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ABSTRACT 

 

Characterizing Oligomeric Assembly of ALS-related Proteins  

Utilizing Ion Mobility Mass Spectrometry 

 

by 

 

Veronica Laos 

 

TAR DNA-binding protein of 43kDa (TDP-43) aggregates are a salient feature for 

amyotrophic lateral sclerosis (ALS), observed in over 95% of ALS patients. TDP-43 

aggregates are also found in 45% of  frontotemporal dementia (FTD) patients and have been 

implicated in a variety of other neurodegenerative diseases including Alzheimer’s disease 

(AD), where TDP-43 is observed in 30-70% of AD patients and correlated to more severe 

cognitive impairment. With an anticipated growth in the most susceptible demographic, 

projections predict neurodegenerative diseases will rise from the 3rd leading cause of death, 

passing cancer, and falling second to cardiovascular by 2050, potentially affecting 15 million 

people in the United States alone. Currently there are no cures for ALS, FTD or AD. 

Consequently, TDP-43 proteinaceous inclusions are a critical target in all three of these 

diseases and others as well.  

Utilizing ion mobility mass spectrometry we were able to 1) characterize the 

aggregation mechanism for TDP-43 and SOD1 peptides and selected mutations; 2) in 

collaboration with Ambuj Singh and Acelot, evaluate the therapeutic affects of their JPS-



 

x 

trained small molecules on known aggregation and 3) investigate aggregation across different 

protein systems to gain insight to how TDP-43 may be involved in AD. This work elucidates 

potential cytotoxic structures, demonstrates the versatility of IM-MS as a screening method 

for disease target specificity, and supports evidence for cross protein system aggregation that 

may have significant implications across a range of disorders. 

  



 

xi 

TABLE OF CONTENTS 

 

I. Introduction .............................................................................................................. 1 

A. Peptides and Proteins ............................................................................ 1 

B. Amyloid ................................................................................................ 4 

C. Neurodegenerative Disorders ................................................................ 5 

D. Conclusions ........................................................................................... 9 

E. References ............................................................................................. 9 

II. Insturmentation ..................................................................................................... 17 

A. Ion Mobility ........................................................................................ 17 

B. Collision Cross Section Measurements ............................................... 20 

C. Theoretical Fits of Experimental Arrival Time Distributions ............. 21 

D. Instrumentation ................................................................................... 21 

E. Sample Conditions .............................................................................. 24 

F. Projected Superposition Approximation (PSA) Method ..................... 25 

G. References ........................................................................................... 26 

III. Characterizing TDP-43307–319 Oligomeric Assembly .......................................... 29 

A. Introduction ......................................................................................... 30 

B. Material and Methods ......................................................................... 35 

        1. Synthesis and Purification ........................................................... 35 

        2. Thioflavin T Binding ................................................................... 36 

        3. Far-UV Circular Dichroism ......................................................... 37 

        4. Fibril sample preparation ............................................................. 38 



 

xii 

        5. Transmission Electron Microscopy ............................................. 38 

        6. FTIR of Fibrils ............................................................................. 38 

        7. Molecular Dynamics .................................................................... 39 

C. Results and Discussion........................................................................ 39 

        1. Self-assembly of TDP-43307-319 Peptides: Utilizing IM-MS ........ 39 

        2. Secondary Structure Analysis ...................................................... 53 

        3. Characteristic β-Sheet Amyloid Fibril ......................................... 60 

        4. TDP-43 Hexamers Adopting Cylindrin-like Structure ................ 62 

D. Conclusions ......................................................................................... 65 

E. References ........................................................................................... 68 

IV. Oligomeric Investigation of ALS-related SOD128-38 ........................................... 74 

A. Introduction ......................................................................................... 74 

B. Material and Methods ......................................................................... 77 

        1. Synthesis and Purification ........................................................... 77 

        2. Thioflavin T Binding ................................................................... 78 

        3. Far-UV Circular Dichroism ......................................................... 78 

        4. Molecular Dynamics .................................................................... 79 

C. Results and Discussion........................................................................ 79 

        1. IM-MS comparison to MD and Crystal Structures...................... 79 

        2. Inhibitor Study with Orange G .................................................... 92 

        3. Secondary Structure Analysis ...................................................... 99 

D. Conclusions ....................................................................................... 102 

E. References ......................................................................................... 103 



 

xiii 

V. JPS  Derived Therapeutic Molecules .................................................................. 106 

A. Introduction ....................................................................................... 106 

B. Material and Methods ....................................................................... 109 

        1. Synthesis and Purification ......................................................... 109 

        2. JPS In Silico Model ................................................................... 110 

C. Results and Discussion...................................................................... 110 

D. Conclusions ....................................................................................... 121 

E. References ......................................................................................... 122 

VI. Co-aggreation .................................................................................................... 126 

A. Introduction ....................................................................................... 127 

B. Material and Methods ....................................................................... 129 

        1. Synthesis and Purification ......................................................... 129 

C. Results and Discussion...................................................................... 130 

        1. Co-aggregation Studies .............................................................. 130 

               a. WT with Aβ25-35 .................................................................. 134 

               b. ALS-related A315T with Aβ25-35 ........................................ 150 

               c. ALS-related A315E with Aβ25-35 ........................................ 166 

               d. Non-toxic G314V with Aβ25-35 ........................................... 181 

D. Treatment with JPS Molecule to Co-Aggregated System ................ 193 

E. Conclusions ....................................................................................... 195 

F. References ......................................................................................... 196 

VII. Summary & Future Work................................................................................. 200 

A. Summary ........................................................................................... 200 



 

xiv 

B. Future Work ...................................................................................... 201 

C. References ......................................................................................... 203 

Appendix I. Atomic Force Microscopy ................................................................... 205 

A. Introduction ....................................................................................... 205 

B. Methods ............................................................................................. 205 

C. Understanding TDP-43307-319 Fibrillization Mechanism .............. 206 

D. Monitoring the Affects of JPS molecules on Fibrilization ............... 212 

E. Co-Aggregation of Aβ25-35 and TDP-43307-319 Fibrillization ..... 215 

F. References ......................................................................................... 222 

 

 

 



Introduction  Chapter I 

 1 

I. Introduction 

Evidence supports that several neurodegenerative diseases may share a common 

pathological mechanism: Disease-related proteins misfold, aggregate, and accumulate in the 

brain leading to neuronal cell death.1 In order to gain insight into these systems we must first 

understand properties associated with proteins. In this chapter, I will introduce background on 

proteins and peptides, discuss the amyloidogenic cascade, and role of proteins in 

neurodegenerative diseases. 

A. Peptides and Proteins 

Proteins are biomolecules assembled as polymer chains made up of amino acids. Proteins 

possess a wide range of functions and are required for the structure, function and regulation 

of the body’s tissues and organs. Proteins are created by using information encoded in genes; 

each type of protein has its own unique amino acid sequence (i.e. its primary structure) that is 

governed by the nucleotide sequence of the gene encoding the protein. 2  

 

Figure 1.1. Cartoon representing amino acid core structure. Each amino acid is 

composed of an amino group (blue box), an R-group/side-chain (red box), and a carboxyl 

group (yellow box) surrounding the α carbon and α hydrogen. 
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There are 20 common amino acids that appear in the genetic code, and they all share the 

same core structure, only differing in the R-group, also known as the side chain or functional 

group (Fig. 1.1). Amino acids can be organized by properties that are dictated by their 

functional group: Typically their charge, hydrophobicity and polarity. These properties are 

crucial for determining appropriate solvent and instrument conditions for ion mobility mass 

spectrometry.3-4  

Proteins are held together by peptide bonds. The polymer chain grows by condensation of 

the amino group of one of the residues with the carboxyl group of another residue, forming a 

peptide bond and water (Fig. 1.2).  

