forms a dense mat of 

unbranched linear fibrils several microns in length (Figure 3.14a,b). In the 

presence of YDL085CA, short crystal-like aggregates are observed which in some 

cases have the appearance of stacked sheets (Figure 3.14 c-f). This morphology 

was variable, with longer ribbon like structures also observed (Figure 3.14e) and 

some fibril-like aggregates also seen (Figure 3.14f). Given the presence of some 

fibril-like structures it seems possible that the short crystal-like aggregates may 

go on to form fibrils if left for a sufficient period of time. TEMs were only collected 

at a single time point therefore it is not possible to comment further on this 

possibility. Whether YDL085CA is directly remodelling Aβ40 aggregates is unclear. 

The crystal-like morphology may be a result of the change in the kinetics of 

aggregation upon the addition of YDL085CA. It can be imagined that increasing 

the rate of aggregation by reducing the lag phase could be facilitated by 

increasing the number of critical nuclei and as such there may be less free 

monomer for extension of the early fibril structures, thus trapping them as 

shorter structures.  
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Figure 3.14: Transmission electron microscopy reveals a morphological difference between fibrils 

formed by Aβ40 in the absence (a,b) and presence (c-f) of YDL085CA. While Aβ40 alone forms 

long, straight fibrils, in the presence of YDL085CA short crystal-like structures are formed. Some 

fibrils are still observed. Samples were taken from kinetics assays where Aβ40 was 25 µM in 50 

mM ammonium bicarbonate pH 7.4 and was incubated at 37 °C without shaking. YDL085CA was 

added at equimolar ratio where indicated. 
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3.5 Native MS investigation of the interaction between YDL085CA and 

amyloid proteins 

Native nESI-MS of YDL085CA was undertaken with the amyloid proteins Aβ40 and 

α-synuclein, the latter of which has been demonstrated to interact with MOAG-

4/SERF1 (Falsone et al. 2012; Yoshimura et al. 2017). 1:1 ratios of Aβ40/α-

synuclein and YDL085CA were prepared in 50 mM ammonium bicarbonate, pH 

7.4 and immediately analysed by nESI-IMS-MS. In the case of Aβ40, the use of 

nESI-IMS-MS revealed the presence of higher order complexes consisting of 

YDL085CA:Aβ40 complexes with stoichiometries of 1:1, 1:2 and 2:1 as well as a 

YDL085CA dimer (Figure 3.15). Given the distribution of species it is possible that 

the observed complexes were the result of the dissociation of a 2:2 complex via 

subunit ejection in the gas phase due to the energies applied in the instrument. 

However, no direct evidence for the existence of a 2:2 complex was observed.  
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Figure 3.15: Native nESI-IMS-MS of a mixture Aβ40 and YDL085CA reveals a population of 

complexes. IMS drift time plot (a) and MS spectrum (b) of 20 µM Aβ40 and 20 µM YDL085CA in 

50 mM ammonium bicarbonate, pH 7.4. In both cases the m/z range from 2750 to 4500 is shown 

as this region contains the complex ions. The peaks are labelled according to the ion or complex 

to which they correspond with the charge state indicated. In addition to monomeric Aβ40 and 

YDL085CA, a dimer of YDL085CA, a trimer of Aβ40 and a range of complexes between the two 

proteins (1:1, 1:2 and 2:1) are observed. The drift time plot (a) uses a square root intensity scale. 

The theoretical masses (average mass/monoisotopic mass) for Aβ40 and YDL085CA are 

4461.06/4458.19 Da and 7949.20/7944.32 Da respectively.  
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Native nESI-MS of α-synuclein revealed a possible interaction between YDL085CA 

and some charge states of α-synuclein (Figure 3.16b). Ions corresponding to the 

1:1 complex are observed for the M+8H8+ to M+19H19+ ions of α-synuclein. The 

intensity of these ions is relatively low compared to the ions of the non-

interacting proteins. IMS of the complex ions shows that for the most intense 

complex ion that could easily be isolated from other peaks, M+10H10+, there are 

three confirmations while for the M+10H10+ ion of free α-synuclein (Figure 3.17) 

only two conformations are observed. This is consistent with previously 

published evidence that α-synuclein becomes less compact upon binding to 

MOAG-4 (Yoshimura et al. 2017).  

 

Figure 3.16: Native MS reveals a 1:1 complex formed by α-synuclein and YDL085CA(S). Native MS 

spectra for (a) YDL085CA(S) alone, (b) a 1:1 mixture of YDL085CA(S) and α-synuclein and (c) α-

synuclein alone. The masses of the observed proteins and complexes are indicated. The 

theoretical average masses of each construct are: YDL085CA(S) 8036.28 Da and α-synuclein 

14460.18 Da. YL085CA(S) and α-synuclein were 50 µM and 10 µM respectively in 50 mM 

ammonium acetate, pH 7.6.  
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Figure 3.17: nESI-IMS-MS arrival time distributions for the M+10H10+ ion of (a) α-synuclein alone 

and (b) the α-synuclein:YDL085CA(S) complex. The dotted lines in (b) indicate the position of 

maxima in the absence of YDL085CA. The drift time (in ms) is indicated above major peaks.   
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3.6 Chemical crosslinking studies of the YDL085CA:Aβ40 complex 

Native nESI-MS can provide a great deal of information regarding the interaction 

of proteins and peptides (stoichiometries, relative abundances and 

conformational information to name three examples). However, native MS does 

not inherently provide information regarding the site of an interaction nor is it 

always practical to investigate an intact complex via native methods. The 

YDL085CA:Aβ40 complex was observed by native MS only at very low levels 

(Figure 3.15) and as such further investigation of the site of interaction by 

techniques such as ETD would be difficult. Therefore the investigation of this 

complex was continued by means of crosslinking MS.  

Chemical crosslinking of an equimolar ratio of YDL085CA and Aβ40 with BS3 

reveals several interesting effects (Figure 3.18). Under the conditions employed 

here Aβ40 forms no crosslinked species that can be detected by SDS-PAGE at any 

of the concentrations of BS3 used. The crosslinking reactions was performed at 

room temperature for one hour, a time point that, under these conditions, is very 

early in the lag phase of fibril formation. It has been suggested that at early points 

in Aβ aggregation the population is dominated at low concentrations by 

monomer, with a reported apparent equilibrium constant of 54 µM (Garai and 

Frieden 2013). As such, the levels of oligomeric species may be extremely low and 

thus below the limit of detection of this experiment. However, at the 

concentrations used in the crosslinking experiments, oligomers have been 

observed (see Figure 3.15 and the literature (Bernstein et al. 2009b)). A second 

possibility is that the reactive residues in Aβ40 (K16, K28 and M0) may be distal 

from each another in the oligomeric conformation and thus crosslinking would 

be unlikely to occur. However, the broad spread of reactive residues throughout 

the N-terminus and central region of Aβ40 sequence makes this seem unlikely. 

Libeu at al. reported observing dimeric and trimeric Aβ40 under similar 

conditions (10 µM Aβ40 in PBS incubated at 37 °C for 30 min); however, they 

enriched oligomeric species by the use of size exclusion chromatography and 

Western blot detection, the latter of which can be more sensitive than the 

Coomassie stain used here (Libeu et al. 2011).  
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At the lowest concentration of BS3, YDL085CA appears only as monomer although 

the intensity of the band observed is lower than for other samples suggesting 

that the recovery of this sample may have been poor. At higher excess of BS3 a 

ladder of oligomeric species of YDL085CA is observed with approximate masses 

corresponding to as many as six monomer subunits. Conversely in the native MS 

experiments YDL085CA was only observed as monomer and possibly dimer in the 

presence of Aβ40. Whether this pattern of crosslinked species represents a real 

distribution of oligomers or is indicative of transient interactions or collisions 

which are falsely enriched due to the presence of large numbers of reactive 

residues is unknown.  

YDL085CA and Aβ40 together show bands characteristic of both proteins alone 

(i.e. monomers and the YDL085CA ladder are still observed). A band is observed 

between 10 kDa and 15 kDa which is unique to the mixed reaction and 

approximately the correct mass for a 1:1 complex (indicated by the arrowhead in 

Figure 3.18). The intensity of this band increases as the amount of BS3 is raised. A 

possible second band is observable between 20 kDa and 25 kDa and slightly 

below the YDL085CA trimer. This band could correspond to a number of 

theoretical species (for example an approximate molecular weight of 24 kDa 

could correspond to a YDL085CA trimer, a YDL085CA1Aβ403 complex or a 

YDL085CA2Aβ402 complex or a mixture of these species) and due to the low 

intensity it was not possible to extract this band for further analysis.  
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Figure 3.18: SDS-PAGE of Aβ40 and YDL085CA crosslinking at different concentrations of BS3 after 

one hour of incubation. The contents of each lane are indicated above the figure. Aβ40 alone does 

not result in any observable crosslinked complexes at any of the BS3 concentrations used. 

YDL085CA alone results in the formation of a ladder of crosslinked species. Co-incubation of Aβ40 

and YDL085CA results in the formation of a 1:1 complex (indicated by the black arrowhead). In all 

cases it was observed that the top of the wells did not stain indicating that large SDS-stable or 

crosslinked fibrillar species were not generated during the experiment.  

The bands for the monomeric species, the YDL085CA dimer and the putative 1:1 

complex were excised from the gel and treated as described in the Chapter 2. 

Briefly, the excised gel bands were destained in 30% ethanol followed by 

sequential washes in acetonitrile to dehydrate the gel pieces. The dehydrated 

samples were digested overnight (18 hours) with trypsin. The resulting peptides 

were recovered by a series of washes in acetonitrile-formic acid solutions and the 

solution was evaporated to concentrate the peptides. While a tryptic digest of 

YDL085CA results in many short peptides, the presence of covalent BS3 

modification blocks cleavage resulting in longer peptides with missed cleavages. 

These longer peptides can be analysed more easily than the short peptides 

produced from unmodified protein. 
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The recovered peptides were analysed by LC-MS/MS. Samples were introduced 

into a M-class ACQUITY UPLC (equipped with a Symmetry C18 trap column and a 

Waters HSS T3 C18 75µM internal diameter x 150 mm column) attached to a Xevo 

G2XS or Synapt G2Si MS instrument. The peptides were eluted using a gradient 

of acetonitrile and infused into the MS by nESI. 

All of the inter-protein crosslinks observed are generated by the reaction of the 

N-terminus of Aβ40 (i.e. the N-terminal primary amine of the methionine residue) 

and a variety of sites on YDL085CA (Figure 3.19). While there are two other 

primary amines in Aβ40 (lysine residues 16 and 28) neither is seen to crosslink to 

YDL085CA. Lysine 16 is observed to form dead end crosslinks by reacting with 

water from the buffer. This suggests that the Aβ40:YDL085CA reaction is 

mediated by the N-terminal segment of Aβ40 with little or no involvement from 

the central region. The crosslinking distance of BS3 is 11.4 Å, therefore it can be 

suggested that no crosslinkable residues of YDL085CA are within 11.4 Å of either 

lysine residues of Aβ40 when the complex is formed. 
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Figure 3.19: BS3 crosslinking map for the 1:1 complex of Aβ40 and YDL085CA. (a) The inter- (blue) 

and intra- (red) protein crosslinks mapped onto the sequence of Aβ40 and YDL085CA. (b) A table 

showing the inter-protein crosslinks with false discovery rate (FDR) below 5% as calculated in the 

StavroX software (Gotze et al. 2012). Note that all inter-protein crosslinks involved the N-terminus 

of Aβ40. Figure (a) prepared using xVis (Grimm et al. 2015). 
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The N-terminus of YDL08CA crosslinks to Aβ40, as do peptides corresponding to 

residues 12-16, 44-52 and 54-60 of YDL085CA. Aside from the N-terminus all of 

these residues fall in conserved regions of YDL085CA that are predicted to form 

helical structure (Figure 3.1). In MOAG-4 both of these sections form helices and 

the first helix, containing YDL085CA 12-16 has been shown to undergo a large 

change in structure upon binding to a substrate (Yoshimura et al. 2017).  

A number of intra-protein crosslinks are also observed for YDL085CA. Intra-

protein crosslinks, in particular those between defined domains, can be used to 

infer information about a protein’s tertiary structure. However, in this case these 

crosslinks are scarce and as such little reliable information may be gained from 

them. The scarcity of data for this experiment is in part due to the inherent 

difficulties of correctly assigning which peaks in an MS/MS spectrum are from 

crosslinked samples. This issue can be resolved unequivocally and thus the 

number of identified crosslinked peptides increased, by use of isotopically 

labelled crosslinking reagents (Figure 3.20a and b) (Collins et al. 2003; Muller et 

al. 2001; Pearson, Pannell and Fales 2002). 



154 
 

 

Figure 3.20: Crosslinking with isotopically labelled BS3. (a) The structure of BS3 and (b) the 

structure of BS3 H/D4 indicating the position of the stably incorporated deuterium atoms. (c) A 

doublet of peaks is observed for a crosslink formed in the presence of mixed BS3 D4 and BS3 D0 

with a signature 4 Da mass difference (2 m/z for a M+2H2+ ion as presented above).  

 In a system where deuterated and undeuterated crosslinkers are used in tandem 

the relative inclusion of the heavy and light isotopic variant should be reflective 

of the ratio of the two crosslinkers in solution (Figure 3.20c). For example, if the 

heavy and light crosslinker are mixed at a stoichiometric ratio the resulting 
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population crosslinked peptides should have a 50:50 ratio of peptides generated 

by heavy and light crosslinker interactions.  

The benefit of using a mixed isotopically labelled crosslinker becomes clear when 

the MS of a putative crosslinked peptide is viewed. For BS3 D0/D4, a doublet peak 

distribution separated by four Daltons is observed for the crosslinked species 

(Figure 3.20c). These characteristic doublet peaks allow for rapid removal of 

peptides that are generated from the digestion of non-crosslinked regions of a 

protein (Collins et al. 2003; Muller et al. 2001; Pearson, Pannell and Fales 2002). 

The presence of doublet peaks is of use both in computational analysis of data 

sets (which can be very large for the MS/MS data in a crosslinking MS experiment) 

and for manual validation of the results.  

The crosslinking of Aβ40 and YDL085CA with BS3 D0/D4 was performed at a 50:1 

excess of crosslinker (Figure 3.21). The initial experiments with the undeuterated 

BS3 revealed that while a 20:1 excess of BS3 generated very low levels of 

crosslinked peptide, a 100:1 excess led to very poor recovery of peptides post 

digest.  
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Figure 3.21: SDS-PAGE of three repeats of the Aβ40 and YDL085CA crosslinking experiment using 

a BS3 D0/D4 mixture. The black arrowhead indicates the position of the 1:1 complex. A control well 

containing Aβ40 and YDL085CA without BS3 is shown at the right hand side. The cross linking 

reaction was performed in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 

with 25 µM Aβ40 and 25 µM YDL085CA in the presence of a 50:1 excess of crosslinker (w/w) for 

1 hour at room temperature.  

As observed for the undeuterated BS3 crosslinking experiments, Aβ40 appears to 

remain monomeric under the solution and crosslinking conditions employed 

here. YDL085CA once again forms a ladder of higher order structures when 

exposed to BS3 (species up to pentamer are resolved with some indication of 

higher order species). When crosslinked, the mixed Aβ40:YDL085CA samples 

form a complex with the approximate molecular weight of a 1:1 complex (12 kDa, 

indicated in Figure 3.21 by the black arrowhead). It is also interesting to note that 

when Aβ40 without crosslinker is compared to the crosslinked Aβ40 samples the 

bands appear different. The crosslinked Aβ40 samples show evidence of two 

bands with different apparent molecular weight (slightly above and below the 5 

kDa molecular weight marker). This may be due either to changes in the diffusion 

characteristics of the protein due to incorporation of crosslinker directly, or to 
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changes in the conformation of the crosslinked species due to the formation of 

intra molecular crosslinks which restrict the unfolding of the protein in SDS 

buffer. Due to the low intensity of these bands and the poor resolution between 

them they were extracted as a single sample and treated as such through the 

downstream processing.  

The Aβ40:YDL085CA complex crosslinked with BS3 D0/D4 results in a larger 

number of identified crosslinked peptides than for BS3 D0 alone. An example of 

this is shown in Figure 3.22 (the full list of identified crosslinks is shown in 

Appendix II). Once again, only the N-terminal primary amine group of Aβ40 forms 

any crosslinks with YDL085CA (Figure 3.22). Interestingly, no crosslinks are 

identified from either of the lysine residues in Aβ40 to YDL085CA, Aβ40 or dead 

end crosslinks. This may suggest that these sites are occluded in the complex and 

thus not accessible to the crosslinker.  
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Figure 3.22: Example of data analysis for a crosslinked peptide from a YDL085CA:Aβ40 complex. 

(a) A doublet peak was identified at 627.3 and 628.6 m/z (corresponding to 1878.9 Da and 1883.0 

Da, respectively). The ion corresponding to the heavy isotopically labelled BS3 ion was isolated in 

the MS/MS spectrum (b). Fragments corresponding to peptide from YDL085CA and Aβ40 are 

shown in red and blue respectively (the full mass range is not shown). This peptide corresponds 

to residues 44-52 of YDL085CA and residues 0-5 of Aβ40.  



159 
 

 

Figure 3.23: A crosslinking map of the 1:1 complex of Aβ40 and YDL085CA. Three repeats are 

shown. Inter-protein crosslinks are shown in blue and intra-protein crosslinks are indicated in red. 

A table of the crosslinks identified is shown in Appendix II. Crosslinks were identified using the 

StavroX software (Gotze et al. 2012). Figure prepared using xVis (Grimm et al. 2015). For 

YDL085CA, solid boxes represent predicted α-helical secondary structure. The crosslinking 

reaction was performed in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 

with 25 µM Aβ40 and 25 µM YDL085CA in the presence of a 50:1 excess of crosslinker (w/w) for 

1 hour at room temperature. 
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The sites of the crosslinks between YDL085CA and Aβ40 can be localised to 

several regions of the proteins (Figure 3.24 and Appendix II). Once again, the N-

terminus of YDL085CA interacts with Aβ40. The central region of the proposed 

transient α-helix (residues 8-22) also crosslinks to Aβ40 via the lysine in position 

13 though not those at 16 and 17. Lysine 19 crosslinking was observed in only one 

data set where it forms an intermolecular crosslink to Aβ40. Lysines 23 and 27 

crosslink to Aβ40 as does Serine 28 and lie respectively at the end of a proposed 

α-helix and in a region proposed to lack secondary structure. Lysines 32 and 33 

are not observed to crosslink to Aβ40 suggesting that this region of the 

unstructured inter helix linker or N-terminal end of the second helix does not 

form a stable interaction with Aβ40. Residues 45, 57 and 62 of the second 

proposed α-helix also crosslink to Aβ40 while the nearby lysine 60 does not. A 

helical wheel projection of this helix (Figure 3.24) places residues which crosslink 

to the substrate separated by large distances (140 ° for K57 and K62) and does 

not present and obvious interface for the interaction to occur on. The NMR 

structure of MOAG-4 suggests the second helix may be exposed on all sides 

(Yoshimura et al. 2017) thus allowing a bound protein to wrap around the 

interface.  
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Figure 3.24: Helical wheel projections of helix 1 (residues 8-22) and helix 2 (residues 38-63) of 

YDL085CA. Sequences processed using the Wheel tool from Rapheal Zidovetzki (Zidovetzki 2009).  

These interactions point to both the importance of helix one and to the previously 

unreported importance of helix two and part of the linking region of YDL085CA 

in the binding interface with Aβ40 (Figure 3.25). It is interesting to note that the 

helix two crosslinks, in particular K57 and 62, lie in regions that are not conserved 

between MOAG-4 and YDL085CA. This may indicate that YDL085CA has evolved 

a different interaction domain to MOAG-4.  

 

Figure 3.25: The sequence of YDL085CA indicating the position of reactive residues. Reactive 

lysine residues are indicated in black boxes. Solid arrowheads above the residues indicate that an 

inter-protein crosslink was observed while an open arrowhead indicates that no inter-protein 

crosslinks were observed. Shown below are the secondary structure of MOAG-4 (brown) 

(Yoshimura et al. 2017) and the predicted secondary structure of YDL085CA (blue) repeated from 

Figure 3.1. The boxes indicate helical structure.  

It is interesting to note that, in the absence of YDL085CA, Aβ40 forms several 

intramolecular crosslinks while none are observed in the presence of YDL085CA 

(Figure 3.23 and 3.26). Crosslinks are observed between several residues in the 



162 
 

N-terminus as well as a group of amino acids between residues 16 and 29. In 

addition, the N-terminus appears to interact with the region surrounding residue 

16, a region which has been suggested to have helical secondary structure 

(Vivekanandan et al. 2011). The apparent abrogation of these interactions upon 

binding to YDL085CA suggests that Aβ40 may enter a more expanded 

conformation. Interaction with MOAG-4 has been shown previously to cause the 

sampling of an expanded conformation of α-synuclein (Yoshimura et al. 2017). 