 

Figure 1.2. The condensation reaction between two amino acids. The amide and 

carboxyl groups involved are in red. Each amino acid has its own R-group / side chain 

shown as R1 or R2. When the peptide bond is formed, water is eliminated, H2O, shown 

in blue. 

When two amino acids form a peptide bond, the lone pair on the amino nitrogen becomes 

delocalized, causing the resulting dipeptide to be rigid and planar, limiting the dipeptide to a 

trans- or cis- conformation. The trans- conformation is favored due to the steric clash that 

would exist between the neighboring functional groups in the cis- conformation.5-6 In trans- 

conformation the side-chains / functional groups are orientated in an alternating pattern along 

the peptide (Fig. 1.3). A peptide is considered to be two or more amino acids, where a protein 

usually refers to systems greater than 50 amino acids. This work primarily focuses on peptides 
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ranging from 11- 13 amino acids. These particular peptides are important fragments from 

larger proteins that are often greater than 100 amino acids in length. 

 

Figure 1.3. The alternating pattern of R-group/side chain along the peptide bond. 

The termini are zwitterionic and go by the convention of N-terminus (cationic) and C-

terminus (anionic). Bond angles ϕ (orange), ψ (yellow), and ω (green) are shown along 

their axis of rotation. 

Each protein/peptide starts with an N-terminus (shown to the left of Fig. 1.3), followed by 

a sequence of amino acids, and then ending with a C-terminus (shown to the right of Fig. 1.3). 

The peptide backbone is oriented by angles ϕ, ψ, and ω. When the ω bond is rigid, the 

flexibility of the peptide backbone is dependent on the carboxyl and amide bond angles 

relative to the central carbon (angles ψ and ϕ, respectively). These angles are dictated by the 

amino acid sequence and give rise to secondary structure, such as α-helix and β-sheet.5,7 

Proteins that do not adopt α-helix and/or β-sheet secondary structure are regarded as random 

coil and are characteristic of disordered proteins that exhibit numerous transient 

conformations.8-9 The stabilities of these structures also depend on the molecular environment. 

Changing solvent conditions affects how the functional groups interact with their environment 

resulting in conformational changes. 10-14   
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B. Amyloid 

The native state of a protein/peptide is its properly folded form under physiological 

conditions. 15-16 The folded structure, a protein’s tertiary structure, is what makes the protein 

capable of performing its biological function. If the protein experiences a change in the local 

environment, it can adopt misfolded conformations. In adopting a new structure, native 

function is potentially lost, and a new function may be introduced. 17 In an attempt to achieve 

more stable structures, misfolded proteins may resort to inter-protein aggregation, typically 

by the association of β-sheet rich conformations (Fig. 1.4). This process is known as amyloid 

aggregation and is linked to several neurodegenerative diseases.  

 

 

Figure 1.4. Starting with the disease-related protein in its native folded state, under 

new conditions, such as oxidative stress or a disease mutation, the protein can be 

triggered to adopt a misfolded conformation. Misfolded proteins can then begin to self-

assemble into oligomers. This progression continues to larger features such as 

protofibrils, fibrils and the large accumulation of protein plaque deposits. 

Fibrillar protein deposits (plaques) were first observed over a century ago, dating back the 

Alois Alzheimer’s first report in 1906. 17 Early assumptions based on the observable fibrillar 
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aggregates directed therapeutic efforts toward reducing plaques. Not until recently has 

consensus on the toxic species shifted to the transient soluble oligomers that predate fibrillar 

plaques.18-19   Several studies have demonstrated that oligomers are the primary toxic agents 

in amyloid diseases, not the mature fibrils that have been long studied.20-21   Advances in cryo-

EM and NMR have allowed determination of detailed fibril structures.22-23   β-sheet 

conformation and fibril formation are typical amyloid features24-25, however imaging mature 

fibrils yields no mechanistic information behind the formation of toxic oligomers. 

Interestingly fibrils have been proposed to be a protective mechanism driving the system away 

from the toxic oligomers into benign fibrils. 26 Due to the transient nature of neurotoxic soluble 

oligomers, the experimental study of such assemblies poses its own unique challenges and 

requires a thoughtful, systematic combination of complementary methods. 27-31 This work 

primarily focuses on characterizing the oligomers of neurodegenerative disease-related 

peptides and their mechanism of formation in order to better understand disease propagating 

species. 

C. Neurodegenerative Disorders 

Nearly 7 million Americans suffer from a neurodegenerative disorder. That number is 

increasing every day, with projections to grow upwards of 15 million people by 2050. 32-33 

These projections further predict that by 2050 neurodegenerative diseases will surpass cancer 

to become the second leading cause of death in the United States, falling only second to 

cardiovascular disease. This is because these diseases profoundly affect the most susceptible 

and fastest-growing demographic: people age 80 and up. Alzheimer’s disease (AD), 

Parkinson’s Disease (PD), and amyotrophic lateral sclerosis (ALS) are all age-related diseases 
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and their respective symptoms take off exponentially around 60 years old. By 80, there is a 1 

in 2 chance of developing one of these disorders. This approaching epidemic also comes with 

a large economic consequence. Neurodegenerative diseases are debilitating and require 

medical attention and caretakers, putting enormous financial strain on families. Currently 

there are no cures for any of these diseases. Drugs that are available for patients help relieve 

symptoms, but the underling disease still propagates.  

The work presented here mostly focuses on the protein TAR DNA-binding protein of 

43kDa (TDP-43). Proteinaceous inclusions of TDP-43 are predominantly associated with ALS 

and frontotemporal dementia (FTD). 34-37 TDP-43 is also implicated in other 

neurodegenerative diseases including ALS/parkinsonism–dementia complex of Guam, 

dementia with Lewy bodies (DLB), Pick's disease, argyrophilic grain disease and corticobasal 

degeneration. 38-40 Further, growing evidence has identified TDP-43 as a critical factor in 

Alzheimer’s disease (AD), with the presence of TDP-43 aggregates closely correlated to 

cognitive decline in AD patients.41-43 Superoxide dismutase 1 (SOD1) is also investigated in 

the work and is the protein related to familial ALS.44-48 

ALS is the most common motor neuron disease. It is a debilitating and fatal disorder that 

is characterized by muscle weakness due to deterioration of upper and lower motor neurons. 

This aggressive degeneration ultimately results in paralysis and respiratory failure within 2 to 

5 years from symptoms onset. 35,49 The majority of ALS cases (over 95%) are sporadic ALS 

(sALS),34 where patients exhibit aggregates composed of TDP-43. Familial ALS (fALS) cases 

are associated with mutations found in the protein SOD1.44-48 ALS primarily affects people 

between the ages of 40-70, with peak age onset ranging from 58-63 for the sporadic form. 50  
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Figure 1.5. Statistics related to neurodegenerative diseases. A. Historic and projected 

growth in 80+ demographic 54 B. Change in number of deaths for diseases, where major 

illness has been going down, Alzheimer’s has been increasing. 53 C. Age onset for AD, PD 

and ALS. 

FTD is the third most frequent cause of dementia across all age groups and is characterized 

by progressive deficits in behavior and language. 51 As the disease progresses symptoms 

worsen and include cognitive impairment and motor deficits. Patients ultimately experience 

difficulty eating, moving and swallowing. Death is typically caused by pneumonia or other 

secondary infections about 8 years after symptoms onset. 51  

AD is the most prevalent neurodegenerative disease and the most common cause of 

dementia, currently affecting 5.4 million Americans and projected to grow to 13.8 million by 

2050. 52-53 Symptoms vary among individuals but typically include memory loss, difficulty in 



Introduction  Chapter I 

 8 

problem solving, language and other cognitive skills. In the severe stage of AD, patients 

become bed-bound, increasing their chance for developing blood clots, skin infections and 

sepsis. Additionally, swallowing becomes more difficult, making patients more susceptible to 

aspiration pneumonia.  

An area of growing research is that aggregation is not limited to homo-oligomeric 

assemblies and that other amyloidogenic proteins may instigate aggregation (similar to the 

prion protein) to other proteins and results in an amplification of pathological aggregates.55-57 

One such example is the interplay and co-aggregation of Alzheimer’s related proteins tau and 

Aβ, where they are able to form hetero-oligomeric plaques.58-59 Several studies have 

investigated the correlation between type-II diabetes (T2D) and AD due to the incredibly high 

incidence rate between the development of T2D in midlife followed by subsequent 

development of dementia. Recent work has established a connection between the aggregation 

of Aβ with the peptide linked to T2D, islet amyloid polypeptide (IAPP). 60-70 A relationship 

we aim to explore in this work focuses on the ALS pathological hallmark protein, TDP-43 

with Alzheimer’s related protein Aβ. A unique finding demonstrated that AD patients that are 

TDP-43 positive demonstrate more severe cognitive decline than TDP-43 negative AD 

patients despite the similar degree of senile plaques and neurofibrillary tangles (NFTs).41-43 

This is a burgeoning field and may have several implications spanning broadly across several 

different diseases. 

Beyond being fatal diseases without cures, neurodegenerative diseases rob you of your 

memories, personality, physical connection to the world, and independence, all while putting 

an enormous emotional and economical strain on family and loved ones. With the number of 
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individuals worldwide at or above the age of 60 expected to grow rapidly, this will directly 

result in a rise of neurodegenerative diseases. It is imperative that we fundamentally 

understand these disorders by identifying and characterizing toxic oligomeric assemblies and 

cross-disease protein interactions so that effective therapeutic agents can be developed to slow 

or stop disease progression. 

D. Conclusions  

Proteins play a vital role in our health and maintaining proper cellular function. When 

these specific functions get disrupted the effects can be catastrophic. The work detailed here 

aims to characterize the aggregation mechanism for disease-related proteins. Based on that 

knowledge, we can evaluate potential therapeutic molecules on their ability to dissociate toxic 

species and explore heterogeneous protein interactions that may have implications across 

different diseases. 
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II. Instrumentation 

Ion mobility mass spectrometry (IM-MS) is a powerful method for elucidating amyloid 

assembly and obtaining structural information of transient oligomeric species. The technique 

allows for temporal separation of peptide ions of the same mass-to-charge ratio (m/z), 

distinguished by differing size and shape, and for the measurement of their respective collision 

cross sections under gentle conditions.1-2 Major developments in the field of ion mobility mass 

spectrometry (IM-MS) over the past decade has resulted in novel applications toward 

understanding the assembly of protein systems.3-4 

A. Ion Mobility 

Here we utilized the ability of ion mobility mass spectrometry (IM-MS) to separate species 

of a specific m/z (m = mass, z = charge) by conformation or oligomer number. This separation 

is achieved in the drift cell, where the ionized sample is subjected to collisions with helium 

buffer gas as it traverses the cell under the influence of a weak electric field. The time scale 

of our experiments (between desolvation and detection) is typically under a millisecond. This 

is advantageous due to the fact that peptide rearrangement is considerably slower once 

desolvated. 5-6  This relatively short analysis time, in combination with insuring gentle 

conditions, allows us to observe solution phase structures.  

There are several different types of ion mobility. 7-13 Here we use DC/drift time ion 

mobility. In DC IM-MS the electric field is uniformly applied across the cell where the ions 

drift at a constant velocity (𝑣𝑑), through the drift tube length (𝐿) over a drift time (𝑡𝑑)      (Eq. 

1).14 

                                                        𝑣𝑑 = 𝐿 𝑡𝑑⁄ = 𝐾 ∙ 𝐸                                                         (1) 
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Here 𝑲 is the mobility constant and 𝑬 is the electric field strength. 𝑲 is dependent upon the 

structure of the analyte and the drift cell parameters, temperature and pressure. It is more 

convenient to express 𝑲 in terms of a reduced mobility, 𝑲𝟎 (Eq. 2). 

 

                                             𝐾 = 𝐾0 (
760 𝑇𝑜𝑟𝑟

𝑃
) (

𝑇

273 𝐾
)                                                   (2) 

 

                                                             𝐸 = 𝑉 𝐿⁄                                                                     (3) 

 

Substituting in the definition of field strength (Eq. 3), along with Eq. 2 back into Eq. 1, we 

can describe the drift time (𝑡𝑑) as a function of pressure (𝑃) and voltage (𝑉) (Eq. 4). 

 

                                                  𝑡𝑑 =
𝐿

𝐾∙𝐸
=

𝐿2(273 𝐾)

𝐾0(760 𝑇𝑜𝑟𝑟)
∙

𝑃

𝑉
                                              (4) 

 

                                                            𝑡𝑑 =  𝑡𝑎 − 𝑡0                                                        (5) 

 

Drift tube length (𝐿) and sample reduced mobility (𝐾0) are constant throughout an experiment, 

which means that drift time (𝑡𝑑) is dependent on the pressure (𝑃) of the cell and the voltage 

(𝑉) applied. The drift time (𝑡𝑑) can be expressed in terms of the arrival time to the detector 

(𝑡𝑎) minus the time the ions spends outside the drift cell (𝑡0) (Eq. 5). Experiments are 

conducted by varying the voltage at a constant pressure, while collecting the arrival time (𝑡𝑎). 
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This generates a series of arrival times (𝑡𝑎) relative to the 𝑃/𝑉 ratio. The result is a linear plot 

with the slope being inversely proportional to the ion’s mobility (Fig. 2.1).  

 

Figure 2.1. Plot showing the arrival time (𝒕𝒂)  vs. P/V. The slope is inversely proportional 

to the reduced mobility. 𝒕𝟎 denotes the time it takes the ion to reach the detector after 

existing the drift cell. 