This expanded conformation may expose otherwise protected amyloidogenic 

residues or alter the dynamics of the Aβ40 structural ensemble. 

 

Figure 3.26: A crosslinking map of Aβ40 monomer. Three repeats are shown. Intra-protein 

crosslinks are indicated in red. Note that in the third repeat no crosslinks could be identified. The 

crosslinking reaction was performed in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium 

azide, pH 7.4 with 25 µM Aβ40 in the presence of a 50:1 excess of crosslinker (w/w) for 1 hour at 

room temperature. 

Several of the residues crosslinked in the Aβ40 samples did not contain primary 

amine groups (S8, Y11, and S26) and as such are not traditionally held to be 

reactive residues in BS3 crosslinking. However, as discussed in Chapter 3.1.2, 

there is significant evidence for BS3 reacting with hydroxyl groups in the residues 

serine and tyrosine as observed here as well as threonine (Madler et al. 2009).  
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Crosslinking of the YDL085CA monomer reveals a complex network of crosslinks 

between many residues of the protein (Figure 3.27). Given the evidence from 

structural predictions, NMR data and CD analysis (Figure 3.28) that YDL085CA is 

extremely flexible and may lack structure in large areas (approximately 40% of 

the protein is predicted to lack structure in the NMR experiments on MOAG-4 

while the secondary structure predictions and CD analysis of YDL085CA suggests 

approximately 20% of the protein is unstructured) the wide range of long distance 

crosslinks is perhaps unsurprising (Yoshimura et al. 2017).  
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Figure 3.27: A crosslinking map of YDL085CA monomer. Three repeats are shown. Intra-protein 

crosslinks are indicated in red. The position of the crosslinks suggests that the N-terminus can 

interact with sites throughout the protein while the C-terminus does not interact with the central 

region. Solid boxes represent predicted α-helical secondary structure. The crosslinking reaction 

was performed in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% sodium azide, pH 7.4 with 25 

µM YDL085CA in the presence of a 50:1 excess of crosslinker (w/w) for 1 hour at room 

temperature. 
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Figure 3.28: Far UV CD analysis of YDL085CA and Aβ40. (a) The CD spectra over the range 190 nm 

to 260 nm of Aβ40 alone (black), YDL085CA alone (red) and YDL085CA in the 1:1 mixture (blue). 

(b) CDSSTR analysis of the secondary structure content of the proteins in (a). The proteins in (a) 

were 22 µM in 20 mM sodium phosphate, pH 7.4 at 20 °C. The signal from YDL085CA in the 1:1 

mixture was calculated by subtracting the signal for Aβ40 alone from the total signal. 

Essentially all crosslinkable residues (M1, K13, K16, K17, K19, K23, K26, K27, S28, 

K32, K33, S37, K45, K57, K60, and K62) in YDL085CA from intra molecular 

crosslinks. The C-terminal reactive residue, K65, was observed to form crosslinks 

in only one sample while T66 was not observed to form any crosslinks. 

Interestingly no dead end crosslinks were observed for any residue suggesting 

that YDL085CA samples a conformation(s) in which all reactive residues are 

within 11.4 Å of a second reactive residues.  

The N-terminus of YDL085CA was observed to interact with many residues 

situated throughout the sequence of YDL085CA. The region consisting of residues 
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15-35 contains many reactive residues (9 lysine residues and 1 serine residue). 

These residues were observed to form crosslinks with each other and with the N-

terminus but not with the reactive residues in the C-terminal region, such as K57, 

K60, K62, K65 and T66. This suggests that, while the N-terminus is free to interact 

with many residues, something prevents residues 15-35 and the C-terminal 

region from coming into close proximity. The predicted secondary structure of 

YDL085CA (and observed NMR data for MOAG-4 (Yoshimura et al. 2017)) shows 

that residues 15-35 lie at the end of the transient helix one and either in the helix 

one-helix two linker or the N-terminal end of helix two (Figure 3.1b-d). The C-

terminal reactive residues meanwhile lie in regions thought to form the C-

terminal end of the second helix and in the short sequence immediately after the 

helix. Therefore, the constraints of the helices’ flexibility likely prevent 

interactions between these two groups of residues. Somewhat unusually, K45 

crosslinks to residues in the 15-35 cluster suggesting that the region consisting of 

residues 15-35 can come into close contact with the middle of helix two. This may 

be explained by the first helix forming transiently and thus sampling a 

conformation(s) in which residues 15-35 have considerable freedom to interact 

with helix two. 

There is little change in the crosslinking pattern of YDL085CA upon the addition 

of Aβ40 (Figure 3.23 and 3.27). This may be suggestive of there being a low 

degree of conformational rearrangement of YDL085CA upon binding to its 

substrate. Similarly, only small differences in the structure of MOAG-4 were 

observed upon its interaction with α-synuclein (Yoshimura et al. 2017). CD 

analysis of YDL085CA (Figure 3.28) suggests that the addition of Aβ40 causes little 

change in the secondary structure of YDL085CA. 
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3.7 Discussion 

In this Chapter it has been shown that the MOAG-4/SERF1 ortholog, YDL085CA, 

has a very different effect on Aβ40 aggregation than does SERF1. In addition, a 

crosslinking-MS approach was employed and used successfully to map the sites 

of interaction between Aβ40 and YDL085CA to the N-terminus of Aβ40 and 

helices of YDL085CA, respectively.  

Investigation of the effect of YDL085CA on the aggregation kinetics of Aβ40 

resulted in several interesting observations. The first observation is that the 

effect of YDL085CA is highly dependent upon the buffer. As discussed above, it is 

thought that the conformations of highly disordered proteins, such as Aβ40 and 

YDL085CA, are extremely sensitive to buffer conditions, namely the ions present 

in solution (Muller-Spath et al. 2010; Liao et al. 2013; Wicky, Shammas and Clarke 

2017). While the ionic strengths of the two buffers employed in this study are 

similar, the ions present are different consisting primarily of Na2+ and PO4
3- ions 

in the case of the sodium phosphate buffer and NH4
+ and HCO3

- in the case of the 

ammonium bicarbonate buffer. The conformation of a protein, even an IDP, can 

play an important role in its behaviour and as such the effect of the buffer ions 

on the conformation of the proteins may account for this variation (Hofmann, 

Nettels and Schuler 2013; Muller-Spath et al. 2010; Wicky, Shammas and Clarke 

2017). 

An additional consideration in the interaction of YDL085CA and Aβ40 is the 

abundance of charges in solution. The highly charged sequence of YDL085CA 

(which has a net charge of 12+ at pH 7.4 and pI 11.1) and the evidence, from the 

crosslinking experiments, that the interaction between the two proteins is 

mediated by the charged N-terminal region of Aβ40 suggest that the interaction 

may be electrostatically driven. Previously published work on MOAG-4 has also 

demonstrated that an electrostatic interaction is likely (Falsone et al. 2012; 

Yoshimura et al. 2017). As such the presence of ions which can shield charged 

sites in solution could alter the effect of YDL085CA on the aggregation process.  
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A further factor, not explored in this investigation, is the potential effect of pH 

upon the YDL085CA:Aβ40 interaction.  

The second surprising observation in the Aβ40 aggregation assays was that 

YDL085CA behaves very differently to SERF1 under similar conditions (Falsone et 

al. 2012). While SERF1 has been shown to reduce the lag time of Aβ40 

aggregation by approximately 50% at an equimolar ratio (Falsone et al. 2012), 

under the conditions employed here (20 mM sodium phosphate, 0.2 mM EDTA, 

0.02% sodium azide, pH 7.4), YDL085CA at equimolar concentration was shown 

to have a mild inhibitory effect. There are a number of possible reasons for this 

effect. As mentioned above, YDL085CA appears to be extremely sensitive to 

buffer conditions. This buffer sensitivity might be expected to be common to 

members of the MOAG-4 family and therefore the addition of sodium in the 

buffer used in the SERF1 experiments could contribute to the variation in the 

effect observed. A second possible reason for the variation observed in the effect 

of YDL085CA and SERF1 is the difference in the sequence of the two proteins. 

While MOAG-4, SERF1 and YDL085CA share several conserved regions their 

overall sequence identity is less than 50% with the C-terminus in particular 

showing variation. These additional regions and sequence variations present in 

YDL085CA may play a role in mediating or regulating the effect of YDL085CA. 

Several crosslinks to Aβ40 were observed in this C-terminal region indicating that 

this region comes into close proximity to Aβ40 during interactions and as such 

provide evidence of a potential interaction.  

The concentration dependence of YDL085CA activity is evidently more 

complicated than might be expected for a simple activity (Arosio et al. 2014). This 

analysis was not used here as it does not sufficiently describe the observed results 

in that it does not describe non-linear concentration dependence (in addition it 

requires complex data fitting which functions only on purely sigmoidal curves). 

Analysis of the total data set suggest that the addition of YDL085CA has little 

effect on the aggregation of Aβ40 until a fourfold excess is added at which point 

substantial inhibition is observed as shown by the increase in lag time and T50. 

There are several possible explanations of this observation. A high Kd for the 
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Aβ40:YDL085CA interaction could result in poor inhibition at low concentrations. 

A second possible explanation would be that the effect of YDL085CA is mediated 

by a higher order species and therefore the Kd of that theoretical species would 

be a factor in any observed effect along with the reduction in effective 

concentration of active YDL085CA sites. The nESI-MS experiments presented in 

Figure 3.15 and the presence of crosslinked species of YDL085CA in the SDS-PAGE 

gels shown in Figures 3.18 and 3.21 provide some evidence for this possibility.  

Native nESI-IMS-MS investigation of the formation of complexes during the co-

incubation of YDL085CA and Aβ40 was found to be extremely challenging. 

YDL085CA monomer and some evidence of YDL085CA dimer could be observed 

along with a distribution of Aβ40 oligomeric species up to tetramer. However, 

observation of a complex between YDL085CA and Aβ40 required very long 

acquisition times (up to 45 min) and resulted in low signal intensity indicating that 

the complexes were either low in abundance, ionised poorly or were unstable in 

the gas phase (and possibly in solution as well). The complexes observed were 

1:1, 1:2 and 2:1, a distribution which may be indicative of a 2:2 complex 

undergoing gas phase dissociation during the experiment. Native MS of 

YDL085CA and α-synuclein revealed a 1:1 complex. Once again this interaction 

was observed at a low intensity relative to the monomeric ions of YDL085CA and 

α-synuclein. The difficulty of acquiring such data demonstrated that a systematic 

study of truncations, as employed in the investigation of the ataxin-3:QBP1 

interaction, or of mutants would be impractical and as such crosslinking MS was 

employed for further study of the interaction.  

Crosslinking MS of YDL085CA and Aβ40 provided a great deal of information 

about both the complex and the monomers of the two proteins. The most striking 

observation in the crosslinking experiments was the localisation of the 

Aβ40:YDL085CA crosslinks to the N-terminus of Aβ40. Aβ40 has three primary 

amines, contributed by the N-terminus and two lysine residues, as well as two 

serine residues and a tyrosine residue which may be reactive under certain 

conditions. All of the observed inter-protein crosslinks in the 1:1 complex were 

formed by the N-terminus. This is strongly suggestive that the N-terminal region 
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plays an important role in the formation of the complex. Given the length of the 

crosslinker, including the spacer, is 11.4 Å this suggests that the two lysine 

residues of Aβ40 are either not within 11.4 Å of YDL085CA (or at least of a reactive 

residue) or that they are non-exposed to solvent and therefore the crosslinker 

cannot access the reactive sites (an eventuality that is unlikely in an intrinsically 

disordered protein). As previously described, the N-terminus of Aβ40 contains 

several charged residues and may therefore form an electrostatic interaction 

with the highly charged YDL085CA (Figure 3.19). The crosslinks do not necessarily 

indicate the direct involvement of the crosslinked residues in the formation of 

the complex however they do provide distance constraints for the location(s) of 

the interface.  

 

Figure 3.29: The position of charged residues in Aβ40. The sequence of Aβ40 with the position of 

charged residues shown by the presence above the sequence of a closed arrowhead for positive 

charges and an open arrowhead for negative charges. Figure adapted from (Stewart and Radford 

2017). 

The inter-protein crosslinks mapped onto the sequence of YDL085CA cluster to 

two regions. The first region, residues 8-28 of YDL085CA, forms the central region 

of a region proposed to from a transient α-helix and immediately C-terminal to 

this in a region predicted to be unstructured. NMR experiments with MOAG-4 

and α-synuclein indicate that this well conserved region undergoes a 

conformational change upon binding (Yoshimura et al. 2017), however CD 

analysis (Figure 3.28) suggests that little change in secondary structure is 

observed in YDL585CA upon interaction with Aβ40. The second region, residues 

45-62 also shows a cluster of crosslinks to Aβ40. This region consists of a 

predicted α-helix also observed in the NMR structure of MOAG-4 (Yoshimura et 

al. 2017). Interestingly K60, also in this region is not observed to form an 

interaction with Aβ40. The reactive residues K32 and K33, situated in a region 

predicted to form the N-terminal end of the second α-helical region although 
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observed to be disordered in the MOAG-4 structure, do not form crosslinks with 

Aβ40.  

These findings suggest a model in which the charged N-terminal region of Aβ40 

interacts with the two helical regions of YDL085CA which themselves contain an 

abundance of charged residues being predominantly positively charged in the 

first helix and containing a mixture of charges in the second helix. Interestingly 

the C-terminal region of the second helix is less well conserved than other regions 

of the protein and may play a role in the differences in activity observed between 

YDL085CA and SERF1. Electrostatic interactions, such as those suggested here 

and elsewhere (Yoshimura et al. 2017), can be abrogated by increasing the 

concentration of charged species in solution, either via the addition of salts or by 

changes in pH. Future studies should investigate the effect of salt and pH on the 

interaction between MOAG-4/SERF1/YDL085CA and amyloid proteins.  

Observation of crosslinked monomers of YL085CA and Aβ40 and comparison of 

the crosslinking observed in the monomer with that seen in the complex suggests 

that YDL085CA undergoes little change in conformation upon binding Aβ40, while 

Aβ40 either enters an extended conformation or one in which the reactive sites 

are not exposed. The NMR data for the interaction of MOAG-4 and α-synuclein 

suggest that upon binding α-synuclein enters an extended conformation in which 

the highly charged C-terminus no longer shields the aggregation prone central 

region (Yoshimura et al. 2017). An extended conformation of Aβ40 could explain 

the loss of intra molecular crosslinking observed for Aβ40 in complex with 

YDL085CA. It is worth noting that the crosslinked monomer band may not have 

undergone crosslinking as a monomer. The crosslinking reaction is assumed to be 

a relatively rare event and as such a subunit in a complex may from an intra 

molecular crosslink and then dissociate during the SDS-PAGE step prior to being 

extract and analysed as monomer derived peptides. However the striking 

differences observed in the crosslinking of the monomer band and the Aβ40 in 

the 1:1 complex suggest that any contribution from dissociated complex is 

minimal.  
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In conclusion, here it has have demonstrated that YDL085CA can inhibit the 

formation of ThT-positive amyloid species by Aβ40. In addition it has been shown 

that an interaction occurs between the N-terminus of Aβ40 and the charged 

helices of YDL085CA. While not conclusive it seems likely that a change in the 

conformation of Aβ40 upon binding mediates the change in the kinetics of Aβ40. 

The differences between the effects observed for YDL085CA and the related 

MOAG-4 and SERF1a may be either the result of the apparent sensitivity of the 

YDL085CA:Aβ40 kinetics to buffer conditions or to the effect of the poorly 

conserved C-terminal region of YDL085CA.  
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4 Inhibition of the aggregation Ataxin-3 by polyglutamine binding 

peptide 1 (QBP1) 

4.1 Introduction 

As discussed in the Chapter 1.2, polyQ diseases such as MJD involve the 

aggregation of proteins containing abnormally expanded polyQ domains (Fan et 

al. 2014). Currently polyQ diseases lack effective therapeutics (Long, Tang and 

Jiang 2014). One molecule shown to have therapeutic potential against polyQ 

diseases is the undeca-peptide SNWKWWPGIFD, known as QBP1 (Nagai et al. 

2000). 

Burke and co-workers screened an M13 expressed combinatorial peptide library 

for a peptide which preferentially bound to glutathione S-transferase (GST)-

polyQ fusion proteins containing a pathogenic length polyQ expansion (Q62) 

(Nagai et al. 2000). Several peptides were isolated, all of which were tryptophan-

rich and of which QBP1 showed the greatest specificity for the pathogenic length 

polyQ domains in a phage display screen.  QBP1 was shown to inhibit thioredoxin-

polyQ Q62 and thioredoxin-polyQ Q81 aggregation in vitro, as measured by 

turbidity assay. In the above assay complete inhibition of thioredoxin-polyQ Q62 

aggregation required substoichiometric amounts of QBP1 (3:1 thioredoxin-polyQ 

to QBP1) while thioredoxin-polyQ Q81 required a much higher ratio (1:10 

thioredoxin-polyQ to QBP1).  A computationally scrambled peptide consisting of 

the same amino acid residues as QBP1 in a different order, SP1, was shown not 

to affect the aggregation under the same conditions. In COS-7 cells the QBP1 

peptide inhibited the formation of polyQ aggregates formed by polyQ-YFP fusion 

proteins and, co-localised with the aggregates observed (Nagai et al. 2000). In 

addition QBP1 treated cells expressing the polyQ-YFP construct were observed to 

have a lower occurrence of cell death than those treated with SP1 or those 

untreated.  

Further investigation of the sequence requirements of QBP1-mediated inhibition 

of polyQ aggregation revealed that the sequence of QBP1 can be shortened to 

WKWWPGIF with no loss of effectiveness both in in vitro thioredoxin-polyQ Q62 
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aggregation assays and in in vivo cell survival assays with the COS-7 cells 

described above (Ren et al. 2001). In addition the GIF sequence can be replaced 

with a second WKWW and the spacer amino acid P can be altered to a V residue 

with little effect on the activity of the peptide, indicating that a proline kink is not 

required for QBP1 function (Ren et al. 2001). The WKWW domain and a second 

GIF/WKWW were observed to be essential to QBP1’s inhibitory activity 

suggesting they may play an important role in mediated aggregation inhibition 

(Ren et al. 2001). A further study has identified Trp3, Trp5, Trp6, Ile9 and Phe10 

as key pharmocophores for the inhibitory activity of QBP1 (Tomita et al. 2009).  

Direct expression of a tandem repeat of QBP1 in the eyes of a Drosophila model 

of FLAG-polyQ Q92 both suppressed polyQ aggregation and increased the median 

life span of the treated animals from 5.5 days to 52 days indicating that QBP1 is 

an effective therapeutic in vivo (Nagai et al. 2003). The modification of the QBP1 

peptide with HIV-derived trans-activator of transcription (TAT) protein domains 

to aid in intracellular delivery did not abrogate the function of QBP1 in vivo thus 

allowing effective delivery of the peptide into cells in more complex systems such 

as animal models (Popiel et al. 2007). To validate further the potential of QBP1 

as a therapeutic agent, several QBP1-protein transduction domain fusion 

proteins (including QBP1-TAT) were delivered orally to polyQ expressing 

Drosophila and once again rescued the disease phenotype (Popiel et al. 2007).  

The mechanism of QBP1 function is still poorly understood. It appears that QBP1 

interacts with monomeric polyQ proteins containing extended polyQ stretches, 

though its effect may be mediated either by interaction with monomers or via a 

previously unobserved interaction with higher order species. As QBP1 does not 

reverse the formation of pre-existing polyQ fibrils its effect must be mediated 

presumably by an interaction prior to the formation of mature fibrils (Nagai et al. 

2000).  

A study of the binding of QBP1/SP1 to a thioredoxin-polyQ construct 

demonstrated, by means of surface plasmon resonance (SPR), that QBP1 

interacts with thioredoxin-polyQ62 with a Kd in the low µM range (5.6 µM) while 
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no Kd was reported for SP1 (Okamoto et al. 2009). This suggests a model where 

the lack of activity from SP1 is a result of its failure to bind to the polyQ protein. 

QBP1 has been shown to prevent the transition of thioredoxin-polyQ Q62 proteins 

from their native state to the β-sheet confirmation observed in mature fibrils 

(Nagai et al. 2007). It has been suggested that the WKWW sequence can interact 

with an uncommon aggregation-competent conformation of the polyQ domain 

and that the presence of the adjacent proline interferes with the subsequent 

formation of β-sheet (Ren et al. 2001). However, the observation that the proline 

can be replaced with other residues with little or no loss of function suggests that 

at least part of this hypothesis is incorrect (Ren et al. 2001; Tomita et al. 2009). 