During data acquisition, what is observed is an arrival time distribution (ATD), possibly 

of multiple features that correspond to oligomers or conformers, each with a distinct mobility. 

Compact conformers experience fewer collisions with the helium buffer gas and are able to 

travel faster through the drift cell, resulting in a shorter arrival time at the detector while 

extended conformers, which have more collisions with the helium buffer gas and travel more 

slowly through the drift cell, arrive at the detector at a later time (Fig. 2.2 A). If the sample 

contains multiple oligomers that share the same mass-to-charge ratio, higher order oligomers 

have a smaller average monomer component cross section than lower order oligomers. This 
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results in higher order oligomers traveling faster and arriving at the detector sooner relative to 

lower order oligomers. (Fig. 2.2 B). 

 

Figure 2.2. Demonstrates separation of A. different conformers B. different order 

oligomers that share the same reduced mass to charge ratio. 

B. Collision Cross Section Measurements  

An analyte’s mobility (𝐾0) is inversely proportional to its collision cross section (𝜎) (Eq. 

6). 14 

       𝜎 ≈  
3𝑞

16𝑁
 (

2𝜋

𝜇𝑘𝐵𝑇
)

1

2 1

𝐾0
                                                (6)  
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In Eq. 6, 𝑞  is the ion charge, 𝑁 is buffer gas number density,  is the reduced mass of the ion 

and helium buffer gas, 𝑘𝐵 is Boltzmann’s constant and 𝑇 is the temperature within the drift 

cell.  

C. Theoretical Fits of Experimental Arrival Time Distributions 

The shape of an ATD for an ion cloud with a single cross section is given in Eq. 7 

 

                          𝜑(0, 𝑧, 𝑡) ≈  
𝑠∙𝑎∙𝑒−𝛼𝑡

4(𝜋𝐷𝐿𝑡)
1
2

∙ (𝑣𝑑 +
𝑧

𝑡
) ∙ [1 − 𝑒

(
−𝑟0

4𝐷𝑇𝑡
)
] ∙ 𝑒

(
−(𝑧−𝑣𝑑𝑡)2

4𝐷𝑇𝑡
)
                            (7) 

 

where, 𝑧 is the distance the ions travel, 𝑟0 the radius of the initial ion packet, a the area of the 

exit aperture, 𝐷𝐿 and 𝐷𝑇 the longitudinal and transverse diffusion coefficients, respectively, 𝑠 

the initial ion density and α the loss of ions due to reactions in the drift tube (we typically 

assume there are no ions lost due to reactions within the drift cell; so this parameter is assumed 

to be 0).15 The output of Eq. 7 is typically superimposed over the experimental data and is 

shown as colored dashed lines within the ATDs presented throughout this thesis. Comparison 

of a single species’ line shape with experiment allows determination of whether or not 

multiple conformers are present in the ATD: If the experimental lineshape is wider than the 

theoretical fit for a particular mobility, a family of potential conformersor  oligomers that are 

not well resolved exists.  

D. Instrumentation  

Experiments were performed primarily on a home-built mass spectrometer consisting of 

a nano electrospray ionization (ESI) source, an ion funnel, a 4.5 cm drift cell, a quadrupole 
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mass analyzer, and a detector.1 (Fig 2.3) Experiments were also conducted on a similar higher-

resolution home-built instrument, differing notably by its 200 cm long drift cell.16 Ions are 

generated with the nano-ESI source, captured and stored in an ion-funnel, and then pulsed into 

the 4.5 cm drift cell filled with 3.0 Torr of helium gas. The ions exit the cell and continue to 

a quadrupole mass filter, and ultimately end up at the detector. 5L of dissolved sample is 

loaded into a gold-coated nano electrospray capillary needle (0.69 mm i.d, 1.2 o.d., 10cm 

length, Sutter instruments) made in lab (via gold coating by Emitech K550x Sputter Coater 

and Sutter Instruments Model P-97 programmable micropipette tip puller).  The sample-

loaded needle tip is then spun down by a small bench centrifuge and then mounted on a xyz 

translation stage and aligned in front of the instrument’s capillary inlet. 

 

Figure 2.3. Schematic of electrospary ionization ion mobility mass spectrometer. A. 

capillary inlet, B. ion funnel, C. drift cell, D. ion optics, E. quadrupole mass analyzer, 

and a detector are indicated by black arrows. Orange arrows show pumping lines. 

A voltage potential difference of approximately 1000 V is then applied to the needle relative 

to the stainless steel inlet capillary. This produces a Taylor cone that generates nano droplets 
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and a continuous stream of ions by electrospray. Under high voltage conditions, the Taylor 

cone releases high charge droplets. As the solvent evaporates, the droplets become more 

charged. Once the Rayleigh limit is achieved, the droplet breaks apart into smaller charged 

droplets and continues until only the bare analyte ion remains. 17, 18  ESI is a gentle ionization 

technique that does not induce fragmentation of the analyte and is able to preserve weak, non-

covalent assemblies, such as oligomers.19 Upon desolvation, stabilizing interactions with the 

solvent are lost, but side chain self solvation can retain solution-based backbone structure for 

either larger peptides or oligomers of smaller peptides. 6, 20-21 

Upon exiting the inlet capillary (Fig. 2.3 A.) (i.d. 0.010 in., 3.0 in. length), ions enter the 

ion funnel where they are compressed into a beam and guided to the drift cell (Fig. 2.3 B.). 

This is accomplished by a series of three sections of lenses. The first section consists of 18 

lenses that decrease parabolically from 0.87 to 0.14 in diameter. The second series is 24 lenses 

that decreases further from 0.14 to 0.10 in diameter. The final lens stack consists of 25 lenses 

with 0.10 in diameter. Ions are guided axially down the ion funnel by both a DC electric field 

and a decreasing pressure gradient over the funnel region. A tunable radio frequency (RF) 

radially confines the ions. The final lenses of the ion funnel are tunable to increase ion 

transmission into the drift cell (Fig. 2.3 C.) The voltage applied to the second to last lens of 

the ion guide region determines the energy the ions experience when injected into the cell (a 

parameter we refer to as the injection energy (IE)) and is routinely set to 40 eV. The parameter 

of 40 eV was established and is used mostly because it is the lowest energy at which we can 

maintain consistently strong ion signal across a variety of different samples. A very powerful 

aspect of this instrument is the ability to tune this voltage from 20- 120 eV to investigate 
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dissociation of higher order oligomers. Modulating this parameter allows us to perform 

“injection energy studies”: Lower voltages allow the preservation of higher order assemblies, 

while higher voltages can dissociate the assemblies into their respective lower order pieces. 

Conversely if you have stable conformers, a change in injection energy will not change the 

distribution among those peaks. This is incredibly useful for deconvoluting arrival time 

distributions to make unambiguous structural assignments. 