Daggett and co-workers suggested, from simulations, that QBP1 may interact 

with a rarely sampled α-sheet conformation (similar to a β-sheet with all of the 

carbonyl groups projected in one direction and all of the amino groups in the 

opposite direction creating two charged faces (Pauling and Corey 1951)) of polyQ 

proteins (Q40) and thus prevent the formation or elongation of an α-sheet nucleus 

(Armen et al. 2005). However CD data suggest that the QBP1-bound thioredoxin-

polyQ Q62 has a helical secondary structure (Nagai et al. 2007). Hervás et al. have 

demonstrated that QBP1 reduces the occurrence of hypermechanostable 

conformers of expanded polyQ ((I27)4-Q62-(I27)3) which are observed at higher 

levels in longer (and therefore more aggregation prone) polyQ constructs 

suggesting that QBP1 may alter the conformation or stability of polyQ monomers 

(Hervas et al. 2012).  

A combination of CD, fluorescence spectroscopy and NMR analyses (Figure 4.1) 

has revealed several interesting differences between the structures of QBP1 and 

SP1 (Ramos-Martin et al. 2014). CD data suggest that QBP1 has secondary 

structure consistent with a partially ordered peptide while SP1 could not be fitted 

to any recognised secondary structure. It was also observed that while the W4-

P5 peptide bond of QBP1 is in the trans conformation the W1-P2 peptide bond in 

SP1 is a mixture of cis and trans. However, the location of the proline so close to 

the N-terminus likely reduces its effect on the conformation of the peptide. P5-

G6 are shown to form a type II turn resulting in a “u-shaped” peptide 
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conformation. The QBP1 side-chains were observed to form a hydrophobic 

cluster involving Trp 4, Ile7, Lys2, Trp3 and Phe8 several of which have been 

identified as possible pharmocophores. In the same experiments SP1 was 

observed not to adopt a preferred conformation. Unfortunately little evidence 

for the mechanism of QBP1 function was gained from this study.  

 

Figure 4.1: NMR derived 3D solution structures of QBP1. (a) Twenty solution structures (shown in 

two groups of ten for clarity) of QBP1. (b) The same twenty structures rotated 180 °. Side chains 

are show in colours: Trp = green, Lys = blue, Pro = red, Gly = sky blue ‘‘G’’, Ile = orange and Phe = 

lilac. Figure from (Ramos-Martin et al. 2014). 

All of the above makes QBP1 appear an excellent candidate for polyQ disease 

therapy. However, despite promising activity in disease models it has yet to 

translate into an effective therapeutic. While protein transduction domain-QBP1 

fusions were effective in cultured cells and drosophila polyQ disease models 

(Popiel et al. 2007), intraperitoneal administration of protein transduction 

domain-QBP1 fusions resulted in no effect on the motor deficiency phenotypes 
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of polyQ disease mice and neuronal aggregate formation was still observed 

(Popiel et al. 2009). It has been suggested that this is due to QBP1 crossing the 

blood-brain barrier with low efficiency (Popiel et al. 2009; Popiel et al. 2013). Viral 

delivery has shown promise in several instances, however, safety issues 

surrounding the use of viral vectors have yet to be overcome (Bauer et al. 2010; 

Popiel et al. 2013; Popiel et al. 2012).  Two current areas of development are 

improvements to the ability of protein transduction domain modified QBP1 to 

cross the blood-brain barrier and the development of low molecular weight 

analogues of QBP1 with higher blood-brain barrier permeability (Popiel et al. 

2013). A further problem surrounding the translation of QBP1 from the 

laboratory to the clinic is the current dearth of information regarding the 

mechanism by which it exerts its activity. As such QBP1 remains a research tool, 

at least for the immediate future. 

The polyQ protein ataxin-3 was chosen here as the subject of the investigation 

into QBP1 function. A more detailed description of ataxin-3 and its aggregation 

can be found in Chapter 1.2.6. 

The interaction of QBP1 and ataxin-3 is somewhat unusual (Figure 1.31). While 

ataxin-3 is a polyQ protein it also undergoes a polyQ independent aggregation 

step mediated by the JD to from protofibrils, as described in the Introduction 

(Ellisdon, Thomas and Bottomley 2006). The addition of QBP1 does not prevent 

this polyQ independent step of aggregation but does inhibit the subsequent 

polyQ dependent step (Ellisdon, Thomas and Bottomley 2006). 

As with other polyQ proteins the mechanism by which QBP1 prevents the 

aggregation of ataxin-3 is unknown. Here we attempt to elucidate the mechanism 

of inhibition by means of MS and supporting biophysical techniques.  
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4.2 Ataxin-3 constructs 

In order to elucidate the site of interaction between ataxin-3 and QBP1 a range 

of ataxin-3 constructs were expressed and purified as described in the Chapter 

2.9.2.1 (Figure 4.2). The ataxin-3 used in this study (shown in Figure 4.2) consist 

of a globular N-terminal Josephin domain followed by two ubiquitin interacting 

motifs, a polyQ domain and a third UIM, all separated by disordered linker regions 

of varying length. Residues -17 to 0 consist of a hexa-histidine tag and a linker-

region containing a TEV cleavage site that was not utilised in this investigation.  

Two full length ataxin-3 constructs, ataxin-3 78Q and ataxin-3 14Q, were used to 

investigate the effect of the expansion of the polyQ domain on QBP1 binding. 

Ataxin-3 78Q (Figure 4.2a) contains a pathogenic length polyQ domain consisting 

of 77 glutamine residues and a single, naturally occurring, lysine at position 4. 

Ataxin-3 14Q (Figure 4.2b) contains a non-pathogenic length polyQ domain 

consisting of 13 glutamine residues and a lysine at position 4.  

Three truncations of ataxin-3 were used in this investigation. These proteins 

consist of the N-terminus of ataxin-3 terminating at residues 241 (Figure 4.2c), 

221 (Figure 4.2d) and 182 (Figure 4.2e) in the cases of JDU1, JD+ and JD, 

respectively. These proteins were used primarily to investigate the location of the 

QBP1 binding site. 

MBP+ (Figure 4.2f) consists of the ataxin-3 residues 183-221 appended C-

terminally to Maltose Binding Protein (MBP) separated by a TEV protease 

cleavable linker. This construct was used to confirm the binding site of QBP1 and 

to demonstrate that it retains its affinity in isolation.  

Further information on all of the constructs can be found in Chapter 2.  



179 
 

 

Figure 4.2: Ataxin-3 constructs used in this investigation. Ataxin-3 consists of a globular N-

terminal domain (the Josephin domain (JD), residues 1-182) and a largely disordered C-terminal 

tail containing three ubiquitin interacting motifs (UIMs) plus a polyQ domain. The constructs used 

are (a) ataxin-3 78Q; (b) ataxin-3 14Q; (c) JDU1, the Josephin domain plus the first UIM (residues 

1-241); (d) JD+, the Josephin domain plus residues 183-221, (e) the Josephin domain alone 

(residues 1-182), and (f) MBP+, maltose binding protein linked to residues 183-221 of ataxin-3, 

separated by a TEV cleavage site. All ataxin-3 constructs (a-e) contain an N-terminal hexahistidine 

tag followed by a TEV cleavage site (LENLYFQG). 
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4.3 QBP1 prevents polyQ dependent fibril maturation of ataxin-3 under MS-

compatible conditions 

Previous work on the effect of QBP1 upon the aggregation of ataxin-3 has been 

undertaken in conditions that are not amenable to study by MS. For example, the 

seminal work by Ellisdon et al. uses 30 µM protein in 100 mM Tris, 80 mM NaCl, 

10% glycerol (v/v), 2mM PMSF, 5 mM EDTA and 15 mM β-mercaptoethanol 

(Ellisdon, Thomas and Bottomley 2006). Both the presence of high concentrations 

of salt and the increase in viscosity due to the inclusion of glycerol would make 

direct infusion MS problematic. As such it was necessary to make use of an 

alternative buffer and to validate the action of QBP1 was maintained under these 

conditions.  

The buffer conditions decided upon were 250 mM ammonium bicarbonate, 1 mM 

DTT, pH 7.8. These conditions mimic the cellular pH and have been demonstrated 

previously to be compatible with ataxin-3 aggregation (Scarff et al. 2015). 

Doubling the DTT concentration resulted in an approximately 50% increase in the 

lag time of the ThT assay for JD. This is an interesting observation as it suggests 

that the oxidation state of cysteine (C31, C35, C131, C189 and C397) may play a 

role in the aggregation of ataxin-3.  

The aggregation of the ataxin-3 constructs used in this investigation was 

examined by means of the ThT fluorescence assay. As has already been noted, in 

the case of ataxin-3 aggregation, it is the formation of protofibrils that results in 

an increase in ThT fluorescence and, therefore, the ThT assay reports on the 

polyQ independent aggregation step only (Ellisdon, Thomas and Bottomley 

2006).  

Under the conditions employed in the ThT assays, which are identical to those 

employed in the later MS studies with the exception of the presence of 20 µM 

ThT, all ataxin-3 constructs undergo aggregation with a lag time in the range of 

2.5 to 7 hours (Figure 4.3 and Table 4.1). They display the typical sigmoidal profile 

of amyloid formation and have similar gradients indicating a similar rate of 

aggregation.  
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Figure 4.3: The aggregation characteristics of ataxin-3 are preserved in MS compatible buffer 

conditions. Ataxin-3 aggregation kinetics, measured by means of the ThT fluorescence assay, are 

shown for (a) ataxin-3 78Q (b) ataxin-3 14Q (c) JDU1 (d) JD+ and (e) JD. In all cases the protein 

was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, 20 µM ThT, pH 7.8. The assay was 

performed at 37 °C without agitation. For data shown n=4.  
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Table 4.1: Kinetic analyses of the data presented in Figure 4.3. The lag time, T50 and elongation 

rate are shown. 

 
Lag time (hours) T50 (hours) 

Elongation rate 
(arbitrary units hour-1) 

JD 3.908 ± 0.075 7.775 ± 0.100 0.129 ± 0.004 

JD+ 3.345 ± 0.471 6.442 ± 0.849 0.164 ± 0.024 

JDU1 5.611 ± 0.113 8.896 ± 0.062 0.153 ± 0.008 

Ataxin-3 14Q 4.598 ± 0.032 6.903 ± 0.080 0.217 ± 0.005 

Ataxin-3 78Q 3.249 ± 0.031 6.497 ± 0.132 0.154 ± 0.006 

 

Ataxin-3 78Q has been reported previously to undergo faster aggregation that 

ataxin-3 14Q, which has a shorter (non-pathogenic) polyQ stretch, as measured 

by the ThT assay (Scarff et al. 2015). In these data, while ataxin-3 78Q appears to 

aggregate faster than ataxin-3 14Q, JD aggregates with a similar rate to ataxin-3 

78Q (Figure 4.3a, b, e and Table 4.1). While this may be an effect of the truncation 

of the protein it should be noted that there is both inter-batch and inter-

experiment variation in the lag times of aggregation for the ataxin-3 constructs. 

This variation in the lag time may be caused by the extreme sensitivity of the 

kinetics of aggregation to small changes in protein concentration, buffer 

contaminants and temperature as well as to the stochastic nature of the 

nucleation events that determine the length of the lag time (Hortschansky et al. 

2005; Morel et al. 2010). For the constructs JDU1 and JD+, these are the first 

reported aggregation kinetics.  

The effect of co-incubation of ataxin-3 and QBP1 during the aggregation assays 

was investigated in two ways. The effect on the polyQ independent aggregation 

step was observed by means of the ThT assay, while the polyQ dependent fibril 

maturation was investigated by means of transmission electron microscopy 

(TEM).  

In all cases the lag time and aggregation rate of polyQ independent aggregation, 

as measured by the ThT assay, were unchanged or, in the case of JDU1, slightly 

accelerated by the addition of QBP1 (p = 0.002) (Figure 4.4 and Table 4.2). This 

suggests that the polyQ independent step of ataxin-3 aggregation is unchanged 

by the addition of polyQ. This finding is consistent with literature reports under 
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other conditions (Ellisdon, Thomas and Bottomley 2006). The variation in values 

between Table 4.1 and Table 4.2 are a result of inter experiment variation, 

however, within an experiment the values are consistent.  

 

Figure 4.4: QBP1 does not alter the polyQ independent step of ataxin-3 aggregation. The 

aggregation kinetics of each of the ataxin-3 constructs ataxin-3 78Q (a), ataxin-3 14Q (b), JDU1 

(c), JD+ (d) and JD (e) are shown. The aggregation of the protein was measured by means of the 

ThT assay. The protein alone is shown in black while the protein co-incubated with 50 µM QBP1 

is shown in blue. In all cases the protein was 10 µM in 250 mM ammonium bicarbonate, 1 mM 

DTT, 20 µM ThT, pH 7.8 and the assay was performed at 37 °C without agitation (a, c-e n=4, b 

n=3). 
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Table 4.2: Analysis of the aggregation kinetics presented in Figure 4.4.  

 
Lag time (hours) T50 (hours) 

Elongation rate 
(arbitrary units hour-1) 

Ataxin-3 78Q 6.8 ± 0.3 12.3 ± 0.1 0.091 ± 0.001 

Ataxin-3 78Q + QBP1 6.7 ± 0.1 11.8 ± 0.2 0.099 ± 0.004 

Ataxin-3 14Q 1.7 ± 0.1 3.4 ± 0.0 0.292 ± 0.021 

Ataxin-3 14Q + QBP1 1.6 ± 0.0 3.3 ± 0.0 0.307 ± 0.001 

JDU1 5.6 ± 0.1 8.9 ± 0.0 0.150 ± 0.005 

JDU1 + QBP1 5.2 ± 0.0 8.1 ± 0.1 0.168 ± 0.004 

JD+ 3.3 ± 0.5 6.4 ± 0.8 0.164 ± 0.024 

JD+ + QBP1 3.9 ± 0.0 6.5 ± 0.1 0.139 ± 0.002 

JD 3.9 ± 0.1 7.8 ± 0.1 0.129 ± 0.005 

JD + QBP1 3.1 ± 0.1 7.4 ± 0.0 0.116 ± 0.002 

 

It has been reported previously that QBP1 prevents the transition between short 

protofibrils and mature fibrils for ataxin-3 containing an expanded polyQ domain 

(Ellisdon, Thomas and Bottomley 2006). The ThT assay, shown in Figure 4.3 and 

Figure 4.4, measures only the formation of protofibrils. In order to observe the 

effect on fibril formation transmission electron micrographs were taken at the 

end point of the fibrillation assay (51h). 

When incubated alone, ataxin-3 78Q forms long fibrilliar structures similar to 

those observed for other amyloid species (Figure 4.5a) (Bevivino and Loll 2001; 

Chow et al. 2004). The fibrils observed are typically 500 nm to 1 µm in length, 

although some form large bundles making length estimates difficult. In addition 

at this time point smaller protofibrilliar structures are also observed. When 

incubated with QBP1 at a five-fold excess, ataxin-3 78Q is observed to form only 

protofibrilliar species at this time point (Figure 4.5b). 



185 
 

 

 

Figure 4.5: The presence of QBP1 inhibits the polyQ dependent transition from protofibrils to 

fibrils. TEM images of (a) ataxin-3 78Q alone and (b) co-incubated in the presence of QBP1 show 

that fibrils are formed at this time point in the absence of QBP1. Ataxin-3 14Q, which does not 

form fibrils, is observed to form protofibrils both alone (c) and in the presence of QBP1 (d). Insets 

show protofibrils present in all samples. In all cases the protein was 10 µM in 250 mM ammonium 

bicarbonate, 1 mM DTT, 20 µM ThT, pH 7.8. The samples were prepared after 51 hours of 

incubation at 37 °C without agitation. 

Ataxin-3 14Q, which has been shown not to undergo the polyQ dependent stage 

of fibril maturation (Ellisdon, Thomas and Bottomley 2006), is observed to form 

protofibrillar structures which appear similar to those observed in the ataxin-3 

78Q samples (Figure 4.5c). Co-incubation of ataxin-3 14Q with a five-fold excess 

of QBP1 causes no morphological changes in the protofibril that can be observed 

by TEM (Figure 4.5d).  

These data suggest that ataxin-3 aggregation proceeds in MS-compatible 

conditions in a manner comparable to that observed in other buffers (Ellisdon, 

Thomas and Bottomley 2006). In addition, the effect of QBP1 on fibril formation 
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is maintained under the conditions employed here, at least at the time points 

observed. Therefore, the later experiments under these conditions may be 

considered reflective of the situation in other experimental conditions previously 

reported.   

4.4 Native MS reveals a novel site of interaction between ataxin-3 and QBP1 

As discussed previously, QBP1 was developed by screening a peptide library for 

peptides which bound to GST-polyQ fusion proteins with greater affinity when 

the polyQ region was expanded (Q62) than when it was short (Q19) (Nagai et al. 

2000). Given the differences in the lengths of polyQ expansion required to cause 

disease and the obvious influence of the surrounding sequence and structure on 

polyQ aggregation, exactly where the threshold for QBP1 binding might lie for 

ataxin-3 is unknown. Native nESI-MS provides a powerful tool to investigate the 

binding of QBP1 to different ataxin-3 constructs. 

The ataxin-3 aggregation kinetics and TEM data provide evidence that QBP1 

interacts with ataxin-3 78Q, while Ellisdon et al. have demonstrated that QBP1 

inhibits the second stage of the aggregation of ataxin-3 64Q suggesting that this 

construct also interacts with QBP1 (Ellisdon, Thomas and Bottomley 2006). As 

such the first construct characterised by native nESI-MS was ataxin-3 78Q (Figure 

4.6).  
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Figure 4.6: Native nESI-MS reveals a 1:1 complex between ataxin-3 78Q and QBP1. (a) The native 

nESI-MS spectrum of ataxin-3 78Q. (b) The native nESI-MS spectrum of ataxin-3 78Q in the 

presence of QBP1. A 1:1 complex is observed as indicated. Ataxin-3 78Q ions are labelled in black 

and ions corresponding to the 1:1 complex are labelled in blue. In both cases the protein was 10 

µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 7.8. QBP1 was added at 50 µM.  

Under the conditions employed here the nESI-MS spectrum of ataxin-3 78Q 

consists of two broad distributions of ions (Figure 4.6a). The ions M+14H14+ to 

M+20H20+ form a Gaussian distribution typical of a folded protein. A second 

charge state distribution, from M+21H21+ and above, has been observed 

previously for ataxin-3 by use of MS (Scarff et al. 2015; Scarff et al. 2013) and is 

attributed to the presence of the largely disordered tail region (residue 182 to 

the C-terminus). Under these conditions dimer and higher order structures are 

not observed.  

Upon the addition of QBP1 (Figure 4.6b), peaks corresponding to a 1:1 complex 

of molecular mass 53231.0 Da are observed (the theoretical mass of a 1:1 

complex is 53228.6 Da). These ions are observed primarily in the compact charge 
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state range M+14H14+ to M+20H20+. No evidence is observed of complexes 

containing higher numbers of QBP1 molecules. A small shift in charge state 

distribution is observed in some samples with the primary ion moving from 

M+18H18+ for ataxin-3 78Q alone to M+17H17+ for the unbound ataxin-3 78Q in 

the presence of QBP1. These data suggest that the complex observed is specific. 

It is interesting to observe that a single QBP1 is observed to interact with ataxin-

3 78Q. If the polyQ region formed the site of interaction it might be expected that 

multiple copies of QBP1 would bind along its length.  

Like ataxin-3 78Q, nESI-MS shows that ataxin-3 14Q also gives rise to two charge 

state distributions when analysed using nESI-MS (Figure 4.7a). The compact CSD 

is centred on M+16H16+ and a more extended CSD from M+20H20+ and upwards. 

In addition to the monomeric ions, dimeric ions are observed in the range above 

3000 m/z. The addition of QBP1 once again results in the formation of a 1:1 

complex between the peptide and ataxin-3 14Q (Figure 4.7b). The complex is 

formed primarily by the ions in the compact CSD. The intensity of dimeric ions is 

reduced slightly however this may be due to reduced ionisation efficiency in the 

presence of the high concentration of peptide and the resulting decrease in the 

signal-to-noise ratio.  
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Figure 4.7: Native nESI-MS reveals the 1:1 complex between ataxin-3 and QBP1 is maintained for 

ataxin-3 constructs with sub-pathogenic length polyQ regions. (a) The native nESI-MS spectrum 

of ataxin-3 14Q. (b) The native nESI-MS spectrum of ataxin-3 14Q in the presence of QBP1. A 1:1 

complex is observed as indicated. Ataxin-3 14Q ions are labelled in black and ions corresponding 

to the 1:1 complex are labelled in blue. In both cases the protein was 10 µM in 250 mM 

ammonium bicarbonate, 1 mM DTT, pH 7.8. QBP1 was added at 50 µM. 

The finding that ataxin-3 14Q is able to bind to QBP1 suggests that an expanded 

polyQ domain is not required for ataxin-3 to bind QBP1. It is worth noting QBP1 

was counter-selected against a GST-fusion protein containing 19 Qs and that no 

measurable binding was reported to this glutathione S-transferase Q19 construct 

when measured using surface plasmon resonance (Nagai et al. 2000; Okamoto et 

al. 2009). The observation of such an interaction here may indicate that the 

interaction is mediated by a region or structure that is not present in the 

glutathione S-transferase Q19 construct. 

Given that an expanded polyQ domain does not appear to be necessary for 

ataxin-3 to bind to QBP1, a truncated ataxin-3 construct consisting of residues 1-

221 was created by inserting a stop codon C-terminal of the first UIM. This 
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construct, known as JDU1, was then investigated in the same manner as the full 

length ataxin-3 variants already described.  

Native nESI-MS of JDU1 (Figure 4.8a) reveals that under the conditions employed 

here the protein is primarily monomeric, with two CSDs, one centred on 

M+13H13+ and the other forming an extended distribution at and above 

M+16H16+. The length of this extended distribution is more limited than that 

observed for the full length ataxin-3 constructs, terminating at M+20H20+. This is 

perhaps indicative of the more limited range of conformations formed by the 

shorter disordered region compared to the full length protein.  

 

Figure 4.8: The interaction between ataxin-3 and QBP1 is mediated by a region outside of the 

polyQ domain (a) The native nESI-MS spectrum of ataxin-3 truncation protein JDU1. (b) The native 

nESI-MS spectrum of JDU1 in the presence of QBP1. A 1:1 complex is observed as indicated. JDU1 

ions are labelled in black and ions corresponding to the 1:1 complex are labelled in blue. In both 

cases the protein was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 7.8. QBP1 was 

added at 50 µM. 

Unexpectedly, after the addition of QBP1 a 1:1 complex is observed. As with the 

full length ataxin-3 constructs ions corresponding to the complex are primarily 

observed from the compact CSD. This finding suggests that the complex being 
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observed in these experiments must form at a novel site, outside of the polyQ 

domain, in the region 1-221. Given that both complexes formed by the full length 

protein and the truncated variant, JDU1, observed in the nESI-MS experiments 

are 1:1 complexes, it seems likely that the complex formation is mediated by the 

same site. Further support for this hypothesis is given by the fact that there is 

little evidence for the formation of significant amounts of higher order complexes 

between ataxin-3 and QBP1.  

In the native nESI-MS spectrum of the JD (Figure 4.9a) a single CSD is observed 

for monomeric ions, centred on the M+9H9+ ion. While the other ataxin-3 

constructs examined here have a second expanded CSD the JD does not. The JD 

lacks the large disordered regions of the other constructs and is globular (Nicastro 

et al. 2005). A minor population of dimer can also be observed in the range above 

3000 m/z. 
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Figure 4.9: The Josephin domain alone does not interact with QBP1. (a) The native nESI-MS 

spectrum of the JD. (b) The native nESI-MS spectrum of JD in the presence of QBP1. Only low 

intensity ions corresponding to a 1:1 complex are observed (marked with *). JD ions are labelled 

in black. In both cases the protein was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 

7.8. QBP1 was added at 50 µM. 

In contrast to the observed interaction between atatxin-3 variants and QBP1 for 

the larger constructs, the JD alone does not interact with QBP1 (Figure 4.9b). 

Upon addition of QBP1 very low intensity ions corresponding to a 1:1 complex 

are observed in some spectra, these may be non-specific interactions. The loss of 

QBP1 binding upon deletion of residues outside of the JD suggests that the site 

of the interaction wholly or partially lies outside of the JD in the region 183-242. 
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It is also possible that the site of interaction is exposed only when a “tail” is 

present to cause the formation of the binding competent conformation.  

4.5 The ubiquitin interacting motifs of QBP1 do not mediate the interaction 

with QBP1 

There is evidence that the first two UIMs of ataxin-3 (UIM1 and UIM2) may play 

a role in the aggregation of the full length protein (Invernizzi et al. 2013; 

Santambrogio et al. 2012). Residues 182-291 of ataxin-3 were shown to increase 

the aggregation of ataxin-3 constructs when present in those constructs 

(Santambrogio et al. 2012) and the addition of the same residues as an isolated 

sequence was shown to inhibit the aggregation of full length ataxin-3 Q55 

(Invernizzi et al. 2013).  

The ataxin-3 constructs which bind QBP1 in the MS screen (ATX3 78Q, ATX3 14Q 

and JDU1) all contain UIM1. This suggests that while UIM2 is not essential for 

QBP1 binding (given that JDU1 binds QBP1 but contains UIM1 but not UIM2), 

UIM1 may be a requisite feature for the interaction to occur. With this in mind 

peptides were generated equivalent to UIM1 (residues 222-241) and the region 

222 to 264, which comprises UIM1 and UIM2 with the connecting linker region 

(Figure 4.10).  

 

 

Figure 4.10: The sequences of ataxin-3 derived UIM1 and UIM12 peptides. (a) The sequence of 

UIM12 consisting of residues 222-264. (b) The sequence of UIM1 consisting of residues 222-241. 

In both cases helices are marked in red. The flexible linker region of UIM12 is shown in blue. The 

secondary structure details are taken from (Song et al. 2010). 

The structure of UIM1 and UIM2 of ataxin-3 has been solved by NMR (Song et al. 

2010). The UIMs each consist of a single helix (residues 226-238 and 247-256) and 
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are linked by an unstructured linker region (residues 239-244). Upon binding to 

ubiquitin hydrophobic contacts are formed between the two helices.  

Far UV circular dichroism (CD) of the two peptides (Figure 4.11 and Table 4.3) 

reveals that they maintain similar secondary structure to that observed in the 

native context of the peptides (Song et al. 2010). In both cases negative maxima 

are at 205 nm and 221 nm indicate a mixture of helical secondary structure and 

random coil. Analysis of these data by means of the CDSSTR method and 

Dichroweb server (Table 4.3) shows that the UIM1 and UIM12 peptides are 64% 

and 59% helical, respectively (Compton and Johnson 1986; Whitmore and 

Wallace 2004). The NMR structure of the UIM12 region (Figure 1.30c) contains 

53% helical secondary structure while the UIM1 region alone contains 65%. The 

far UV CD spectra of UIM1 and UIM12 are consistent with those observed for the 

related UIM from the hepatocyte growth factor-regulated tyrosine kinase 

substrate, Hrs (Shekhtman and Cowburn 2002).  
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Figure 4.11: Far UV CD data reveals that secondary structure is maintained in the isolated UIM 

peptides. The far UV CD spectra of UIM1 (black solid line) and UIM12 (grey dashed line) over the 

range 190 nm to 255 nm. The negative maxima occur at 205 nm and 221 nm for both peptides. 

UIM1 and UIM12 were suspended at 0.25 mg/mL and 0.11 mg/mL respectively in 50 mM sodium 

phosphate buffer, pH 8.0 at 20 °C. 

Table 4.3: Helical secondary structure content of the peptides UIM1 and UIM12. The secondary 

structure content of each peptide was determined using CDSSTR (Compton and Johnson 1986) 

and Dichroweb (Whitmore and Wallace 2004) from the data presented in Figure 4.11. These data 

are consistent with the secondary structure observed in the NMR structure (Song et al. 2010).  

 

MS of UIM1 under denaturing conditions reveals that it has the correct mass 

(theoretical monoisotopic mass 2357.1 Da, observed mass 2357.1 Da, Figure 

4.12). It is interesting to observe that under the denaturing conditions used UIM1 

formed a dimer and trimer that are not observed under native conditions (see 

Figure 4.13). Native MS of UIM1 was first attempted in the ammonium 
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bicarbonate buffer used for the investigation of other ataxin-3 constructs. 

However, under these conditions UIM1 proved difficult to observe. The same 

experiment undertaken in ammonium acetate proved more successful with 

peaks corresponding to the M+3H3+ and M+2H2+ charge states of UIM1 observed 

(Figure 4.13a). Native MS of a mixture of UIM1 and QBP1 at equimolar ratios 

(Figure 4.13b) or at fivefold molar excess of QBP1 revealed no evidence of an 

interaction between the peptides (Figure 4.13c).  

 

Figure 4.12: Denaturing MS of the peptide UIM1. Denaturing nESI-MS of the peptide UIM1 reveals 

that the peptide has the expected molecular mass. Unusually for a denatured MS spectrum, 

higher order species (dimers and trimers) are also observed. UIM1 peptide was suspended at 20 

µM in 50% acetonitrile (v/v), 1% formic acid (v/v).  
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Figure 4.13: Native nESI-MS shows no evidence of a UIM1:QBP1 complex. Native nESI-MS spectra 

of (a) UIM1 alone, (b) UIM1 in the presence of equimolar QBP1 and (c) UIM1 in the presence of a 

fivefold molar excess of QBP1 show no evidence of a complex between UIM1 and QBP1. QBP1 

alone (d) is shown for reference. The area shaded grey was magnified ten-fold post acquisition. A 

series of contaminant ions found in the QBP1 sample are indicated by the *. UIM1 peptide was 

suspended at 20 µM in 20 µM in 50 mM ammonium acetate, pH 7.4 to which QBP1 was added. 

The QBP1 in (d) was 100 µM as in (c). 

The results observed with UIM12 were similar to those described for UIM1 

(Figure 4.14). Native MS of UIM12 (Figure 4.14a) results in the observation of 

peaks corresponding to the M+3H3+, M+4H4+ and M+5H5+ ions with a very low 

intensity peak corresponding to the 2M+7H7+ ion. No evidence of an interaction 

is observed in the native MS of a mixture of UIM12 and QBP1, again at equimolar 

ratios (Figure 4.14b) or at five-fold molar excess of QBP1 (Figure 4.14c). 
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Figure 4.14: Native nESI-MS of UIM12 show no evidence of a complex with QBP1. Native nESI-MS 

of UIM12 alone (a) confirms that is has the correct molecular mass. After the addition of 

equimolar (b) or a five-fold excess of (c) QBP1 no evidence of a UIM1:QBP1 complex is observed. 

UIM12 peptide was suspended at 20 µM in 20 µM in 50 mM ammonium acetate, pH 7.4 to which 

QBP1 was added. 

These data lead to the conclusion that UIM1 and UIM2 do not form a binding site 

for QBP1. These data do not, however, rule out the involvement of the UIMs in 

binding QBP1 in the context of the full length protein. In order to investigate 

whether the UIMs are necessary for QBP1 binding in the context of the full length 

protein generation of further ataxin-3 derived constructs was required.   

4.6 Ataxin-3 residues 183-221 are necessary and sufficient for binding QBP1  

In light of the finding that that UIM1 and UIM2 do not appear to bind to QBP1 in 

isolation, the sequence 183-221, consisting of the sequence between the JD and 

the first UIM (Figure 4.2) may be the site of interaction.  

A C-terminally truncated ataxin-3 construct consisting of residues 1-221 and 

known as JD+ was generated as described in Chapter 2. The mass of this construct 
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was confirmed by MS (theoretical mass 27704.4 Da, observed mass 27704.0 ± 2.8 

Da).  

In the native nESI-MS spectrum of JD+ both monomer and dimer are observed 

(Figure 4.15a). The charge state distribution of the monomer is primarily 

distributed around the M+12H12+ ion. Interestingly with the addition of the 39 

residues to the C-terminal end of the JD an unfolded distribution can once again 

be observed i.e. the M+15H15+ ions and above. This elongated CSD was absent in 

the JD mass spectra but is observed with all other ataxin-3 constructs (Figures 4.6 

- 4.9). Dimer ions can be observed at higher m/z. 

 

Figure 4.15: The addition of residues 183-221 restores QBP1 binding in ataxin-3 (a) The native 

nESI-MS spectrum of ataxin-3 truncation protein JD+. (b) The native nESI-MS spectrum of JD+ in 

the presence of QBP1. A 1:1 complex is observed as indicated. JD+ ions are labelled in black and 

ions corresponding to the 1:1 complex are labelled in blue. In both cases the protein was 10 µM 

in 250 mM ammonium bicarbonate, 1 mM DTT, pH 7.8. QBP1 was added at 50 µM. 

The addition of QBP1 to JD+ results in the formation of a 1:1 complex which is 

readily observed by MS (Figure 4.15b). The CSD of the monomer is unchanged by 

the addition of the QBP1 peptide. Dimer is still observed in the presence of QBP1 
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although the signal is lower than in the absence of the peptide. This may be due 

to the peptide supressing the ionisation of the larger complex. Further work 

would be required to determine if this change is dimer distribution is a direct 

effect of QBP1 on the population in solution.   

These data suggest that the addition of residues 183-221 renders the ataxin-3 

construct able to bind QBP1. To further validate this interaction a construct 

consisting of residues 183-221 appended to the C-terminus of the maltose 

binding protein (MBP) was made. This construct is referred to as MBP+. MBP has 

previously been used as a solubilisation domain for fusion protein expression and 

to increase expression of problematic sequences (Lebendiker and Danieli 2011). 

MBP is unrelated to ataxin-3 or the original GST-polyQ fusion construct against 

which QBP1 was raised (Nagai et al. 2000) and has not been reported to 

aggregate to form amyloid fibrils. As such it is unlikely that MBP would be QBP1 

binding competent therefore any binding observed to this construct can be 

confidently attributed to 183-221.  

Native MS of MBP+ reveals a population consisting mostly of monomer with 

some dimer also observed (Figure 4.16a). Upon the addition of equimolar QBP1 

a 1:1 complex is observed for almost all charge states of monomeric MBP+ (Figure 

4.16b). The intensity of the dimer is too low for interactions with QBP1 to be 

detected. A small shift in the CSD of MBP+ monomer is observed upon the 

introduction of QBP1. 
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Figure 4.16: Ataxin-3 residues 183-221 enable QBP1 binding in the context of other proteins. 

Native nESI-MS spectra of (a) MBP+ alone, (b) MBP+ in the presence of equimolar QBP1 and (c) 

MBP+ TEV cleavage product in the presence of equimolar QBP1. Ions corresponding to 

QBP1:MBP+ complex are shown in blue. The masses of the observed ions were (a) MBP+: 49206.6 

± 1.1 Da (b) MBP+: 49206.5 ± 0.6 Da, MBP+:QBP1: 50686.8 ± 0.3 Da and (c) MBP: 44595.0 ± 13.9 

Da. MBP structure adapted from (Rubin et al. 2002). 

In order to confirm that QBP1 does not interact with MBP the MBP+ construct 

was cleaved with TEV. The TEV cleavage site in cleavage in MBP+ is immediately 

N-terminal of the ataxin-3 183-221 sequence and as such should produce two 

cleavage products: MBP and ataxin-3 183-221. Post cleavage, ataxin-3 183-221 

was not observed, however, complete cleavage appear to have occurred as no 

intact MBP+ was observed (Figure 4.16c). Addition of QBP1 and MS analysis was 

also undertaken (Figure 4.16c). No peaks corresponding to ions formed by a 

MBP+ TEV cleavage product (MBP-) and QBP1 were observed which implies that 

the binding observed between MBP+ and QBP1 was mediated by the residues 

cleaved off by TEV (ataxin-3 183-221).  
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These findings indicate that residues 183-221 are capable of binding QBP1 both 

in the context of an ataxin-3 derived truncation product and in an unrelated MBP 

fusion protein. It seems likely, though not certain, that these residues are 

responsible for the interaction observed between the full length ataxin-3 and 

QBP1.  

Ataxin-3 residues 183-221 contain a fairly equal amount of polar and non-polar 

residues (56% and 44%, respectively) which are disturbed throughout the peptide 

sequence, although a concentration of polar residues does occur in residues 200-

208. The polar residues are evenly split between acidic and basic residues (18% 

and 21%, respectively) and are found in the centre of the region, residues 187 to 

214. The net charge of the peptide at pH 7.8 is -1. Only two aromatic residues are 

found in 183-221. QBP1, on the other hand, contains a relatively large number of 

aromatics (27%) and non-polar residues (64%). The non-polar residue are cluster 

in the centre and C-terminal region of the sequence (residues 5-10) with polar 

residues situated at either terminus. The net charge of QBP1 at pH 7.8 is neutral 

with charges being contributed by K4 and D11. The sequences of the two 

peptides do not present an obvious binding motif and the lack of defined 

structure for 183-221 makes predicting a binding interface in three dimensions 

impractical.  

4.7 NMR provides evidence of the QBP1:ataxin-3 interaction in solution  

The data so far presented suggest that the interaction observed between ataxin-

3 and QBP1 is mediated not by the polyQ domain but instead by the region 183-

221 or some part thereof. In order to validate this interaction and also to confirm 

that the observed interaction occurs in solution as well as in the gas phase, an 

orthogonal technique was sought. 

As noted in Chapter 1.3, the data presented here should not be treated as 

indicative of the relative strengths of interaction between QBP1 and the various 

complexes, but instead were used qualitatively to assess binding of QBP1 to the 

different ataxin-3 constructs in solution (Figure 4.17).  
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Figure 4.17: 1H-T1ρ NMR confirms that the interactions of QBP1 with ataxin-3 observed in the gas 

phase are reflective of interactions in solution. 1H -T1ρ NMR for QBP1 with (a) ataxin-3 78Q (b) 

ataxin-3 14Q (c) JDU1 (d) JD+ and (e) JD. In all cases the spectrum for QBP1 alone is shown in 

black. Reductions in signal intensity compared to the QBP1 alone spectrum are indicative of 

binding. In all cases the samples were 200 µM QBP1 +/- 20 µM of the ataxin-3 variant. The data 

in (a) (b) and (c) were acquired by Dr T Karamanos (University of Leeds). The data in (d) and (e) 

were acquired by Dr A Kalverda (University of Leeds).  

Table 4.4: Decrease in signal intensity in the methyl region upon the addition of ataxin-3 derived 

constructs relative to QBP1 alone.  

Protein Signal loss relative to QBP1 alone 

Ataxin-3 78Q 24 ± 2.46% 

Ataxin-3 14Q 22 ± 2.64% 

JDU1 14 ± 2.75% 

JD+ 8 ± 1.99% 

JD - 

 

All NMR data were acquired by Dr Theo Karamanos (University of Leeds) and Dr 

Arnout Kalverda (University of Leeds). 

The T1ρ spectrum for QBP1 alone shows strong signals in the regions 0.45-0.75 

ppm and 7.35-7.55 from methyl groups and backbone NH groups respectively 

(Figure 4.17). Upon the addition of ataxin-3 78Q (Figure 4.17a) a large decrease 

in signal is observed as detailed in Table 4.4. This is indicative of an interaction 

between the QBP1 and the ataxin-3 78Q protein. The addition of the other ataxin-

3 constructs observed to interact with QBP1 in the MS experiments (ATX3 14Q, 

JDU1 and JD+) also result in a reduction in signal (Figure 4.17b-d). The magnitude 

of the signal reduction decreases as the C-terminus is progressively truncated this 

could be due to changes in the Kd of the interaction and/or the reduced size of 

the complex. The addition of JD causes no change in the signal intensity (Figure 

4.17e) indicating that no interaction is formed between QBP1 and JD, consistent 

with the MS results presented above. 

Under the conditions employed (temperature, protein concentration and time 

point) in this assay all ataxin-3 variants would be expected to be primarily 
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monomeric. As such the signal reduction in the T1ρ NMR data presented may be 

attributed to interactions of QBP1 with the ataxin-3 monomers as observed in 

the MS experiments. 

The T1ρ NMR data presented here are consistent with the data acquired from the 

MS experiments. As such the two techniques serve to validate one another and 

provide clear evidence that the population of complexes observed in the gas 

phase are indicative of the state of the population in solution.  

4.8 The effect of the scrambled QBP1 variant SP1 upon binding to ataxin-3 

During the initial development and characterisation of QBP1 a computationally 

scrambled control peptide (SP1, sequence shown in Figure 4.18) was generated 

as a negative control (Nagai et al. 2000). SP1 was shown not to inhibit the 

fibrillation of thioredoxin-polyQ Q62 nor to recover the phenotype of COS-7 cells 

expressing cyan fluorescence protein-polyQ fusion proteins containing Q45, Q57 

or Q81 (Nagai et al. 2000). Published data did not report a Kd for any interaction 

of SP1 with a QBP1 substrate, thioredoxin-polyQ Q62 (Okamoto et al. 2009). 

 

Figure 4.18: The sequences of QBP1 (a) and the scrambled peptide, SP1 (b). The additional C-

terminal G in SP1G is shown in grey.  

Like QBP1 (Figure 4.4), under the conditions employed here SP1 was shown to 

slightly inhibit the polyQ independent aggregation step as measured by the ThT 

assay (lag times for fibril formation: ataxin-3 78Q 2.85 ± 0.21 hours, ataxin-3 + 

SP1 2.2 ± 0.10 hours, p = 0.006, Figure AIII.6). However, while QBP1 has been 

shown to inhibit the polyQ dependent fibril maturation process (Figure 4.19a), 

TEMs of ataxin-3 78Q co-incubated with SP1 contain fibrils indicating that the 

polyQ dependent step is not inhibited (Figure 4.19b). 
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Figure 4.19: The scrambled peptide SP1 does not inhibit polyQ dependent fibril formation by 

ataxin-3 78Q. While the addition of QBP1 (a) inhibits the formation of fibrils by ataxin-3 78Q, the 

addition of SP1 (b) does not. Ataxin-3 78Q alone is shown for reference (c). i, ii and iii in each case 

are repeats. In all cases the protein was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, 

pH 7.8. QBP1/SP1 was added at 50 µM. TEM grids were prepared after 51 hours incubation at 37 

°C without shaking.  