The drift cell has a nearly cubic body with a length of 4.503 cm. The cell is filled with 3-

3.5 Torr of helium buffer gas at room temperature with a uniform electric field from 9-20 

V/cm across the cell, allowing the ions to flow within the low-field limit.14 When the ions 

leave the drift cell they are mass selected by a quadrupole mass analyzer (ABB Extrel, 

Pittsburgh) and detected by a conversion dynode and channel electron multiplier (K&M 

Electronics, West Springfield, MA). Mass spectra are usually collected over a range of 300-

2300 m/z. When acquiring a mass spectrum, ions continuously flow through the instrument 

to be mass analyzed over the selected m/z range. To collect an arrival time distribution (ATDs) 

a specific m/z peak observed in the mass spectrum is selected. Ions are collected and stored 

in the ion funnel and then pulsed at regular intervals as packets into the drift cell (i.e. time 

zero). The time at which an ion reaches the detector is measured and the collision cross section 

is calculated via Eq. 6 as previously discussed in section B of this chapter. 

E. Sample Conditions 

Solvent conditions can have an enormous impact on the overall signal of samples as well 

as the charge state distribution of the mass spectrum and subsequently the features within the 

ATDs. Solvent conditions require much consideration and a compromise between instrument 
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compatibility and biological relevance. All peptides studied in this work were pretreated with 

HFIP, to break apart pre-formed aggregates, and solvated with 10 mM ammonium acetate pH 

7.4 to a final peptide concentration of 100 M. Ammonium acetate buffer is favorable for ESI 

due its appropriate imitation of the ion-rich cellular environment19 and the high volatility of 

its solvent counter ions in the gas phase. Without which would result is a decrease pure peptide 

signal with the formation of salt adducts, resulting is a noisy mass spectrum.22 

F. Projected Superposition Approximation (PSA) Method 

A useful tool for comparing IM-MS experimental CCS to other structures, either 

theoretical derived from molecular dynamics (MD) or from x-ray crystallography, is the 

projected superposition approximation (PSA) method. Work done by Bleiholder and co-

workers introduced and refined this method and have created a user friendly interface to 

submit structures and run this practical calculation.23,24  

PSA was developed out of the necessity to relate model structures to experimental IM-MS 

CCS. Available traditional algorithms, such as the projection approximation (PA)25 and 

trajectory (TJM)26 methods, were designed with small organic and inorganic compound as 

targets. Considering how the scope of our research has evolved towards relatively larger 

biomolecules, these techniques were no longer fitting and resulted in inaccurate molecular 

CCS that were incredibly time consuming to calculate.23 PSA proved to deliver fast and 

accurate results for protein systems.24 This was accomplished by taking into account collective 

size and shape effects. These affects were integrated as a superposition of atomic potentials 

and by incorporating a shape factor. Comparing PSA CCS to IM-MS experimental CCS 

demonstrated the ability for this robust method to properly access non-trivial landscapes and 
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protein-sized systems. Further parameterization was achieved by minimizing the deviation 

between computational and experimental CCS for a variety of different reference 

compounds.24  

PSA is free and available to use online (http://psa.chem.fsu.edu/). Jobs can easily be 

submitted by uploading an .xyz formatted structure and entering parameters such as type of 

buffer gas and temperature. Depending on the size of the structure and other jobs in the queue, 

most calculations can be done within half an hour or less. The corresponding output file 

contains the calculated PSA(Å2) along with its associated error. 

This method is incredibly useful and was executed in all projects that were complemented 

by theoretically derived MD structures and previously resolved structures from  x-ray 

crystallography studies. 

 

G. References 

 

1. Wyttenbach, T.; Kemper, P. R.; Bowers, M. T., Design of a new electrospray ion

 mobility mass spectrometer. Int J Mass Spectrom 2001, 212 (1-3), 13-23. 

 

2. Wyttenbach, T.; von Helden, G.; Batka, J. J.; Carlat, D.; Bowers, M. T., Effect of 

thelong-range potential on ion mobility measurements. J Am Soc Mass Spectr 1997, 

8(3), 275-282. 

 

3. Bernstein, S. L.; Dupuis, N. F.; Lazo, N. D.; Wyttenbach, T.; Condron, M. M.; Bitan, 

G.; Teplow, D. B.; Shea, J. E.; Ruotolo, B. T.; Robinson, C. V.; Bowers, M. T., 

Amyloid-beta protein oligomerization and the importance of tetramers and 

dodecamers in the aetiology of Alzheimer's disease. Nat Chem 2009, 1 (4), 326-331. 

 

4. Bowers, M. T., Ion mobility spectrometry: A personal view of its development at 

UCSB. Int J Mass Spectrom 2014, 370, 75-95. 

 

5. Breuker, K.; McLafferty, F. W. Stepwise Evolution of Protein Native Structure with 

Electrospray into the Gas Phase, 10(-12) to 10(2) S. P Natl Acad Sci USA 2008, 105 

(47), 18145-18152. 

http://psa.chem.fsu.edu/


Instrumentation  Chapter II 

 27 

 

6. Warnke, S.; von Helden, G.; Pagel, K. Protein Structure in the Gas Phase: The 

Influence of Side-Chain Microsolvation. J Am Chem Soc 2013, 135(4), 1177-1180. 

 

7. Giles, K.; Ujma, J.; Wildgoose, J.; Pringle, S.; Richardson, K.; Langridge, D.; Green, 

M. Cyclic Ion Mobility-Mass Spectrometry System. Anal Chem 2019, 91(13), 8564-

8573. 

 

8. Wojcik, R.; Nagy, G.; Attah, I. K.; Webb, I. K.; Garimella, S. V. B.; Weitz, K. K.; 

Hollerbach, A.; Monroe, M. E.; Ligare, M. R.; Nielson, F. F.; Norheim, R. V.; 

Renslow, R. S.; Metz, T. O.; Ibrahim, Y. M.; Smith, R. D. SLIM Ultrahigh Resolution 

Ion Mobility Spectrometry Separations of Isotopologues and Isotopomers Reveal 

Mobility Shifts due to Mass Distribution Changes. Anal Chem, 2019, 91(18), 11952-

11962. 

 

9.  Fernandez-Lima, F. A.; Kaplan, D. A.; Park, M. A. Note: Integration of Trapped Ion 

Mobility Spectrometry with Mass Spectrometry. Rev Sci Instrum 2011, 82(12). 

 

10. Cumeras, R.; Figueras, E.; Davis, C. E.; Baumbach, J. I.; Gracia, I. Review on Ion 

Mobility Spectrometry. Part 1: Current Instrumentation. Analyst 2015, 140(5), 1376-

1390. 

 

11. Shvartsburg, A. A.; Smith, R. D. Fundamentals of Traveling Wave Ion Mobility 

Spectrometry. Anal Chem 2008, 80(24), 9689-9699. 

 

12.  Giles, K.; Pringle, S. D.; Worthington, K. R.; Little, D.; Wildgoose, J. L.; Bateman, R. 

H. Applications of a Travelling Wave-Based Radio-Frequencyonly Stacked Ring Ion 

Guide. Rapid Commun Mass Sp 2004, 18(20), 2401-2414. 

 

13.  Kolakowski, B. M.; Mester, Z. Review of Applications of High-Field Asymmetric 

Waveform Ion Mobility Spectrometry (Faims) and Differential Mobility Spectrometry 

(Dms). Analyst  2007, 132(9), 842-864. 

 

14.   Mason, E. A.; McDaniel, E. W., Transport Properties of Ions in Gases. Wiley: New 

York, 1988; p xvi, 560 p. 