Unexpectedly, native nESI-MS of ataxin-3 78Q co-incubated with SP1 reveals the 

formation of a 1:1 complex (Figure 4.20a). The complex formed appears very 

similar to that formed by QBP1, sharing a similar CSD and occurring at similar 

intensities. MS spectra of other ataxin-3 constructs and SP1 reveal that the 

scrambled peptide interacts with ataxin-3 78Q, ataxin-3 14Q (Figure 4.20b) and 

JDU1 (figure 4.20c) but not with JD (Figure 4.20d).  
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Figure 4.20: The scrambled peptide SP1 interacts with ataxin-3. Native nESI-MS spectra of (a) 

ataxin-3 78Q (b) ataxin-3 14Q (c) JDU1 and (d) JD in the presence of SP1.  Ataxin-3 ions are labelled 

in black and ions corresponding to the 1:1 complex are labelled in green. In both cases the protein 

was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 7.8. QBP1 was added at 50 µM.  

This finding raises the question of why one peptide prevents fibril maturation and 

the other does not given that both appear to bind in a similar fashion. In order to 
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investigate this further, the relative binding affinities of the two peptides with 

JDU1 were examined by native MS techniques.  

In order to directly compare QBP1 and SP1 it was necessary to subject them to 

MS at the same time. QBP1 and the scrambled peptide SP1 consist of the same 

amino acid residues in different orders. As such, they have identical masses and 

so, if examined by MS together, they cannot be differentiated. An SP1 peptide 

with an additional glycine at the C-terminus (SP1G) was generated in order to 

allow simultaneous observation of QBP1 and SP1. Native nESI-MS of ataxin-3 

derived protein JDU1 shows that SP1G and QBP1 can both be observed to form a 

1:1 complex with ataxin-3 when co-incubated (Figure 4.21). The observed peaks 

have a similar intensity and occur for the same charge states. SP1G appears to 

form a similar distribution of complexes as the SP1 peptide indicating that the 

additional C-terminal residue does not affect binding.  

 

Figure 4.21: Native nESI-MS of JDU1 in the presence of both QBP1 and SP1G. Both QBP1 (blue) 

and SP1G (green) are observed to form a 1:1 complex with JDU1. The intensities of the two ions 

are comparable. The JDU1 protein was 5 µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 

7.8. QBP1 and SP1G were added at 25 µM each.  
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Collision induced dissociation (CID) can be used to investigate the strength of 

non-covalent interactions in the gas phase (Chan et al. 2017; Hall et al. 2013; Han, 

Hyung and Ruotolo 2012; Zhang et al. 2014). The most abundant charge state 

complex of the JDU1:QBP1 complex, the M+10H10+ ion under the conditions 

employed in this experiment (6 V trap collision energy, 10 V transfer collision 

energy and 10-fold excess of peptide), was isolated in the quadrupole. While 

maintaining all other instrumental conditions the trap voltage was increased in 4 

V increments from 6 V to 62V at which point the complex was no longer observed. 

This process was repeated with the JDU1:SP1G complex. Comparison of the 

dissociation curves of QBP1 and SP1G (Figure 4.22) reveals that the JDU1:SP1G 

complex dissociates more readily than JDU1:QBP1 complex as indicated by the 

lower voltages required to result in a given reduction in signal. For example, the 

relative ion count for the JDU1:SP1G complex falls to 0.5 at a trap voltage of 22 

V, while for JDU1:QBP1 the same drop in relative ion count takes place between 

34 and 38 V).  
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Figure 4.22: Collision induced dissociation shows that JDU1 forms a more stable complex with 

QBP1 than with SP1G. The M+10H10+ charge state of the JDU1:SP1G (open circles) and JDU1:QBP1 

(closed circles) ion intensity reduces as the trap voltage is increased. The JDU1:SP1G complex 

dissociates at a lower voltage than the JDU1:QBP1 complex.  

The lower affinity of the scrambled peptide for ataxin-3 suggests a possible 

reason for the lack of inhibition of fibril formation by SP1. The lower affinity may 

lead to lower occupancy in solution and thus reduce the effect on the equilibrium 

of ataxin-3 species. 

Alongside the CID experiments, collision induced unfolding of the bound and free 

JDU1 M+10H10+ ion was also undertaken (Figure 4.23). Unfolding can be observed 

at collision energies of 30V for both complexes although JDU1:QBP1 may have 

undergone a greater degree of unfolding (Figure 4.23c). The unfolding profiles for 

the bound and free ataxin-3 are otherwise similar suggesting that QBP1 binding 

does not alter the inherent stability of ataxin-3 monomer in the gas phase.  
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Figure 4.23: Collision induced unfolding of the JDU1:QBP1 and JDU1:SP1G complex M+10H10+ 

reveals that the conformational stability of the two complexes are comparable. The arrival time 

distribution of the M+10H10+ ion of the 1:1 complex of JDU1:QBP1 (solid line) and JDU1:SP1G 

(dashed line) are shown for increasing trap collision energies from 6V to 66V (a-f). The coloured 

lines indicate the arrival time of major pseudo-stable conformations.  

The data presented here suggest that the binding of QBP1/SP1 is not sequence 

order specific. However the effect upon fibril maturation does appear to be 

sequence dependent. This reliance upon sequence may be due to the nature of 

the inhibitory interaction, possibly via a steric interference as suggested by 
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Daggett and co-workers (Armen et al. 2005) which may be missing in the 

scrambled peptide.  

4.9 QBP1 binding does not alter the conformation of ataxin-3 monomers 

One method by which an aggregation inhibitor can function is by altering the 

conformation of the aggregation-prone protein, or by altering a pre-existing 

conformational equilibrium. This has been demonstrated previously for amyloid 

aggregation inhibitors (Bazoti et al. 2008; Ehrnhoefer et al. 2008; Galanakis et al. 

2011; Lu et al. 2013a; Shimmyo et al. 2008; Sivanesam et al. 2016; Young et al. 

2014). While ataxin-3 has a disordered region it has been shown to occupy several 

distinct conformations (Scarff et al. 2013). To investigate this possibility that 

QBP1 alters the conformation of ataxin-3, nESI-IMS-MS was used to measure the 

collision cross-section of the ataxin-3 variants both bound to QBP1 and in their 

free state (Figure 4.24).  

nESI-(TW)IMS-MS CCS estimation carries with it an inherent error, a value often 

quoted at 5% of the CCS (Bush et al. 2010; Smith et al. 2009). Measurements 

which vary within this range are generally not considered to be significant.  

The estimated CCS for ataxin-3 14Q and the JD presented here (Figure 4.24b, e) 

are comparable with CCS values previously reported by Scarff et al. for ataxin-3 

constructs analysed in 10 mM ammonium acetate (Scarff et al. 2013). The CCS of 

ataxin-3 14Q M+12H12+ reported by Scarff et al. has three conformations with CCS 

values of 3077 Å2, 3395 Å2 and 3673 Å2 while the data here for the same charge 

state analysed here in 250 mM ammonium bicarbonate/1 mM DTT only two 

conformations are observed, with CCS values of 3054 Å2 and 3234.74 Å2 which 

are within error of the literature values. The absence of the third conformation 

in the data presented here may be an effect of the buffer. For the more globular 

JD the previously reported CCS values for the JD M+8H8+ ion are 1959 Å2 and 2167 

Å2. At the same charge state the CCS determined from the data presented here 

are 1914 Å2 and 2206 Å2, within the error of the technique.   
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Figure 4.24: nESI-IMS-MS analyses reveals that the CCS of ataxin-3 constructs (ataxin-3 78Q, 

ataxin-3 14Q, JDU1 and JD+) are unchanged by QBP1 binding. Estimated CCS for each charge state 

of the dominant charge state distribution is shown for (a) ataxin-3 78Q, (b) ataxin-3 14Q, (c) JDU1, 

(d) JD+ and (e) JD (dashed lines show the predicted CCS from the PSA method, based on the 

structure of JD (Nicastro et al. 2005) and modelling of a JD with an outward pointing helical arm, 

first published by Scarff et al. (Scarff et al. 2013)). The ataxin-3 alone ions are shown in black and 

the QBP1 bound ions are shown in blue. The CCS values observed for each bound protein ion are 

all within 5% of the CSS of the unbound form with the exception of the JD+ (M+14H)14+ ion. Figures 

quoted are the average of three replicates. (f) The arrival time distributions of the ataxin-3 78Q 

M+17H17+ ion and the ataxin-3 78Q:QBP1 (M+17H)17+ ion. The arrival time of the ion is indicated 

above. In all cases the protein was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, pH 7.8. 

QBP1 was added at 50 µM.  
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Comparison of the CCS values obtained for the unbound ataxin-3 and the ataxin-

3:QBP1 complexes (where they are observed) reveals that ataxin-3 does not 

undergo significant changes in CCS upon binding (Figure 4.23). The JD+ M+14H14+ 

ion is an exception to this (Figure 4.24d), possibly due to low signal intensity 

leading to poor resolution of the two conformations in the samples containing 

QBP1 and leading to the two signals appearing as a single peak although a 

conformational change cannot be ruled out. This low signal for the complex is a 

product of the low relative signal intensity of the complex, ionisation suppression 

from the presence of high concentrations of the peptide and the reduced ion 

transmission inherent in IMS-MS experiments.  

The CCS estimations from the nESI-IMS-MS data suggest that QBP1 binding does 

not alter the conformation of ataxin-3. Measurements by IMS lack the sensitivity 

to small scale changes in structure that can be observed by other techniques such 

as NMR and X-ray crystallography. It is possible, therefore, that small scale 

changes in structure do occur upon QBP1 binding however no evidence to 

support this is observed in these experiments.  

4.10 QBP1 interacts with other amyloid proteins 

Hervás et al. have demonstrated that QBP1 can alter the conformational 

properties of a range of amyloid protein monomers including Q62, α-synuclein 

and Sup35 but not Aβ42 (Hervas et al. 2012). Given the interaction observed here 

appears to be mediated by regions outside of the polyQ domain it was decided 

to investigate the interaction with α-synuclein by nESI-MS as well. 

Unlike the polyQ protein ataxin-3, α-synuclein undergoes a single stage 

aggregation process. As such the ThT aggregation assay can be used as directly 

indicative of the state of fibril formation. The aggregation kinetics of α-synuclein 

follow the characteristic sigmoidal growth of many other amyloid proteins (Buell, 

Dobson and Knowles 2014). Due to the high concentration of α-synuclein 

required to produce reproducible kinetics in a reasonable time scale (80 µM 

protein) the addition of QBP1 was limited to equimolar and sub-stoichiometric 

concentrations of peptide. Upon initial observation, the aggregation kinetics in 
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the presence of QBP1 appear to show no formation of ThT positive amyloid 

species (Figure 4.25a). However, closer inspection reveals that sigmoidal growth 

can be observed albeit with much reduced signal (Figure 4.25b). The lag time of 

fibril formation is reduced slightly by the presence of QBP1 (from 29.7 ± 7.0 hours 

to 13.8 ± 0.8 hours in the presence of equimolar QBP1). There is significant 

precedent for small molecules reducing the signal yield in the ThT assay via 

interference with the ThT binding or its fluorescence quantum yield rather than 

through a direct effect on aggregation (Coelho-Cerqueira, Pinheiro and Follmer 

2014; Gade Malmos et al. 2017). In order to investigate this possibility TEM grids 

were prepared for the samples with and without QBP1. TEM (Figure 2.25c-e) 

reveals that after 180 hours fibrils are observed in samples of both α-synuclein 

alone and α-synuclein co-incubated with QBP1. The fibrils observed are straight 

and unbranched. Several morphologies are observed including flat ribbons. In 

addition to the fibrils, smaller objects are also observed which may correspond 

to oligomers. 
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Figure 4.25: QBP1 does not inhibit the formation of fibrils by α-synuclein. (a) The addition of 

equimolar (light grey) or sub-stoichiometric (dark grey) concentrations of QBP1 to α-synuclein 

reduces the observed ThT signal. However, rescaling of the axis (b) reveals that the lag time of 

aggregation is unchanged. TEM images of α-synuclein alone (c) and in the presence of sub-

stoichiometric concentrations of QBP1 (d) both contain fibrils. (e) Observation of samples at 

increased magnification reveals the presence of several morphological species. The dashed box 

in e.i indicates the region magnified in e.ii. TEM samples were prepared at 180 hours. Samples 

prepared in 20mM Tris HCl, 200 mM NaCl pH 7.5 with 600 rpm shaking at 37 °C. 

These data suggest that QBP1 does not inhibit the aggregation of α-synuclein at 

the concentrations used here. It is interesting to note that in these experiments 

QBP1 appeared to interfere with the ThT assay; however, the presence of QBP1 

in the ataxin-3 aggregation assays did not cause a change in signal intensity 

(Figure 4.4). This may suggest that QBP1 interacts with α-Synuclein at a site that 

lies close to the ThT binding site or otherwise causes allosteric changes which 

alter ThT binding while in ataxin-3 the interaction appears at a site that does not 

alter ThT binding or fluorescence. In the case of ataxin-3 the ThT assay reports on 

the formation of polyQ independent protofibril formation so it is perhaps 

unsurprising that an inhibitor of the polyQ dependent stage should not interfere 

with this assay.  

As Hervás et al. have reported evidence of an interaction between QBP1 and α-

synuclein, native nESI-MS was used to investigate this possible interaction 

(Hervas et al. 2012).  

In the native nESI-MS experiment α-synuclein forms at least two CSDs (Figure 

4.26a). The first from M+4H4+ to M+9H9+ is taken to correspond to a compact 

conformation. A second CSD can be observed for M+9H9+ to M+17H17+. α-

synuclein dimer is observed for many charge states in both CSDs indicating that 

α-synuclein readily forms dimers and that these species appear stable in MS 

conditions. Above 2000 m/z a number of low intensity peaks can be seen. These 

peaks correspond to dimer and trimer with the remaining peaks too broad for 

accurate mass determination. These unidentified peaks are thought to arise from 

other oligomeric species.  
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Figure 4.26: QBP1 forms a complex with the compact conformation of α-synuclein. nESI-MS of α-

synuclein alone (a) reveals at least two CSDs. In addition dimer is observed throughout the 

spectrum while higher order oligomers are observed above 2000 m/z. The addition of QBP1 (b) 

results in the formation of low abundance ions for a 1:1 complex. These ions are observed only 

for the low z CSD. There is a reduction in the observation of higher order species in this spectrum 

however this may be related to signal to noise reduction in the presence of the peptide.  

Upon the addition of QBP1 the formation of a 1:1 complex between α-synuclein 

and QBP1 is observed (Figure 4.26b). The peaks corresponding to this complex 

are low intensity and are observed only for the M+4H4+ to M+9H9+ CSD with 

complex 7+, 8+and 9+ observed. The complex M+6H6+ may be too low intensity 

to observe. The lowest charge states of α-synuclein and the higher order species 

distribution are reduced in intensity in the samples with QBP1. This may be due 

to a change in the distribution of these species in solution; however, the 

ionisation efficiency α-synuclein was reduced in the presence of QBP1 and the 

reduction may be related to this phenomenon.  

Given the observations in the experiments described above it seems likely that 

QBP1 does interact with α-synuclein. However, it appears that QBP1 does not 

inhibit aggregation as Hervás et al. hypothesised it might, based on their 
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observations of reductions in the amount of a proposed aggregation 

intermediate by atomic force microscopy (Hervas et al. 2012). This may be due to 

the experimental constraints on peptide concentration which prevent 

examination of the effect of an excess of QBP1 on α-synuclein aggregation. 

Alternatively, the interaction observed in the atomic force microscopy 

experiments (Hervas et al. 2012) and by MS here, may be an interaction that does 

not significantly modify the aggregation of α-synuclein.  
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4.11 Discussion 

In this chapter has demonstrated that the QBP1 interacts with monomeric ataxin-

3. The site of this interaction can be localised to residues 183-221 of ataxin-3, a 

surprising finding given the previous assumption that the polyQ domain is the site 

of action (Nagai et al. 2000). In addition, we show that ataxin-3 can interact with 

α-synuclein, a non-polyQ amyloid protein though this interaction appears to have 

no effect on the aggregation of the protein.  

The native nESI-MS work presented in this chapter demonstrates that an 

interaction can occur between residues 183-221 of ataxin-3 and the peptide 

QBP1. The site of this interaction outside of the polyQ domain was unexpected 

as QBP1 was originally screened for interaction with polyQ fusion proteins and 

therefore no selective bias towards the unrelated sequence 183-221 would be 

expected (Nagai et al. 2000). Interestingly, subjecting ataxin-3 183-221 to a BlastP 

search against the human proteome reveals that this region has no significant 

homology to any other known protein in the SwissProt database. This finding 

suggests that residues 183-221 of ataxin-3 may form a unique epitope. Aligning 

the sequences of ataxin-3 182-221 with the glutathione-S-transferase Q62 

construct against which QBP1 was originally selected shows there is no homology 

between the two sequences indicating that the interaction observed is not the 

result of aberrant (secondary) selection for sequences which bind to an epitope 

on GST.  

While no previous publications indicate a role for the region 183-221 in the 

binding of QBP1, there has been interest in the role of the central flexible region 

(CFR, residues 183-291) in protein aggregation. Grandori and co-workers have 

shown, by means of the ThT assay and other methods, that the inclusion of the 

CFR in an ataxin-3 construct increases the rate of aggregation (Santambrogio et 

al. 2012). Interestingly, the co-incubation of ataxin-3 with a CFR peptide reduces 

the rate of ataxin-3 aggregation through what is believed to be competitive 

inhibition (Invernizzi et al. 2013). This second finding provides a precedent for 

binding to this region inhibiting aggregation of ataxin-3. However, the observed 
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change in polyQ-independent aggregation reported by Grandori and co-workers 

was not observed for the addition of QBP1 which inhibits the polyQ dependent 

stage only. Residues 183-221 are not predicted to have a high aggregation 

propensity either alone or as part of the CFR as estimated by TANGO and other 

amyloid prediction algorithms (Invernizzi et al. 2013; Santambrogio et al. 2012).  

However, AmylPred (Tsolis et al. 2013), a consensus prediction software, predicts 

that residues 175-184 and 195-200 of ataxin-3 may have some amyloidogenicity 

(Figure 4.27). It is interesting to note that all amyloid predictions algorithms used 

failed to detect the polyQ region as amyloidogenic.     

 

Figure 4.27: Potential amyloidogenic regions of ataxin-3 identified by consensus prediction. The 

sequence of ataxin-3 78Q is shown. The consensus prediction is shown in the yellow bar. Residues 

which at least 5 of the 11 prediction algorithms scored as amyloidogenic are indicated with a #. 

The sequence was analysed using the Amylpred webserver (Tsolis et al. 2013). Full results can be 

found in Appendix III.  
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Previous work on the CFR has suggested that the UIMs may mediate aggregation 

in the full length ataxin-3 protein and that by interfering with this interaction the 

CFR peptide prevents aggregation (Invernizzi et al. 2013; Santambrogio et al. 

2012). The MS data presented here show that QBP1 does not interact with the 

UIMs. Despite the lack of evidence of a direct interaction between QBP1 and the 

UIMs there may still be a role for the UIMs in the QBP1 mediated inhibition of 

aggregation. The first UIM1 lies immediately C-terminal to the binding site 

identified here and as such the binding of QBP1 to this region may disrupt an 

interaction with the neighbouring regions either through direct competition and 

steric hindrance or via an allosteric effect on conformation (a small scale change 

in conformation such as this may be invisible to IMS).  

The finding that the QBP1 interaction is mediated by residues in the domains 

flanking the polyQ domain is consistent with the growing body of evidence that 

the flanking domains of amyloid proteins play an important role in modulating 

and controlling aggregation (Darnell et al. ; Lin et al. ; Masino et al. ; Saunders et 

al. ; Thual et al.). These flanking domains may represent a target for future 

therapeutic exploitation, especially in the case of polyQ proteins where they 

would provide a new method of ensuring specificity.  

Investigation of the conformation of the various ataxin-3 constructs by IMS-MS 

reveals that the CCS of ataxin-3 monomer is unchanged upon binding QBP1. The 

resolution of IMS is limited, in particular in the case of largely disordered proteins 

such as ataxin-3 which populate a wide distribution of conformations. Some 

previously identified inhibitors of amyloid formation have been shown to alter 

the conformation (or conformational equilibrium) of the bound protein (Das et 

al. 2014; Kumar et al. 2016; Liu et al. 2011b; Young et al. 2015). The lack of 

conformational change upon binding shown here may be evidence for a directly 

competitive inhibition of aggregation. A further possibility is that QBP1 alters the 

conformation of higher order species that were not observed in these 

experiments. Previous work has hypothesised that QBP1 inhibits a key β-sheet 

transition which may occur in these higher order species (Nagai et al. 2007). 
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The interaction between ataxin-3 and the scrambled peptide, SP1 is interesting. 