 

15.  Gidden, J.; Ferzoco, A.; Baker, E. S.; Bowers, M. T. Duplex Formation and the Onset 

of Helicity in Poly d(CG)n Oligonucleotides in a Solvent-Free Environment. J Am 

Chem Soc 2004, 126, 15132-15140. 

 

16.  Kemper, P. R.; Dupuis, N. F.; Bowers, M. T. A New, Higher Resolution, Ion Mobility 

Mass Spectrometer. Int. J. Mass Spectrom. 2009, 287, 46-57. 

 



Instrumentation  Chapter II 

 28 

17.  Rayleigh, L. On the equilibrium of liquid conducting masses charged with electricity 

Philosophical Magazine, 1882, 14(87), 184–186. 

 

18.  Kebarle, P. A Brief Overview of the Present Status of the Mechanisms Involved in 

Electrospray Mass Spectrometry. Journal of Mass Spectrometry 2000, 35(7), 804–

817. 

 

19.  Przybylski, M.; Glocker, M. O. Electrospray Mass Spectrometry of 

Biomacromolecular Complexes with Noncovalent Interactions—New Analytical 

Perspectives for Supramolecular Chemistry and Molecular Recognition Processes. 

Angewandte Chemie International Edition in English 1996, 35 8), 806–826. 

 

20.  Bakhtiari, M.; Konermann, L. Protein Ions Generated by Native Electrospray 

Ionization:Comparison of Gas Phase, Solution, and Crystal Structures. J Phys Chem 

B 2019, 123(8), 1784–1796."28 

 

21.  Wyttenbach, T.; Bowers, M. T. Structural Stability from Solution to the Gas Phase: 

Native Solution Structure of Ubiquitin Survives Analysis in a Solvent-Free Ion 

Mobility–Mass Spectrometry Environment. J. Phys. Chem. B 2011, 115(42), 12266–

12275. 

 

22.  Susa, A. C.; Xia, Z.; Williams, E. R. Small Emitter Tips for Native Mass Spectrometry 

of Proteins and Protein Complexes from Nonvolatile Buffers That Mimic the 

Intracellular Environment. Anal. Chem. 2017, 89(5), 3116–3122. 

 

23. Bleiholder, C.; Wyttenbach, T.; Bowers, M. T., A novel projection approximation 

algorithm for the fast and accurate computation of molecular collision cross sections 

(I). Method. Int J Mass Spectrom 2011, 308 (1), 1-10. 

 

24. Bleiholder, C.; Contreras, S.; Do, T. D.; Bowers, M. T., A novel projection 

approximation algorithm for the fast and accurate computation of molecular collision 

cross sections (II). Model parameterization and definition of empirical shape factors 

for proteins. Int J Mass Spectrom 2013, 345, 89-96. 

 

25. Wyttenbach, T.; vonHelden, G.; Batka, J.J.; Carlat, D.; Bowers, M.T. JASMS 1997,

 8, 275–282. 

 

26. Mesleh, M.F.; Hunter, J.M.; Shvartsburg, A.A.; Schatz, G.C.; Jarrold, M.F. J. Phys. 

Chem.1996, A100, 16082–16086. 



TDP-43307-319  Chapter III 

 29 

III. Characterizing TDP-43307–319 Oligomeric Assembly: 

Mechanistic and Structural Implications Involved in the 

Etiology of ALS 

 

Reproduced in part with permission from Veronica Laos, Thanh D. Do, Dezmond Bishop, 

Yingying Jin, Nicole M. Marsh, Brady Quon, Megan Fetters, Kristi Lazar Cantrell, Steven K. 

Buratto, Michael T. Bowers. ACS Chem. Neurosci. Vol 10(9) Copyright © 2020 American 

Chemical Society 

 

Aggregation of TAR DNA-binding protein of 43kDa (TDP-43) is a salient feature for 

ALS, observed in over 95% of ALS patients. TDP-43 aggregates are also found in 45% of 

FTD patients and have been implicated in a variety of other neurodegenerative diseases. TDP-

43 undergoes both functional and pathogenic aggregation; the latter is irreversible and 

hypothesized to produce soluble oligomers that are toxic to neurons in addition to inclusions 

made of stable fibrous deposits. Despite progress made towards identifying disease-related 

proteins, the underlying pathogenic mechanism associated with these toxic oligomers remains 

elusive. Utilizing a multimodal approach which combines several measurement techniques 

(circular dichroism (CD), Thioflavin T spectroscopy (ThT), Fourier transform infrared 

spectroscopy (FTIR)), high spatial resolution imaging tools (electron microscopy (EM) and 

atomic force microscopy (AFM)), with soft ion mobility mass spectrometry (IM-MS) and 

atomistic molecular dynamics (MD) simulations, we explore the oligomerization 

mechanisms, structures and assembly pathways of TDP-43307-319. This fragment is both 

amyloidogenic and toxic and is within the glycine rich C-terminal domain essential for both 

toxicity and aggregation of the full-length protein. In addition to the wild-type peptide, two 
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ALS-related mutants (A315T and A315E), and a non-axon toxic mutant (G314V), were 

investigated to determine how mutations affect the oligomerization of TDP-43307-319 and 

structures of toxic oligomers. The results of our study provides new insights into how ALS-

related mutants, A315T and A315E, accelerate and/or alter the pathogenic mechanism and 

highlight the role of an internal glycine, G314, in maintaining efficient packing known to be 

critical for functional oligomer assembly. More importantly, our data demonstrates that G314 

plays a vital role in TDP-43 assembly and prevents cytotoxicity via its unique aversion to 

oligomers larger than trimer.  Our observation is consistent with previous studies showing that 

G314V mutation of the full-length TDP-43 induced remediation of both axonotoxicity and 

neuronal apoptosis. Our findings reveal a distinct aggregation mechanism for each peptide, 

and elucidate oligomeric species and possible structures that may be involved in the pathology 

of ALS.  

A. Introduction 

ALS patients exhibit proteinaceous inclusions found in spinal cord motor neurons, 

hippocampal and frontal cortex neurons and glial cells, most typically composed of TAR 

DNA-binding protein of 43kDa (TDP-43).1 While Cu-Zn superoxide dismutase 1 (SOD1) 

mutations are linked to familial ALS cases, TDP-43 has become the pathogenic hallmark for 

the disease as it is observed in over 95% of ALS patients.2 

TDP-43 is a 414 amino acid long protein that regulates different processes of gene 

expression, including transcription and splicing, through RNA and DNA binding.3 In healthy 

cells, TDP-43 localizes in the nucleus, and is also involved in nucleocytoplasmic shuttling of 

mRNA.4 In disease affected motor neurons, there is a redistribution of TDP-43 from the 
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nucleus to the cytoplasm, where it begins to form insoluble aggregates.5-6 It is unclear if the 

toxicity arises from a loss of native function, due to the nuclear depletion, or if  

 

Figure 3.1 Full length TDP-43 consists of two RNA recognition motifs (RRM), a nuclear 

localization signal (NLS), a nuclear export signal (NES) and a glycine rich domain. The 

majority of mutations are found at the C-terminal glycine rich region, and annotated 

above.   

the toxicity derives from a pathological accumulation of TDP-43 in the cytoplasm, promoting 

a toxic gain of function.7 Additionally, these inclusions are predominately composed of the 

hyperphosphorylated ubiquitinated C-terminus of TDP-43, which harbors the majority of 

disease related mutants observed in ALS patients.8-9 (Fig. 3.1). Focusing on the C-terminal 

region, a high degree of homology was found between TDP-43 Q286-Q331 (Fig. 3.2) and 

prion protein (PrP) P60-A126. 10 A small fragment within that domain of PrP, K106-G126, 

possesses an intrinsic fibrillogenic capacity and is responsible for neurodegeneration, making 

it an ideal model system for other fibril forming amyloid diseases.11 

 

Figure 3.2 TDP-43 fragment Q286-Q331. Letters in dark blue correspond to amino 

acids identical to PrP sequence  and in light blue are very similar amino acids. ALS-
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related mutations are shown above in red. Cytotoxic peptide M307-N319 is highlighted 

in yellow box. 

A truncated TDP-43 peptide, M307-N319, within the amyloidogenic Q286-Q331 segment 

was determined to be the minimal amyloid core region due to its ability to adopt β-sheet 

confirmation, form fibrils, and induce axon neural death.10 Additionally, TDP-43307-319 peptide 

contains ALS-associated mutants, namely A315T and A315E, which have both been 

identified in ALS patients and extensively studied.12-13 The A315T and A315E mutations were 

shown to cause severe axonal damage as well as readily adopt β-sheet structures and accelerate 

fibril growth.10, 141   

Of note, a previous study by Zhu and co-workers10 showed that the G314V variant of the 

A315E mutant TDP-43307-319 peptide is non-axontoxic and lost the ability to induce neural 

apoptosis. Therefore, it appears that the formation of TDP-43 toxic oligomers is dictated by 

the preservation of the internal glycine, G314. This finding is intriguing because the formation 

of β-sheets should not be disrupted (but rather enhanced) by a glycine to valine mutation, 

suggesting that general β-sheet formation is not sufficient to induce toxicity, but rather a 

specific assembly or polymorph of β-sheets. Structural motifs in which internal glycines are 

essential include the “cylindrin” (Fig. 3.3 B)  15-16 and “corkscrew” -shaped oligomers.17  

These unique β-barrel structures resemble membrane proteins,18 suggesting that assembly into 

this functional form may cause insertion into the membrane leading to lysis (Fig. 3.3 C, D). 

The cylindrin and corkscrew structures have been studied in connection their possible relation 

to Alzheimer’s and familial ALS.18 Here, we explore the possibilities of TDP-43307-319 peptide 

and its variants to form the proposed cylindrin and corkscrew toxic structures. 
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Figure 3.3 A. Schematic of flat β-sheet hexamer of KV11. Yellow dashes indicate 

hydrogen bonds between the main chains of neighboring strand and blue dashes show 

hydrogen bonds mediated by water bridges or side chains. Internal glycine amino acids 

are circled in light blue on each β-sheet. 16 B. Cylindrin crystal structure (PDB 3SGO) 16 

C. Cartoon representation of how β-barrel structures can cause deterioration of the 

outer cell membrane, lysis. D. Zoomed up portion of the compromised membrane 

demonstrating how a cylidrin could potentially create pores in the cellular membrane. 
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Studying amyloid disease requires a systematic combination of complementary methods, 

due to the transient nature of neurotoxic soluble oligomers.15-18,20-21 β-sheet conformation and 

fibril formation are fundamental amyloid features.22-23 However, these characteristics reveal 

little about the nascent yet critical soluble oligomers. Several studies have demonstrated that 

oligomers are the toxic agents in amyloid diseases, not the mature fibrils that have been 

observed for over a century. 24-25 Recent advancements in cryo-EM haven been able to 

elucidate detailed fibril structures.26-27 However imaging mature fibrils yields no mechanistic 

information behind the formation of the toxic oligomers. Additionally fibrils have been 

proposed to be a protective mechanism driving proteins away from the toxic oligomers into 

benign fibrils.28 Our work primarily focuses on characterizing the oligomers to better 

understand the disease propagating species.  

 Ion mobility mass spectrometry (IM-MS) has been shown to be a powerful method in 

elucidating amyloid assembly and oligomeric structural information. The technique allows 

separation and capture of mass- and size-selected evolution of oligomers by measuring 

collision cross sections under gentle conditions and with the aid of computational modeling.29-

30 Major developments in the field of ion mobility mass spectrometry (IM-MS) over the past 

decade have resulted in novel applications for the assembly of protein systems.31-32 When 

paired with secondary structural methods such as circular dichroism (CD), thioflavin T 

spectroscopy (ThT), Fourier transform infrared spectroscopy (FTIR), electron microscopy 

(EM) and atomic force microscopy (AFM),33 and high level molecular dynamics (MD) 

simulations, we can examine different stages of self-assembly processes initiated from small, 

soluble monomers to the large, insoluble fibril structures.28-33 The oligomer intermediates can 
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be scrutinized for their roles in nucleating fibril formation and/or promoting cell death. Such 

analysis provides insight into the molecular basis for the pathogenic mechanism of ALS. Here, 

we investigate the assembly mechanisms and properties of four TDP-43307-319 fragments: WT, 

A315T, A315E, and G314V (Table 3.1). Soluble oligomers were identified and characterized 

mechanistically and structurally, unraveling potential cytotoxic targets for amyloid assembly 

in ALS.  

 

Table 3.1 Primary sequence for WT, A315T, A315E and G314V peptides. Mutations 

are colored in red, green and purple, for A315T, A315E and G314V respectively. 

Peptides were synthesized with an uncapped free amine N-terminus and a capped C-

terminal amide for solubility purposes. 

B. Material and Methods 

1. Synthesis and Purification 

The peptides were synthesized using standard 9-fluorenylmethoxycarbonyl (Fmoc) 

chemistry using 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium 

hexafluorophosphate/hydroxybenzotriazole (HBTU/HOBT) manual solid-phase peptide 

synthesis. The peptides were amidated with an Fmoc-Rink Amide resin (Anaspec). The 

peptides were cleaved from the resin using 94% TFA, 5% triisopropylsilane, and 1% phenol 

for 2 h at 295 K.  Crude peptides were purified by reverse phase high-performance liquid 
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chromatography (RP-HPLC) on a semipreparative C18 column (Phenomenex) using gradients 

of water [0.1% (v/v) TFA] and acetonitrile [0.1% (v/v) TFA]. The peptides were dissolved in 

6M guanidine hydrochloride (GdnHCl) prior to injection due to insolubility in water and 

acetonitrile. Peptide purity was greater than 93% as determined by analytical RP-HPLC. The 

molecular masses of the peptides were verifies by ESI mass spectrometry.  

2. Thioflavin T Binding 

Thioflavin T stock solutions were prepared using the method described by Khurana et al.34 

The WT, A315T, and A315E peptides were dissolved in HFIP to a concentration of 5 mM. 

The peptides were diluted to 100 μM with a 100 μM thioflavin T solution in 10 mM 

ammonium acetate, pH 7.4. The resulting solution contained 100 μM peptide and 98 μM 

thioflavin T in 10 mM ammonium acetate, pH 7.4, with 2% v/v 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP). 