The interaction observed appears similar to that observed for QBP1, with the 

formation of a 1:1 complex with compact forms for the monomer. These 

interactions are observed for the same ataxin-3 constructs as for QBP1 and once 

again the JD alone is not sufficient for interaction. This indicates that the 

interaction is likely to be mediated by the same binding site as for QBP1. 

However, when subjected to a ramp of trap voltages SP1 dissociates more easily 

that QBP1 indicating a lower affinity. The short length of the peptide and the 

frequent occurrence of the W residues which have been suggested to be key for 

inhibition may limit the variation possible between QBP1 and any scrambled form 

of the peptide. Thus the interaction being maintained to some degree in the 

scrambled form is not inconceivable. Ultimately, in order to full understand the 

interaction of SP1 with ataxin-3, a comprehensive set of mutations and 

truncations would be required which were beyond the scope and timescale of 

the current investigation. Despite this, the data presented here are in agreement 

with previous observations that SP1 does not inhibit the formation of fibrils 

(Nagai et al. 2000; Ren et al. 2001; Tomita et al. 2009). 

In summary, the results presented in this chapter demonstrate that QBP1 

interacts with ataxin-3 monomer at a novel site formed by residues 183-221. This 

interaction is maintained in ataxin-3 constructs which lack polyQ domain. Binding 

at this site does not alter the conformation of ataxin-3 monomer however 

comment cannot be made on the effect this interaction may have on higher order 

species. Given the suggested importance of the CFR in ataxin-3 aggregation 

(Invernizzi et al. 2013; Santambrogio et al. 2012) and the observation of QBP1 

binding in this region future work should aim to more thoroughly address the 

function of the flanking domains in aggregation and the residues responsible for 

QBP1 binding, with the aim to exploit them as therapeutic targets.    
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5 Concluding remarks and future directions 

5.1 Conclusions 

Amyloid protein aggregation disorders are some of the most prevalent diseases 

in the developed world. Elucidating the mechanisms of amyloid aggregation 

modulators (inhibitors and accelerators) is vital in advancing our knowledge of 

protein aggregation and our ability to rationally design therapeutics to prevent 

amyloid diseases. Determining the site of interactions which alter the aggregation 

of amyloidogenic proteins is one step in this process. This thesis describes works 

towards characterising the kinetic effects and interactions of two modulators of 

amyloid aggregation, the peptide QBP1 and the protein YDL085CA. 

Chapter 3 explores the interaction between YDL085CA and Aβ40. While 

orthologous proteins from other species have been shown to accelerate amyloid 

formation, YDL085CA was observed to inhibit amyloid formation under similar 

conditions. However, the effect seen was extremely buffer dependent as when 

YDL085CA and Aβ40 were incubated in a second buffer YDL085CA was observed 

to enhance aggregation, suggesting a role for ionic strength and specific ion 

effects in YDL085CA activity. Crosslinking followed by mass spectrometric 

analysis was used to map the binding interface of YDL085CA and Aβ40, 

highlighting the involvement of two helical regions of YDL085CA and the charged 

N-terminus of Aβ40.  

The finding that YDL085CA shows such a strong buffer dependence in its activity 

highlights the importance of considering characteristics such as ionic strength 

and the Hofmeister effect (Kunz, Henle and Ninham 2004; Hofmeister 1888) 

when interrogating the structure and function of intrinsically disordered proteins 

and peptides (Liao et al. 2013; Wicky, Shammas and Clarke 2017). Had the 

analysis been conducted under a single set of conditions, a potentially important 

facet of the mechanism and function of YLD085CA may have been missed. The 

observed differences between YDL085CA and the activity of SERF1 in relation to 

Aβ40 aggregation may, in part, be explained by specific ion effects. However, 

given the similarity in the buffers employed and the evidence of an interaction 
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between Aβ40 and YDL085CA outside of conserved regions, it seems likely that 

the two proteins may have evolved different functions. This demonstrates the 

dangers of assigning functions to proteins based on sequence similarity alone. 

Previously, QBP1 had been assumed to interact solely with the expanded polyQ 

domains of polyQ proteins and thus to inhibit their aggregation. While evidence 

exists for an interaction between QBP1 and a non-polyQ containing amyloid 

protein (Hervas et al. 2012), if and how this might inhibit aggregation had not 

been investigated nor had its relevance to polyQ proteins been considered. The 

work in Chapter 4 demonstrates, by means of native MS and supporting 

biophysical and biochemical techniques, that an interaction between QBP1 and 

the polyQ protein ataxin-3 is mediated by a region outside of the polyQ domain 

and persists in the absence of an expanded polyQ tract. 

The interaction between QBP1 and ataxin-3 at a non-polyQ site was unexpected. 

This observation highlights the importance of studies on full length, disease 

causing proteins, rather than fusion proteins, when developing inhibitory 

molecules. The identification of this region as potentially important in the 

aggregation of ataxin-3 is not entirely without precedent (Invernizzi et al. 2013; 

Santambrogio et al. 2012). However, previous studies have attributed the 

aggregation modulating effects of this region to the UIMs. 

These results together demonstrate that interactions distal to the sites 

traditionally associated with aggregation initiation can produce a powerful effect 

on the aggregation of an amyloid protein. These regions may represent 

alternative targets for therapeutic exploitation.  

The data presented here also highlight the varied range of MS techniques which 

can be applied to the study of protein structure and inteactions. The diversity of 

techniques available in the field of MS has enabled the study of interactions 

which were extremely challenging to analyse initially (for example the difficulty 

of investigating the Aβ40:YDL085CA interaction by native MS was overcome by 

application of in-solution crosslinking techniques).  
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5.2 Future directions 

Our understanding of the mechanisms of action of amyloid aggregation 

modulators still needs expanding, both in the context of the molecules described 

here and in a more general sense. Future investigations relating to the 

YLD085CA:Aβ40 interaction should focus on two broad lines of questioning: (1) 

how and why are SERF1 and YDL085CA different and (2) what effect do specific 

ions have on the interactions observed? 

The first question may be approached by direct comparison of SERF1 and 

YDL085CA with regard to both their effect on the kinetics of amyloid protein 

aggregation and the sites of interaction between these proteins and amyloid 

proteins. In particular, comparing the involvement of the well-conserved regions 

and areas of greater sequence diversity in forming interactions with amyloid 

proteins and the relationship of the latter to activity could be of great interest.  

Answering the second question would involve analysis of the effect of YDL085CA 

on amyloid protein aggregation in a wider range of buffers selected from 

different regions of the Hofmeister series. Both the effect on the activity of 

YDL085CA with relation to the aggregation kinetics of amyloid proteins and also 

the conformations of YDL085CA and Aβ40 may be affected, with the latter being 

likely to produce an influence on the former.  

As described in Chapter 4, a scrambled sequence derived from the QBP1 peptide 

(SP1) does not prevent fibril formation by ataxin-3 but does bind to ataxin-3 in a 

similar manner to QBP1. A full study of this binding involving mutations of the 

peptide, with the aim of abrogating binding, would provide interesting insights 

into how the observed binding is mediated. In addition, investigation of the 

interactions of QBP1/SP1 with other polyQ proteins would determine whether 

the non-polyQ mediated interaction is a common occurrence.  

More generally, it seems that there may be some value in revisiting previously 

published inhibitors of amyloid formation, in particular those whose mechanisms 

have not yet been elucidated, and investigating their effect in the context of full 



227 
 

length, endogenous amyloid proteins. While model systems such as fusion 

proteins and short peptides can be extremely useful, the use of such systems may 

be excluding inhibitors which target regions away from the amyloid core-forming 

sequence. These distal inhibitors may provide greater specificity in their effect 

than those targeting the amyloid core, which often produce their effect by non-

specific binding (for example polyphenol compounds (Cao and Raleigh 2012; 

Ehrnhoefer et al. 2008; Palhano et al. 2013)). Increased specificity may in turn 

lead to reduced off target effects and increased efficacy.  
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Appendix I: 

Appendix I contains figures and information relating to Chapter 2, which is 

concerned with the methods and materials employed in the investigations 

described in this thesis. 

Appendix I.I Details of plasmids: 

 

Figure AI.1: Plasmid map of PetSac Aβ40. 

 

Figure AI.2: Plasmid map of pET23a α-synuclein. 
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Figure AI.3: Plasmid map of pET28b used in the expression of the various YDL085CA proteins.  

 

 

Figure AI.4: Plasmid map of pDEST17 used in the expression of the various ataxin-3 proteins. Note 

that the CamR gene is removed upon successful recombination.  
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Figure AI.5: Plasmid map of pMAL Cx5 used in the expression of the MBP fusion protein. The initial 

plasmid was a gift from Dr David Brockwell (University of Leeds) and contains a N-terminal His tag 

and replaces the thrombin cleavage site at the C-terminus of MBP with a TEVp cleavage site.   
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Appendix I.2 DNA sequences: 

Table AI.1: DNA sequences for the proteins used in this investigation. Note that sequences 

labelled with a * are part of a larger translated sequence which is subsequently processed. 

Protein Sequence Chapter 

mAβ40 

ATGGACGCTGAATTCCGTCACGACTCTGGTTACGAAGT
TCACCACCAGAAGCTGGTGTTCTTCGCTGAAGACGTGG
GTTCTAACAAGGGTGCTATCATCGGTCTGATGGTTGGT

GGCGTTGTG 

3 

α-synuclein 

ATGGATGTCTTCATGAAAGGGCTGTCGAAAGCGAAAG
AAGGTGTCGTAGCAGCTGCGGAAAAGACCAAACAAGG
CGTAGCCGAAGCAGCCGGTAAAACGAAGGAAGGTGTG
CTGTATGTCGGCAGCAAGACCAAAGAAGGCGTTGTCCA
TGGGGTTGCGACTGTTGCGGAGAAAACGAAAGAGCAG
GTGACAAACGTGGGAGGAGCCGTTGTGACCGGTGTGA
CCGCAGTAGCCCAGAAAACGGTGGAAGGTGCTGGCTC
CATTGCAGCGGCGACTGGCTTTGTGAAGAAAGACCAGT
TAGGGAAAAACGAGGAAGGTGCTCCTCAAGAAGGCAT
CTTGGAGGATATGCCGGTTGATCCGGATAATGAGGCCT
ATGAGATGCCGAGTGAAGAAGGCTACCAGGACTACGA

ACCAGAAGCG 

3,4 

YDL085CA(S)* 

ATGGCTAGAGGTAATCAAAGAGACTTGGCAAGACAAA
AAAACTTGAAAAAACAAAAGGACATGGCTAAGAACCA
GAAAAAGAGTGGTGATCCTAAGAAAAGAATGGAGTCA
GACGCCGAAATCTTGAGACAAAAGCAGGCCGCCGCAG
ATGCTAGAAGAGAGGCTGAAAAGCTTGAGAAGTTAAA

AGCCGAAAAGACGAGAAGATAA 

3 
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YDL085CA* 

ATGGCGCGCGGTAACCAGCGTGACCTGGCCCGTCAGA
AAAATCTGAAAAAACAAAAAGATATGGCGAAGAATCA

AAAAAAATCTGGTGATCCAAAAAAACGCATGGAGTCCG
ACGCAGAAATTCTGCGCCAGAAACAGGCCGCCGCCGA 
GCACGTCGCGAAGCAGAAAAGCTGGAAAAACTGAAAG

CGGAGAAAACCCGCCGTTAA 

3 

Ataxin-3 78Q 

ATGTCGTACTACCATCACCATCACCATCACCTCGAAAAC
CTGTATTTTCAGGGCATGGAGTCCATCTTCCACGAGAA
ACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATA
ACTTATTGCAAGGAGAATATTTTAGCCCTGTGGAATTAT
CCTCAATTGCACATCAGCTGGATGAGGAGGAGAGGAT
GAGAATGGCAGAAGGAGGAGTTACTAGTGAAGATTAT
CGCACGTTTTTACAGCAGCCTTCTGGAAATATGGATGA
CAGTGGTTTTTTCTCTATTCAGGTTATAAGCAATGCCTT
GAAAGTTTGGGGTTTAGAACTAATCCTGTTCAACAGTC
CAGAGTATCAGAGGCTCAGGATCGATCCTATAAATGAA
AGATCATTTATATGCAATTATAAGGAACACTGGTTTACA
GTTAGAAAATTAGGAAAACAGTGGTTTAACTTGAATTC
TCTCTTGACGGGTCCAGAATTAATATCAGATACATATCT
TGCACTTTTCTTGGCTCAATTACAACAGGAAGGTTATTC
TATATTTGTCGTTAAGGGTGATCTGCCAGATTGCGAAG
CTGACCAACTCCTGCAGATGATTAGGGTCCAACAGATG
CATCGACCAAAACTGATTGGCGAAGAACTGGCTCAACT
GAAAGAACAGCGTGTGCATAAGACCGACCTGGAACGT
GTCCTGGAAGCAAATGACGGCAGCGGCATGCTGGATG
AAGACGAAGAAGATCTGCAGCGTGCCCTGGCACTGTCT
CGTCAGGAAATTGATATGGAAGACGAAGAAGCAGATC
TGCGTCGCGCTATTCAGCTGTCAATGCAGGGCAGCTCT
CGTAACATCTCGCAGGACATGACCCAGACGAGCGGTAC
CAATCTGACGTCTGAAGAACTGCGCAAACGTCGCGAAG
CATATTTTGAAAAACAGCAACAGAAGCAACAACAGCAG
CAACAACAACAACAACAGCAGCAGCAGCAGCAACAAC
AACAGCAACAACAACAGCAACAGCAGCAACAGCAACA
GCAACAGCAGCAACAACAGCAACAGCAACAACAGCAA
CAGCAACAACAGCAACAACAGCAACAACAGCAACAAC
AGCAACAACAGCAACAACAGCAACAGCAACAACAGCA
GCAGCAACAGCAGCAACAACAACAGAGAGATCTGTCA
GGCCAGAGTTCCCATCCGTGTGAACGTCCGGCCACCTC
AAGCGGTGCACTGGGTAGTGATCTGGGTGACGCCATG
TCCGAAGAAGACATGCTGCAGGCAGCAGTGACGATGT
CCCTGGAAACCGTGCGTAACGACCTGAAAACCGAAGG

CAAAAAATAA 

4 
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Ataxin-3 14Q 

ATGTCGTACTACCATCACCATCACCATCACCTCGAAAAC
CTGTATTTTCAGGGCATGGAGTCCATCTTCCACGAGAA
ACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATA
ACTTATTGCAAGGAGAATATTTTAGCCCTGTGGAATTAT
CCTCAATTGCACATCAGCTGGATGAGGAGGAGAGGAT
GAGAATGGCAGAAGGAGGAGTTACTAGTGAAGATTAT
CGCACGTTTTTACAGCAGCCTTCTGGAAATATGGATGA
CAGTGGTTTTTTCTCTATTCAGGTTATAAGCAATGCCTT
GAAAGTTTGGGGTTTAGAACTAATCCTGTTCAACAGTC
CAGAGTATCAGAGGCTCAGGATCGATCCTATAAATGAA
AGATCATTTATATGCAATTATAAGGAACACTGGTTTACA
GTTAGAAAATTAGGAAAACAGTGGTTTAACTTGAATTC
TCTCTTGACGGGTCCAGAATTAATATCAGATACATATCT
TGCACTTTTCTTGGCTCAATTACAACAGGAAGGTTATTC
TATATTTGTCGTTAAGGGTGATCTGCCAGATTGCGAAG
CTGACCAACTCCTACAGATGATTAGGGTCCAACAGATG
CATCGACCAAAACTTATTGGAGAAGAATTAGCACAACT
AAAAGAGCAAAGAGTCCATAAAACAGACCTGGAACGA
GTGTTAGAAGCAAATGATGGCTCAGGAATGTTAGACG
AAGATGAGGAGGATTTGCAGAGGGCTCTGGCACTAAG
TCGCCAAGAAATTGACATGGAAGATGAGGAAGCAGAT
CTCCGCAGGGCTATTCAGCTAAGTATGCAAGGTAGTTC
CAGAAACATATCTCAAGATATGACACAGACATCAGGTA
CAAATCTTACTTCAGAAGAGCTTCGGAAGAGACGAGAA
GCCTACTTTGAAAAACAGCAGCAAAAGCAGCAACAGCA
GCAGCAGCAGCAGCAGCAGGGGGACCTATCAGGACAG
AGTTCACATCCATGTGAAAGGCCAGCCACCAGTTCAGG
AGCACTTGGGAGTGATCTAGGTGATGCTATGAGTGAA
GAAGACATGCTTCAGGCAGCTGTGACCATGTCTTTAGA
AACTGTCAGAAATGATTTGAAAACAGAAGGAAAAAAA

TAAG 

4 
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JDU1 

ATGTCGTACTACCATCACCATCACCATCACCTCGAAAAC
CTGTATTTTCAGGGCATGGAGTCCATCTTCCACGAGAA
ACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATA
ACTTATTGCAAGGAGAATATTTTAGCCCTGTGGAATTAT
CCTCAATTGCACATCAGCTGGATGAGGAGGAGAGGAT
GAGAATGGCAGAAGGAGGAGTTACTAGTGAAGATTAT
CGCACGTTTTTACAGCAGCCTTCTGGAAATATGGATGA
CAGTGGTTTTTTCTCTATTCAGGTTATAAGCAATGCCTT
GAAAGTTTGGGGTTTAGAACTAATCCTGTTCAACAGTC
CAGAGTATCAGAGGCTCAGGATCGATCCTATAAATGAA
AGATCATTTATATGCAATTATAAGGAACACTGGTTTACA
GTTAGAAAATTAGGAAAACAGTGGTTTAACTTGAATTC
TCTCTTGACGGGTCCAGAATTAATATCAGATACATATCT
TGCACTTTTCTTGGCTCAATTACAACAGGAAGGTTATTC
TATATTTGTCGTTAAGGGTGATCTGCCAGATTGCGAAG
CTGACCAACTCCTACAGATGATTAGGGTCCAACAGATG
CATCGACCAAAACTTATTGGAGAAGAATTAGCACAACT
AAAAGAGCAAAGAGTCCATAAAACAGACCTGGAACGA
GTGTTAGAAGCAAATGATGGCTCAGGAATGTTAGACG
AAGATGAGGAGGATTTGCAGAGGGCTCTGGCACTAAG

TCGCCAAGAAATTGACTGA 

4 

JD+ 

ATGTCGTACTACCATCACCATCACCATCACCTCGAAAAC
CTGTATTTTCAGGGCATGGAGTCCATCTTCCACGAGAA
ACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATA
ACTTATTGCAAGGAGAATATTTTAGCCCTGTGGAATTAT
CCTCAATTGCACATCAGCTGGATGAGGAGGAGAGGAT
GAGAATGGCAGAAGGAGGAGTTACTAGTGAAGATTAT
CGCACGTTTTTACAGCAGCCTTCTGGAAATATGGATGA
CAGTGGTTTTTTCTCTATTCAGGTTATAAGCAATGCCTT
GAAAGTTTGGGGTTTAGAACTAATCCTGTTCAACAGTC
CAGAGTATCAGAGGCTCAGGATCGATCCTATAAATGAA
AGATCATTTATATGCAATTATAAGGAACACTGGTTTACA
GTTAGAAAATTAGGAAAACAGTGGTTTAACTTGAATTC
TCTCTTGACGGGTCCAGAATTAATATCAGATACATATCT
TGCACTTTTCTTGGCTCAATTACAACAGGAAGGTTATTC
TATATTTGTCGTTAAGGGTGATCTGCCAGATTGCGAAG
CTGACCAACTCCTACAGATGATTAGGGTCCAACAGATG
CATCGACCAAAACTTATTGGAGAAGAATTAGCACAACT
AAAAGAGCAAAGAGTCCATAAAACAGACCTGGAACGA

GTGTTAGAAGCAAATGATGGCTCAGGAATG 

4 
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JD 

ATGTCGTACTACCATCACCATCACCATCACCTCGAAAAC
CTGTATTTTCAGGGCATGGAGTCCATCTTCCACGAGAA
ACAAGAAGGCTCACTTTGTGCTCAACATTGCCTGAATA
ACTTATTGCAAGGAGAATATTTTAGCCCTGTGGAATTAT
CCTCAATTGCACATCAGCTGGATGAGGAGGAGAGGAT
GAGAATGGCAGAAGGAGGAGTTACTAGTGAAGATTAT
CGCACGTTTTTACAGCAGCCTTCTGGAAATATGGATGA
CAGTGGTTTTTTCTCTATTCAGGTTATAAGCAATGCCTT
GAAAGTTTGGGGTTTAGAACTAATCCTGTTCAACAGTC
CAGAGTATCAGAGGCTCAGGATCGATCCTATAAATGAA
AGATCATTTATATGCAATTATAAGGAACACTGGTTTACA
GTTAGAAAATTAGGAAAACAGTGGTTTAACTTGAATTC
TCTCTTGACGGGTCCAGAATTAATATCAGATACATATCT
TGCACTTTTCTTGGCTCAATTACAACAGGAAGGTTATTC
TATATTTGTCGTTAAGGGTGATCTGCCAGATTGCGAAG

CTGACCAACTCCTACAGATGATTAGG 

4 
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MBP+ 

ATGCATCACCATCACCATCACAAAATCGAAGAAGGTAA
ACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACG
GTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACC
GGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGA
AGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGC

CCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGC
TACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGA
CAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGG
ATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCG
ATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGAT
CTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCC
GGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGC
GCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTG
GCCGCTGATTGCTGCTGACGGGGGTTATGCGTTCAAGT
ATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGT
GGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTG
GTTGACCTGATTAAAAACAAACACATGAATGCAGACAC
CGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCG
AAACAGCGATGACCATCAACGGCCCGTGGGCATGGTC
CAACATCGACACCAGCAAAGTGAATTATGGTGTAACGG
TACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTC

GTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCC
GAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATC
TGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGA
CAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAG
GAAGAGTTGGTGAAAGATCCGCGTATTGCCGCCACTAT
GGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATC
CCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGC

GGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGATG
AAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGAAC
AACAACAACAATAACAATAACAACAACCTCGGGATCGA
GGGAAGGATTTCACATATGGAAAACCTGTACTTTCAGG
GATCCGTCCAACAGATGCATCGACCAAAACTTATTGGA
GAAGAATTAGCACAACTAAAAGAGCAAAGAGTCCATA
AAACAGACCTGGAACGAGTGTTAGAAGCAAATGATGG

CTCAGGAATGTAA 

4 
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Appendix I.3 Protein sequences: 

Table AI.2: Protein sequences 

Protein Sequence Chapter 

mAβ40 
MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVG

GVV 
3 

Aβ40 
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGV

V 
3 

α-synuclein 

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVL
YVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTA
VAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILED

MPVDPDNEAYEMPSEEGYQDYEPEA 

3,4 

YDL085CA(S) 
SMARGNQRDLARQKNLKKQKDMAKNQKKSGDPKKRM

ESDAEILRQKQAAADARREAEKLEKLKAEKTRR 
3 

YDL085CA 
MARGNQRDLARQKNLKKQKDMAKNQKKSGDPKKRME

SDAEILRQKQAAADARREAEKLEKLKAEKTRR 
3 

Ataxin-3 78Q 

SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNL
LQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRTFL
QQPSGNMDDSGFFSIQVISNALKVWGLELILFNSPEYQRL
RIDPINERSFICNYKEHWFTVRKLGKQWFNLNSLLTGPELI
SDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIRV
QQMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGM
LDEDEEDLQRALALSRQEIDMEDEEADLRRAIQLSMQGSS
RNISQDMTQTSGTNLTSEELRKRREAYFEKQQQKQQQQ
QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ
QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ
QQQQQQRDLSGQSSHPCERPATSSGALGSDLGDAMSEE

DMLQAAVTMSLETVRNDLKTEGKK 

4 

Ataxin-3 14Q 

SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNL
LQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRTFL
QQPSGNMDDSGFFSIQVISNALKVWGLELILFNSPEYQRL
RIDPINERSFICNYKEHWFTVRKLGKQWFNLNSLLTGPELI
SDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIRV
QQMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGM
LDEDEEDLQRALALSRQEIDMEDEEADLRRAIQLSMQGSS
RNISQDMTQTSGTNLTSEELRKRREAYFEKQQQKQQQQ
QQQQQQGDLSGQSSHPCERPATSSGALGSDLGDAMSEE

DMLQAAVTMSLETVRNDLKTEGKK 

4 

JDU1 

SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNL
LQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRTFL
QQPSGNMDDSGFFSIQVISNALKVWGLELILFNSPEYQRL
RIDPINERSFICNYKEHWFTVRKLGKQWFNLNSLLTGPELI
SDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIRV
QQMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGM

LDEDEEDLQRALALSRQEID 

4 
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JD+ 

SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNL
LQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRTFL
QQPSGNMDDSGFFSIQVISNALKVWGLELILFNSPEYQRL
RIDPINERSFICNYKEHWFTVRKLGKQWFNLNSLLTGPELI
SDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIRV
QQMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGM 

4 

JD 

SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNL
LQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRTFL
QQPSGNMDDSGFFSIQVISNALKVWGLELILFNSPEYQRL
RIDPINERSFICNYKEHWFTVRKLGKQWFNLNSLLTGPELI
SDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIR 

4 

UIM1 LDEDEEDLQRALALSRQEID 4 

UIM12 
LDEDEEDLQRALALSRQEIDMEDEEADLRRAIQLSMQGSS

RNI 
4 

MBP+ 

MHHHHHHKIEEGKLVIWINGDKGYNGLAEVGKKFEKDT
GIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGY

AQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVE
ALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQ
EPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAG
LTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPW
AWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAAS
PNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEEL
VKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVIN
AASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRI
SHMENLYFQGSVQQMHRPKLIGEELAQLKEQRVHKTDLE

RVLEANDGSGM 

4 

MBP+ 
(post-cleavage) 

MHHHHHHKIEEGKLVIWINGDKGYNGLAEVGKKFEKDT
GIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGY

AQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVE
ALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQ
EPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAG
LTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPW
AWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAAS
PNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEEL
VKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVIN
AASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRI

SHMENLYFQ 

4 

QBP1 SNWKWWPGIFD 4 

SP1 WPIWSKGNDWF 4 

SP1G WPIWSKGNDWFG 4 
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Table AI.3: Predicted masses of the proteins and peptides used in this investigation.  

Protein 
Monoisotopic 

mass (Da) 
Average mass 

(Da) 
Chapter 

mAβ40 4458.19 4461.06 3 

Aβ40 4327.15 4329.86 3 

α-synuclein 14451.22 14460.19 3,4 

YDL085CA(S) 8031.36 8036.28 3 

YDL085CA 7944.32 7949.20 3 

Ataxin-3 78Q 51718.94 51751.02 4 

Ataxin-3 14Q 43424.11 43451.51 4 

JDU1 30025.77 30044.85 4 

JD+ 27686.65 27704.36 4 

JD 23222.34 23237.25 4 

UIM1 2357.13 2358.50 4 

UIM12 4987.39 4990.43 4 

MBP+ 49176.87 49207.64 4 

MBP+  
(post-cleavage) 

44596.39 44568.51 4 

QBP1 1476.68 1477.64 4 

SP1 1476.68 1477.64 4 

SP1G 1533.70 1534.69 4 

 

Appendix I.4 Further examples protein of purifications: 

 

Figure AI.6: SEC elution profile for ataxin-3 14Q. The A280 trace for the SEC of ataxin-3 14Q is 

shown. The grey box indicates fractions collected as monomeric protein. Inset: SDS-PAGE of the 

collected fractions showing a band at approximately 43.4 kDa.   
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Figure AI.7: SEC elution profile for JDU1. The A280 trace for the SEC of JDU1 is shown. The grey 

box indicates fractions collected as monomeric protein. Inset: SDS-PAGE of the collected fractions 

showing a band at approximately 30.0 kDa.   

 

Figure AI.8: SEC elution profile for JD+. The A280 trace for the SEC of JD+ is shown. The grey box 

indicates fractions collected as monomeric protein. Inset: SDS-PAGE of the collected fractions 

showing a band at approximately 27.8 kDa.   
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Figure AI.9: SEC elution profile for JD. The A280 trace for the SEC of JD is shown. The grey box 

indicates fractions collected as monomeric protein. Inset: SDS-PAGE of the collected fractions 

showing a band at approximately 23.2 kDa.   
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Appendix II: 

Appendix II contains figures and information relating to Chapter 3, which is 

concerned with the investigation of the interaction between the YDL085CA and 

Aβ40 and the wider context of the effect of YDL085CA on amyloid protein 

aggregation.  
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Figure A.II.1: Analysis of varying Aβ40 concentration upon Aβ40 aggregation in the presence of 

YDL085CA. (a) The lag time of aggregation, relative to Aβ40 alone, for four different 

concentrations of Aβ40 in the presence of 25 µM YDL085CA. (b) The T50 of Aβ40 aggregation for 

the same data set. (c) The relative maximum fluorescence value for the same data set. Note that 

the 5:1 samples had not reached completion (see Figure 3.12) and therefore the values may be 

taken to indicate an increase in T50 and a reduction in maximum fluorescence rather than as 

absolute values. 
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Figure A.II.2: Analysis of varying YDL085CA concentration upon aggregation of synthetic Aβ40. (a) 

The lag time of aggregation, relative to Aβ40 alone, for Aβ40 in the presence of four different 

concentrations of YDL085CA. (b) The T50 of Aβ40 aggregation for the same data set. (c) The 

relative maximum fluorescence value for the same data set. 
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Table A.II.1: Relative lag time, T50 and maximal fluorescence for ThT assay data presented in Figure 3.3. 

YDL085CA:Aβ40 

Lag 
time 

T50 
Maximal 

fluorescence 

1.37 1.17 1.33 

1.32 1.06 1.38 

0.86 0.75 1.64 
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Table A.II.2: Relative lag time, T50 and maximal fluorescence for ThT assay data presented in Figure 3.8 and Figure 3.9. Values presented in the final row are p values relative 

to untreated wells. 

YDL085CA:Aβ40 

0.2:1 0.5:1 1:1 4:1 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

1.48 1.09 0.31 2.17 1.58 0.38 2.11 1.43 0.92 2.60 1.84 1.55 

0.92 1.11 0.33 3.92 2.61 0.41 2.30 1.49 0.75 9.67 6.17 1.70 

3.53 1.09 0.32 2.37 1.53 0.36 2.43 1.60 1.10 9.45 5.91 1.36 

1.43 1.30 0.39 2.31 1.56 0.74 2.19 1.46 1.40 10.70 6.57 1.58 

1.55 1.11 0.43 2.01 1.31 0.53 3.77 2.42 1.54 5.39 3.50 1.46 

1.63 1.08 0.41 0.37 0.69 0.71 2.60 1.74 1.51 2.67 1.84 1.98 

0.65 0.46 2.01 0.63 0.68 1.56 1.59 1.10 1.65 2.93 2.31 1.66 

0.64 0.46 1.52 0.66 0.67 1.84 1.64 1.14 1.61 3.60 2.90 1.39 

0.59 0.48 1.64 0.68 0.71 1.58 1.43 1.03 1.62 2.14 1.71 1.25 

0.67 0.47 1.59 0.84 0.63 1.63 1.41 0.97 1.51 2.59 2.08 1.44 

0.64 0.46 1.71 0.85 0.61 1.83 1.37 0.97 1.57 2.97 2.37 1.61 

0.63 0.46 2.20 0.98 0.80 1.64 1.30 0.93 1.51 1.96 1.62 1.21 

0.35 0.65 1.68 0.92 0.81 2.16 1.46 1.43 1.95 2.52 2.09 1.53 

0.45 0.67 2.08 0.96 0.78 2.31 1.41 1.14 2.13 2.11 1.75 3.24 

0.48 0.65 2.11 0.88 0.85 2.03 -0.69 1.21 1.84 2.25 1.61 1.85 

0.74 0.57 1.75 1.16 0.81 1.83 1.49 1.44 1.81 3.07 2.17 1.74 

0.75 0.57 1.82 0.98 0.86 2.31 1.76 1.25 1.58 1.32 1.47 1.54 

0.75 0.56 2.21 1.21 1.02 1.73 1.73 1.23 2.17 3.12 2.51 1.53 
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1.09 0.91 
 

1.13 0.94 
 

0.97 0.86 
 

5.09 3.32 
 

0.81 0.75 
 

1.58 1.31 
 

0.97 0.87 
 

2.91 2.05 
 

0.77 0.69 
 

0.83 0.74 
 

1.68 1.37 
 

2.91 2.08 
 

0.57 0.72 
 

1.03 0.88 
 

1.37 1.15 
 

2.94 2.07 
 

0.83 0.71 
 

1.33 1.09 
 

1.29 1.09 
 

2.39 1.89 
 

0.63 0.65 
    

1.29 1.11 
 

3.40 2.49 
 

p = 
0.66621 

p = 
0.00005 

p =  
0.05761 

p = 
0.08811 

p = 
0.83134 

p =  
0.02007 

p = 
0.00077 

p = 
0.00080 

p <  
0.00001 

p = 
0.00002 

p < 
0.00001 

p <  
0.00001 
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Table A.II.3: Relative lag time, T50 and maximal fluorescence for ThT assay data presented in Figure 3.10 and Figure A.ii.i. The concentration of Aβ40 is indicated in brackets. 
Values presented in the final row are p values relative to untreated wells. 

YDL085CA:Aβ40 

0.2:1 (100 µM) 0.5:1 (50 µM) 1:1 (25 µM) 5:1 (5 µM) 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

0.92 1.10 1.23 0.84 0.94 1.38 1.14 1.18 1.63 14.31 17.49 0.57 

1.19 1.38 1.43 1.01 1.09 1.91 2.54 2.38 1.39 18.67 21.24 0.50 

0.94 1.14 1.40 1.50 1.49 1.95 0.95 1.02 1.59 23.81 26.12 0.08 

0.94 1.12 1.07 0.97 1.07 1.76 0.95 0.97 1.71 27.43 29.73 0.63 
p = 

0.97533 
p = 

0.06632 
p =  

0.04244 
p = 

0.62505 
p = 

0.30226 
p =  

0.01011 
p = 

0.37926 
p = 

0.33130 
p =  

0.00351 
p = 

0.00606 
p = 

0.00351 
p =  

0.02114 
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Table A.II.4: Relative lag time, T50 and maximal fluorescence for ThT assay data presented in Figure 3.11 and Figure A.ii.ii. Values presented in the final row are p values 
relative to untreated wells. 

YDL085CA:Aβ40 

0.2:1 0.5:1 1:1 4:1 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

Lag 
time 

T50 Maximal 
flouresence 

2.43 2.20 2.16 2.91 2.61 1.95 3.83 3.29 1.78 4.94 4.06 1.19 

2.24 2.23 2.10 2.80 2.56 1.83 3.71 3.13 1.70 5.83 4.71 0.96 

2.26 2.13 1.89 2.85 2.58 1.73 2.95 2.61 1.76 4.85 3.95 1.22 

2.15 2.12 1.73 2.77 2.53 1.73 3.11 2.74 1.73 3.85 3.24 1.41 

1.89 1.93 1.86 4.58 3.87 1.67 3.27 2.87 1.72 
   

p = 
0.00017 

p = 
0.00003 

p =  
0.00028 

p = 
0.00340 

p = 
0.00213 

p = 
 0.00009 

p = 
0.00016 

p = 
0.00011 

p <  
0.00001 

p = 
0.00243 

p = 
0.00217 

p =  
0.12690 
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Table A.II.5: Relative lag time, T50 and maximal fluorescence for ThT assay data presented in Figure 3.12 and Figure 3.13. 

YDL085CA:Aβ40 

0.2:1 0.5:1 1:1 4:1 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

Lag 
time 

T50 Maximal 
fluorescence 

0.34 0.25 1.53 0.50 0.43 1.29 0.27 0.22 1.40 0.52 0.42 2.67 

0.24 0.21 1.56 0.50 0.44 1.62 0.25 0.19 1.17 0.53 0.48 3.08 

0.27 0.22 1.69 0.52 0.43 1.38 0.27 0.23 1.43 0.51 0.50 3.19 

0.29 0.27 1.71 0.45 0.39 1.43 0.29 0.23 0.91 0.49 0.40 3.30 

0.29 0.25 1.72 0.47 0.33 1.41 0.32 0.24 1.11 0.47 0.41 2.90 

0.40 0.28 1.51 0.21 0.21 1.35 0.32 0.21 0.97 
   

   
0.20 0.17 1.64 0.48 0.41 2.04 

   

   
0.26 0.21 1.87 0.48 0.41 1.97 

   

   
0.25 0.21 1.64 0.46 0.40 1.80 

   

   
0.39 0.28 1.57 0.45 0.36 1.90 

   

p < 
0.00001 

p < 
0.00001 

p =  
0.00002 

p < 
0.00001 

p < 
0.00001 

p <  
0.00001 

p < 
0.00001 

p < 
0.00001 

p =  
0.00710 

p < 
0.00001 

p < 
0.00001 

p = 
 0.00005 
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Table AII.6: Example cross linking data from a 1:1 complex of Aβ40 and YDL085CA. Selected columns from the Stavrox output file are shown. Not that the mass 
deviation each ion is for the corresponding M+H+ ion compared to a theoretical mass. 

Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

154 839.38 2 0.60 {MDAEFR] >AB40 0 6 {MDAEFR] >AB40 0 6 M0 M0 0.00 

126 847.38 2 0.53 {MDAEFR] >AB40 0 6 {mDAEFR] >AB40 0 6 M0 M0 0.00 

87 855.38 2 2.39 {mDAEFR] >AB40 0 6 {mDAEFR] >AB40 0 6 M0 M0 0.00 

33 837.37 2 2.39 {MDAEFR] >AB40 0 6 {MDAEFR] >AB40 0 6 M0 M0 0.03 

20 536.77 4 -2.66 {mDAEFR] >AB40 0 6 [KQKDMAKNQK] >YDL085CA 17 26 M0 K10 0.04 

61 581.95 3 -1.02 {MDAEFR] >AB40 0 6 [DMAKNQK] >YDL085CA 20 26 M0 K4 0.03 

190 623.32 3 2.23 {MDAEFR] >AB40 0 6 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

181 623.32 3 2.01 {MDAEFR] >AB40 0 6 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

120 628.65 3 2.15 {mDAEFR] >AB40 0 6 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

114 621.97 3 -0.40 {MDAEFR] >AB40 0 6 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

63 627.30 3 -1.19 {mDAEFR] >AB40 0 6 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.03 

173 585.97 3 2.57 {MDAEFR] >AB40 0 6 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.00 

118 585.96 3 -0.57 {MDAEFR] >AB40 0 6 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.00 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

116 591.30 3 -0.06 {mDAEFR] >AB40 0 6 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.00 

106 666.36 3 -1.61 {MDAEFR] >AB40 0 6 [EAEKLEKLK] >YDL085CA 54 62 M0 K9 0.00 

83 591.29 3 -1.92 {mDAEFR] >AB40 0 6 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.00 

63 500.02 4 -2.74 {MDAEFR] >AB40 0 6 [EAEKLEKLK] >YDL085CA 54 62 M0 K4 0.03 

44 500.02 4 2.27 {MDAEFR] >AB40 0 6 [EAEKLEKLK] >YDL085CA 54 62 M0 K9 0.02 

37 589.95 3 -1.92 {mDAEFR] >AB40 0 6 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.02 

133 643.81 2 -0.18 {MAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.00 

85 643.81 2 1.21 {MAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.00 

77 641.80 2 1.15 {MAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.04 

67 649.80 2 1.81 {MAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.03 

67 649.80 2 1.81 {mAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.03 

65 651.81 2 1.02 {MAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.03 

65 651.81 2 1.02 {mAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.03 

53 659.81 2 0.40 {mAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.02 

41 651.81 2 0.50 {MAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.02 

41 651.81 2 0.50 {mAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.02 

32 649.80 2 1.35 {MAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.03 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

32 649.80 2 1.35 {mAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.03 

23 651.81 2 1.73 {MAR] >YDL085CA 0 3 {mDAEFR] >AB40 0 6 M0 M0 0.04 

23 651.81 2 1.73 {mAR] >YDL085CA 0 3 {MDAEFR] >AB40 0 6 M0 M0 0.04 

27 519.27 3 -1.86 [QKNLK] >YDL085CA 12 16 {mDAEFR] >AB40 0 6 K2 M0 0.03 

20 513.94 3 2.21 [QKNLK] >YDL085CA 12 16 {MDAEFR] >AB40 0 6 K2 M0 0.04 

52 543.94 3 0.22 [QKDMAK] >YDL085CA 18 23 {MDAEFR] >AB40 0 6 K2 M0 0.02 

79 481.58 3 -0.87 [NQKK] >YDL085CA 24 27 {mDAEFR] >AB40 0 6 K4 M0 0.00 

32 476.25 3 0.76 [NQKK] >YDL085CA 24 27 {MDAEFR] >AB40 0 6 K4 M0 0.03 

99 519.59 3 0.69 [KSGDPK] >YDL085CA 27 32 {mDAEFR] >AB40 0 6 K1 M0 0.00 

94 514.26 3 2.19 [KSGDPK] >YDL085CA 27 32 {MDAEFR] >AB40 0 6 K1 M0 0.00 

56 519.59 3 -1.70 [KSGDPK] >YDL085CA 27 32 {mDAEFR] >AB40 0 6 K1 M0 0.02 

69 514.26 3 2.19 [SGDPKK] >YDL085CA 28 33 {MDAEFR] >AB40 0 6 S1 M0 0.03 

32 519.59 3 0.69 [SGDPKK] >YDL085CA 28 33 {mDAEFR] >AB40 0 6 S1 M0 0.03 

19 519.59 3 -1.70 [SGDPKK] >YDL085CA 28 33 {mDAEFR] >AB40 0 6 S1 M0 0.04 

44 513.95 3 2.24 [LEKLK] >YDL085CA 58 62 {MDAEFR] >AB40 0 6 K5 M0 0.02 

116 499.94 3 2.96 [LKAEK] >YDL085CA 61 65 {MDAEFR] >AB40 0 6 K2 M0 0.00 

75 505.27 3 1.11 [LKAEK] >YDL085CA 61 65 {mDAEFR] >AB40 0 6 K2 M0 0.04 

74 498.59 3 -2.00 [LKAEK] >YDL085CA 61 65 {MDAEFR] >AB40 0 6 K2 M0 0.03 

65 505.27 3 1.65 [LKAEK] >YDL085CA 61 65 {mDAEFR] >AB40 0 6 K5 M0 0.03 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

99 383.56 3 -1.44 {MAR] >YDL085CA 0 3 [QKNLK] >YDL085CA 12 16 M0 K2 0.00 

50 582.84 2 -1.48 {mAR] >YDL085CA 0 3 [QKNLK] >YDL085CA 12 16 M0 K2 0.02 

42 510.81 2 -0.99 {MAR] >YDL085CA 0 3 [NLKK] >YDL085CA 14 17 M0 K4 0.02 

25 874.96 2 1.34 {MAR] >YDL085CA 0 3 [KQKDmAKNQK] >YDL085CA 17 26 M0 K7 0.03 

140 413.56 3 0.08 {MAR] >YDL085CA 0 3 [QKDMAK] >YDL085CA 18 23 M0 K2 0.00 

66 418.89 3 2.62 {mAR] >YDL085CA 0 3 [QKDMAK] >YDL085CA 18 23 M0 K2 0.03 

23 418.89 3 -1.01 {mAR] >YDL085CA 0 3 [QKDMAK] >YDL085CA 18 23 M0 K2 0.04 

20 418.89 3 -1.01 {MAR] >YDL085CA 0 3 [QKDmAK] >YDL085CA 18 23 M0 K2 0.04 

153 492.94 3 2.45 {MAR] >YDL085CA 0 3 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

88 491.59 3 -0.90 {MAR] >YDL085CA 0 3 [QKQAAADAR] >YDL085CA 44 52 M0 K2 0.00 

60 460.92 3 2.22 {mAR] >YDL085CA 0 3 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.03 

50 460.92 3 0.74 {mAR] >YDL085CA 0 3 [EAEKLEK] >YDL085CA 54 60 M0 K4 0.02 

37 369.56 3 -0.66 {MAR] >YDL085CA 0 3 [LKAEK] >YDL085CA 61 65 M0 K2 0.02 

46 659.06 3 -2.18 [QKNLK] >YDL085CA 12 16 [NLKKQKDMAK] >YDL085CA 14 23 K5 K4 0.02 

29 624.01 3 1.08 [KQKDmAK] >YDL085CA 17 23 [KQKDmAK] >YDL085CA 17 23 K1 K1 0.03 

70 536.28 3 -1.46 [DMAK] >YDL085CA 20 23 [NQKKSGDPK] >YDL085CA 24 32 K4 K3 0.03 

34 484.26 4 -2.12 [DMAKNQK] >YDL085CA 20 26 [QKQAAADAR] >YDL085CA 44 52 K4 K2 0.02 

62 539.64 3 2.72 [NQKK] >YDL085CA 24 27 [QKQAAADAR] >YDL085CA 44 52 K3 K2 0.03 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

19 539.64 3 -1.73 [NQKK] >YDL085CA 24 27 [QKQAAADAR] >YDL085CA 44 52 K4 K2 0.04 

51 498.27 3 -2.86 [KSGDPK] >YDL085CA 27 32 [QKDMAK] >YDL085CA 18 23 S2 K2 0.02 

79 536.28 3 -1.46 [KSGDPK] >YDL085CA 27 32 [DMAKNQK] >YDL085CA 20 26 K1 K4 0.00 

58 658.06 3 1.25 [KSGDPKKR] >YDL085CA 27 34 [KSGDPKKR] >YDL085CA 27 34 S2 K7 0.02 

100 433.49 4 -1.14 [KSGDPK] >YDL085CA 27 32 [QKQAAADAR] >YDL085CA 44 52 K1 K2 0.00 

71 577.65 3 -0.34 [KSGDPK] >YDL085CA 27 32 [QKQAAADAR] >YDL085CA 44 52 S2 K2 0.03 

64 577.65 3 0.00 [KSGDPK] >YDL085CA 27 32 [QKQAAADAR] >YDL085CA 44 52 S2 K2 0.03 

57 433.49 4 -2.60 [KSGDPK] >YDL085CA 27 32 [QKQAAADAR] >YDL085CA 44 52 K6 K2 0.02 

52 577.65 3 -2.34 [KSGDPK] >YDL085CA 27 32 [QKQAAADAR] >YDL085CA 44 52 S2 K2 0.02 

47 498.27 3 -2.86 [SGDPK] >YDL085CA 28 32 [KQKDMAK] >YDL085CA 17 23 S1 K1 0.02 

86 536.28 3 -1.46 [SGDPK] >YDL085CA 28 32 [DMAKNQKK] >YDL085CA 20 27 S1 K7 0.00 

18 536.28 3 -1.46 [SGDPKK] >YDL085CA 28 33 [DMAKNQK] >YDL085CA 20 26 K5 K4 0.06 

76 433.49 4 -1.14 [SGDPKK] >YDL085CA 28 33 [QKQAAADAR] >YDL085CA 44 52 K5 K2 0.04 

75 577.65 3 -0.34 [SGDPKK] >YDL085CA 28 33 [QKQAAADAR] >YDL085CA 44 52 K5 K2 0.04 

48 433.49 4 -2.60 [SGDPKK] >YDL085CA 28 33 [QKQAAADAR] >YDL085CA 44 52 K6 K2 0.02 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

32 577.65 3 0.00 [SGDPKK] >YDL085CA 28 33 [QKQAAADAR] >YDL085CA 44 52 S1 K2 0.03 

22 577.65 3 -2.34 [SGDPKK] >YDL085CA 28 33 [QKQAAADAR] >YDL085CA 44 52 S1 K2 0.04 

24 541.53 4 -2.89 [QKQAAADAR] >YDL085CA 44 52 [MESDAEILR] >YDL085CA 35 43 K2 S3 0.05 

39 649.35 3 -0.94 [EAEKLEK] >YDL085CA 54 60 [QKQAAADAR] >YDL085CA 44 52 K4 K2 0.02 

90 525.98 3 -0.27 [EAEK] >YDL085CA 54 57 [LEKLKAEK] >YDL085CA 58 65 K4 K3 0.00 

31 524.63 3 0.50 [EAEK] >YDL085CA 54 57 [LEKLKAEK] >YDL085CA 58 65 K4 K5 0.03 

131 525.98 3 -0.27 [LKAEK] >YDL085CA 61 65 [EAEKLEK] >YDL085CA 54 60 K2 K4 0.00 

67 524.63 3 0.50 [LKAEK] >YDL085CA 61 65 [EAEKLEK] >YDL085CA 54 60 K2 K4 0.03 

133 393.74 2 -0.17 [QKNLK] >YDL085CA 12 16   dead-end     K2   0.00 

50 438.73 2 0.68 [QKDMAK] >YDL085CA 18 23   dead-end     K2   0.00 

63 495.75 2 0.75 [DMAKNQK] >YDL085CA 20 26   dead-end     K4   0.00 

106 507.27 3 1.99 [KRmESDAEILR] >YDL085CA 33 43   dead-end     K1   0.00 

131 557.80 2 0.37 [QKQAAADAR] >YDL085CA 44 52   dead-end     K2   0.00 

67 501.77 2 0.87 [EAEKLEK] >YDL085CA 54 60   dead-end     K4   0.00 

64 524.63 3 0.50 [EAEKLEKLKAEK] >YDL085CA 54 65   dead-end     K7   0.00 

145 372.73 2 1.96 [LKAEK] >YDL085CA 61 65   dead-end     K2   0.00 
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Score m/z Charge 
Deviation 

in ppm 
Peptide 1 Protein 1 From To Peptide2 Protein 2 From To 

best 
linkage 
position 
peptide 

1 

best 
linkage 
position 
peptide 

2 

FDR 

113 493.77 2 -0.41 [KQKDMAK] >YDL085CA 17 23   intrapeptidal     K1 K3 0.00 

77 570.31 2 2.05 [NQKKSGDPK] >YDL085CA 24 32   intrapeptidal     K4 S5 0.00 

84 613.36 2 2.75 [EAEKLEKLK] >YDL085CA 54 62   intrapeptidal     K4 K7 0.00 

49 518.63 3 -2.43 [EAEKLEKLKAEK] >YDL085CA 54 65   intrapeptidal     K7 K9 0.00 
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Appendix III: 

Appendix III contains figures and information relating to Chapter 4, which is 

concerned with the investigation of the interaction between the peptide inhibitor 

of amyloid aggregation, QBP1, and the amyloid protein ataxin-3. 

Table AIII.1: CCS of ataxin-3 78Q and ataxin-3 78Q:QBP1 complexes determined by nESI-IMS-MS. 

 Ataxin-3 78Q Ataxin-3 78Q + QBP1 

z CCS (Å2) SD (Å2) CCS (Å2) SD (Å2) 

14 3508.93 22.99 3582.00 47.04 

14 3563.57    

15 3775.87 21.62 3780.88 14.39 

15   3698.69 4.28 

16 3972.65 17.21 3969.91 6.37 

17 4170.55 15.84 4186.54 3.99 

18 4419.72 19.54 4419.51 19.54 

19 4622.72 49.16 4614.87 48.09 

20 4772.81 23.98 4772.58 23.98 

20 4937.67 19.61 4903.95 36.11 

21 4911.33  5010.95 61.98 

21 5182.11 85.90 5216.07 41.22 

21 5542.37 52.94 5402.66  

 

Table AIII.2: CCS of ataxin-3 14Q and ataxin-3 14Q:QBP1 complexes determined by nESI-IMS-MS. 

 Ataxin-3 14Q Ataxin-3 14Q + QBP1 

z CCS (Å2) SD (Å2) CCS (Å2) SD (Å2) 
13 3254.7 20.04 3274.84 70.09 

13 3368.5 65.05     

14 3539.43 74.45 3489.19 43.39 

15 3731.69 56.70 3735.70 81.15 

16 3969.11 43.97 3953.11 58.01 

17 4265.97 54.79 4191.30 39.98 

18 4319.92 82.64 4393.29 76.42 

18 4531.99 43.19     

19     4457.07   

19 4848.49 41.79 4788.78 50.53 

20 5166.29   5158.07   
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Table AIII.3: CCS of JDU1 and JDU1:QBP1 complexes determined by nESI-IMS-MS. 

 JDU1 JDU1 + QBP1 

z CCS (Å2) SD (Å2) CCS (Å2) SD (Å2) 
9 2204.68 49.70 2229.06   

9 2444.11 23.64 2492.71 15.71 

10 2432.55 68.94 2363.35   

10 2583.91 36.40 2569.04 47.10 

11 2728.67 16.51 2580.39   

11 2826.89   2742.02 11.95 

12 2999.80 47.77 2975.42 13.39 

13 3436.18 35.30     

13 3133.57 69.71 3238.26 18.26 

14 3100.68   3202.59 47.53 

14 3583.39 112.74 3682.24 34.18 

 

Table AIII.4: CCS of JD+ and JD+:QBP1 complexes determined by nESI-IMS-MS. 

 JD+ JD+ + QBP1 

z CCS (Å2) SD (Å2) CCS (Å2) SD (Å2) 
10 2418.16 24.96 2448.26 31.58 

10 2645.30 18.43 2680.38 16.23 

11 2671.92   2648.42 36.51 

11 2788.29 24.08 2828.48 23.96 

12 2985.72 29.29 2971.50 23.09 

12     3050.23   

13 3277.13 11.25 3260.73 21.29 

14 3736.23 63.59 3520.34 108.99 

14 3228.36       

15 3517.36 90.84 3531.12 76.78 

15 4023.13 19.87 4029.95 28.85 
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Table AIII.5: CCS of JD determined by nESI-IMS-MS. 

 JD JD + QBP1 

z CCS (Å2) SD (Å2) CCS (Å2) SD (Å2) 
7 1808.09 58.91 - - 

7 1887.74 50.96 - - 

7 2076.46 30.41 - - 

8 1913.92   - - 

8 2206.51 46.73 - - 

9 2357.78 64.29 - - 

10 2564.02 83.44 - - 

11 2651.96   - - 

11 2970.21 73.51 - - 

12 2933.16 116.57 - - 

12 3301.47 80.56 - - 

 

 

Figure AIII.1: IMS drift plots for ataxin-3 78Q (a) and ataxin-3 78Q + QBP1 (b). Plots are shown 

with drift time on the x-axis and m/z on the y-axis. 



261 
 

 

Figure AIII.2: IMS drift plots for ataxin-3 14Q (a) and ataxin-3 14Q + QBP1 (b). Plots are shown 

with drift time on the x-axis and m/z on the y-axis. 
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Figure AIII.3: IMS drift plots for JDU1 (a) and JDU1 + QBP1 (b). Plots are shown with drift time on 

the x-axis and m/z on the y-axis. 
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Figure AIII.4: IMS drift plots for JD+ (a) and JD+ + QBP1 (b). Plots are shown with drift time on the 

x-axis and m/z on the y-axis. 



264 
 

 

Figure AIII.5: IMS drift plot for JD. The plot shows drift time on the x-axis and m/z on the y-axis. 

 

Figure AIII.6: Aggregation kinetics of ataxin-3 78Q in the presence of SP1. The kinetics of ataxin-3 

78Q aggregation, measured by the ThT assay, for ataxin-3 78Q alone (black) and in the presence 

of a 5-fold excess of SP1 (blue). Not that the signal has reached maximum before five hours in all 

samples. Ataxin-3 was 10 µM in 250 mM ammonium bicarbonate, 1 mM DTT, 10 µM ThT, pH 7.8 

and was incubated at 37 °C without shaking. SP1 was added to a final concentration of 50 µM.  



265 
 

The full output of the Amylpred 2.0 analysis described in Chapter 4 is provided 

below. Each algorithm employed is shown individually.  

    
                    ATX3 SYYHHHHHHLENLYFQGMESIFHEKQEGSLCAQHCLNNLLQGEYFSPVEL 1-50 

               AGGRESCAN --------------#####----------------------------### 

          AmyloidMutants --------------########---------########----------# 

   Amyloidogenic Pattern ---------#######------------------------######---- 

 Average Packing Density -########-######--------------#########----------- 

  Beta-strand contiguity -------------------------------------------------- 

Hexapeptide Conf. Energy ###########-######----------########-------------- 

                 NetCSSP --------------------------#######------------##### 

                   Pafig ---------###########-------------------#######---# 

                  SecStr -------------------------------------------------- 

                   TANGO -------------------------------------------------- 

                   WALTZ --------#############------------------########### 

 

                    ATX3 SSIAHQLDEEERMRMAEGGVTSEDYRTFLQQPSGNMDDSGFFSIQVISNA 51-

100 

               AGGRESCAN ###-------------------------------------########## 

          AmyloidMutants #######-------########------------------########-- 

   Amyloidogenic Pattern -------------------------------------------------- 

 Average Packing Density -------------------------#####---------#######---- 

  Beta-strand contiguity ---------------------------------------########### 

Hexapeptide Conf. Energy --------------------------------------###########- 

                 NetCSSP ##------------------------------------############ 

                   Pafig ###########---##########-----------------######### 

                  SecStr -------------------------------------------------- 

                   TANGO ----------------------------------------########## 

                   WALTZ ####-------------------########------############# 

 

                    ATX3 LKVWGLELILFNSPEYQRLRIDPINERSFICNYKEHWFTVRKLGKQWFNL 101-

150 

               AGGRESCAN #############------------------#####-----------### 

          AmyloidMutants --##########---------------------------------##### 

   Amyloidogenic Pattern ----######---------------------------------------- 

 Average Packing Density -###########----######-----#####--#######---###### 

  Beta-strand contiguity ###########--------------------------####--------- 

Hexapeptide Conf. Energy -----#########------------########-######--------- 

                 NetCSSP ##############-#########-######################### 

                   Pafig #---#########--------------######--------------### 

                  SecStr -----###----------------------------####------##-- 

                   TANGO ###########--------------------------------------- 

                   WALTZ #################--------###############---####### 

 

                    ATX3 NSLLTGPELISDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQMIRV 151-

200 

               AGGRESCAN ######-###############--###########--------------- 

          AmyloidMutants ####-------##########--#########------------------ 

   Amyloidogenic Pattern -------------------------######------------------- 

 Average Packing Density ----------###########------#####------------###### 

  Beta-strand contiguity ------------#####################----------####### 

Hexapeptide Conf. Energy ------------##########---#########---------------- 

                 NetCSSP ##----------------------############--------###### 

                   Pafig #########--#######------------#######------------- 

                  SecStr -------------########---------------------######## 

                   TANGO ------------########-----#######------------------ 

                   WALTZ ##################################------########## 

 

                    ATX3 QQMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGMLDEDEEDLQRAL 201-

250 

               AGGRESCAN -------------------------------------------------- 

          AmyloidMutants -------------------------------------------------- 

   Amyloidogenic Pattern -------------------------------------------------- 

 Average Packing Density ##------------------------------------------------ 

  Beta-strand contiguity ###----------------------------------------------- 

Hexapeptide Conf. Energy -------------------------------------------------- 

                 NetCSSP ##----------------#######--#######---------------- 

                   Pafig ----------------#############-------------######-- 

                  SecStr -------------------------------------------------- 

                   TANGO -------------------------------------------------- 

                   WALTZ -------------------------------------------------- 
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                    ATX3 ALSRQEIDMEDEEADLRRAIQLSMQGSSRNISQDMTQTSGTNLTSEELRK 251-

300 

               AGGRESCAN -------------------------------------------------- 

          AmyloidMutants -------------------------------------------------- 

   Amyloidogenic Pattern -------------------------------------------------- 

 Average Packing Density -----------------######--------------------------- 

  Beta-strand contiguity -------------------------------------------------- 

Hexapeptide Conf. Energy -------------------------------------------------- 

                 NetCSSP ----------------#######--------------------------- 

                   Pafig -----------######-######-------------------------- 

                  SecStr --------------------##---------------------------- 

                   TANGO -------------------------------------------------- 

                   WALTZ ------------------######--######-------######----- 

 

                    ATX3 RREAYFEKQQQKQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQ 301-

350 

               AGGRESCAN -------------------------------------------------- 

          AmyloidMutants -------------------------------------------------- 

   Amyloidogenic Pattern -------------------------------------------------- 

 Average Packing Density -------------------------------------------------- 

  Beta-strand contiguity -------------------------------------------------- 

Hexapeptide Conf. Energy -------------------------------------------------- 

                 NetCSSP -------------------------------------------------- 

                   Pafig -------------------------------------------------- 

                  SecStr -------------------------------------------------- 

                   TANGO -------------------------------------------------- 

                   WALTZ -------------------------------------------------- 

 

                    ATX3 QQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQQRDLSGQSSHPCERP 351-

400 

               AGGRESCAN -------------------------------------------------- 

          AmyloidMutants -------------------------------------------------- 

   Amyloidogenic Pattern -------------------------------------------------- 

 Average Packing Density -------------------------------------------------- 

  Beta-strand contiguity -------------------------------------------------- 

Hexapeptide Conf. Energy -------------------------------------------------- 

                 NetCSSP -------------------------------------------------- 

                   Pafig ----------------------------------------######---- 

                  SecStr -------------------------------------------------- 

                   TANGO -------------------------------------------------- 

                   WALTZ -------------------------------------------------- 

 

                    ATX3 ATSSGALGSDLGDAMSEEDMLQAAVTMSLETVRNDLKTEGKK 401-442 

               AGGRESCAN ----------------------#######------------- 

          AmyloidMutants ----------------------#########----------- 

   Amyloidogenic Pattern ------------------------------------------ 

 Average Packing Density ------------------------------------------ 

  Beta-strand contiguity ------------------------------------------ 

Hexapeptide Conf. Energy --------------------########-------------- 

                 NetCSSP ---------------------##############------- 

                   Pafig ############--------######-------#######-- 

                  SecStr ------------------------##---------------- 

                   TANGO ------------------------------------------ 

                   WALTZ ----------------------##########---------- 

 

Figure AIII.7: Amylpred 2.0 analysis of the sequence of ataxin-3 78Q. The first line in each block 

indicates the region of ataxin-3 78Q. The 11 algorithms employed in the analysis are shown below 

the sequence. Where an algorithm predicts a potential amyloid forming region a # is shown. 

Figure prepared using Amylpred 2.0 (Tsolis et al. 2013). 
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