The fluorescence was measured (λex = 446 nm, λem = 460-540 nm) on a 

ThermoSpectronic Aminco Bowman Series 2 Luminescence Spectrometer with excitation and 

emission bandwidths set to 2 nm and a photomultiplier voltage of 600. The sample was 

pipetted gently at the beginning of the experiment and before each time point after an increase 

in fluorescence was observed. The fluorescence intensity at 490 nm was used to monitor the 

increase in thioflavin T fluorescence with the formation of β-sheet amyloid fibrils. The buffer 

background at 490 nm was subtracted from all data points. A standard consisting of a 100 μM 
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thioflavin T solution in dimethylformamide was run prior to each experiment and the 

fluorescence intensity at 490 nm was used to normalize the data.35 

The G314V and WT peptides were run under a second set of solvent conditions. The 

peptides were dissolved in acetonitrile with 1% v/v formic acid to a concentration of 200 μM. 

The samples were diluted 2x using 200 μM thioflavin T in 10 mM ammonium acetate, pH 

7.4, with 1% v/v formic acid. The resulting solution contained 100 μM peptide and 100 μM 

thioflavin T in 50:50 acetonitrile: 10 mM ammonium acetate, pH 7.4, both containing 1% 

formic acid. The samples were run on the fluorimeter as described above with the exception 

that a photomultiplier voltage of 700 was used. 

3. Far-UV Circular Dichroism 

CD data were collected on a Jasco J-810 CD spectrometer. The WT, A315T, and A315E 

peptides were dissolved in HFIP to a con-centration of 5 mM. The peptides were diluted to a 

concentration of 100 μM with 10 mM ammonium acetate, pH 7.4. The CD meas-urements 

were collected at 0.5 nm intervals from 260 to 190 nm with a 4 s response time and a 1 nm 

bandwidth. All spectra were collected in a 1 mm quartz cuvette at 295K. Five scans were 

collected on the WT and A315E peptides, and the data were averaged. Each scan took 1.5 

minutes to complete. The A315T peptide begins to aggregate immediately. Therefore, the first 

two scans were averaged before the signal began to change. A buffer baseline was subtracted 

from the averaged data, and the curves were baseline corrected.  

The G314V and WT peptides were run under a second set of solvent conditions. The 

peptides were dissolved in acetonitrile with 1% v/v formic acid to a concentration of 200 μM. 

The samples were diluted 2x using 10 mM ammonium acetate, pH 7.4, with 1% v/v formic 
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acid. The resulting solution contained 100 μM peptide. The samples were run on the CD as 

described above. 

4. Fibril sample preparation 

Fibril assays were performed by incubating the WT, A315T, and A315E peptides in at a 

concentration of 100 μM in 10 mM ammonium acetate, pH 7.4, with 2% v/v HFIP. The 

samples were incubated at 310 K. The G314V peptide did not dissolve under these conditions. 

The G314V peptide was dissolved in 50:50 acetonitrile and 10 mM ammonium acetate, pH 

7.4, to a final concentration of 100 μM. 1% (v/v) formic acid was added to ensure complete 

solubility. All of the samples were incubated for one week prior to imaging by transmission 

electron microscopy. 

5. Transmission Electron Microscopy 

Aliquots of fibril samples (5 μL) were applied to a glow-discharged, 400-mesh, carbon-

coated support film and stained with 1% uranyl acetate. Images of fibrils at a magnification 

of 137200x were recorded using a FEI Tecnai F30 STEM microscope operated at 300 kV and 

equipped with a Gatan CCD digital micrograph. 

6. FTIR of Fibrils 

Fibril assays were centrifuged for 5 minutes at 13,200 rpm and fibril aliquots were 

deposited on a CaF2 plate. Fibrils were dried on the plate using a stream of N2 gas. IR 

absorbance spectra were then recorded with a Nicolet iS10 infrared spectrophotometer 



TDP-43307-319  Chapter III 

 39 

equipped with a DTGS-KBR detector. Sixteen interferograms were collected at room 

temperature at a resolution of 2 cm-1.  

7. Molecular Dynamics 

MD simulations were performed using the GROMACS 4.6.5 package,36-37 the OPLS-AA 

force field38-39 and the TIP4P water model.40  Initial structures were solvated in a water box of 

6700 water molecules. Negatively charged Cl- ions were added to neutralize the total charges 

of the systems. During the simulations, covalent bonds in the water molecules were held 

constant using the SETTLE algorithm.41 Intra-peptide bonds involving hydrogen atoms were 

constrained according to LINCS protocol42 allowing a 2fs simulation time step. Non-bonded 

Lennard-Jones interactions had a 12 Å cut-off. Neighbor lists for the non-bonded interactions 

were updated every 10 simulation steps. Electrostatic interactions were included using the 

particle mesh Ewald approach. Temperature was controlled by the Nose Hoover algorithm43 

with a 0.1ps time constant. 

 

C. Results and Discussions 

1. Self-assembly of TDP-43307-319 Peptides: Utilizing IM-MS  

Oligomeric assembly was examined for each TDP-43307-319 peptide using IM-MS. 

Samples were dissolved in 10 mM ammonium acetate, pH 7.4, with 2% HFIP to a final peptide 

concentration of 100 μM. Due to solubility constraints of G314V, the peptide was dissolved 

in a 50:50 mixture of acetonitrile and 10 mM ammonium acetate, pH 7.4, to a final peptide 

concentration of 100 μM. 1% formic acid was added to ensure complete solubility. This 

solvent system was tested and confirmed on the WT peptide to ensure no significant 
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conformational or mechanistic changes were induced by the new solvent conditions (Fig. 3.4). 

The samples were incubated at room temperature under quiescent conditions. Mass spectra 

and arrival time distributions (ATDs) were collected on a home built ion-mobility mass 

spectrometer 29 at an initial time of 15 minutes after sample preparation and every subsequent 

hour for 5 hours. We note that 15 minutes is the minimal amount of time required to prepare 

a fresh sample and spray it into our mass spectrometer for data acquisition. Mass spectral peak 

annotations indicate empirical [n]+z where n = the oligomer number and z = charge. All mass 

spectra have two major peaks corresponding to [n]+z = [1]+2 and [1]+1 that were well-resolved 

at fifteen minutes (Fig. 3.5). After three hours of incubation, the signal to noise ratio (S/N) 

decreased and the baseline increased indicating aggregation (Fig. 3.5 B).  The S/N decreased 

more notably for the mutants A315T and A315E (Fig. 3.5 panels C-F). In contrast, G314V 

maintained a steady, low-noise mass spectrum over the course of the experiment (Fig. 3.5 

panels G-H). 

 

Figure 3.4 Evaluation between solvent systems (A-E) WT peptide in ammonium acetate, 

pH 7.4, with 2% HFIP, abbreviated AA and (F-J) 50% acetonitrile with 50% ammonium 

acetate, pH 7.4, with 1% formic acid solvent conditions, abbreviated 50:50. Comparison 

across an incubation period of 4 hours shows a similar progression and development of 
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oligomers between the two solvent systems. This demonstrates that the 50:50 mixture is a 

suitable condition to study the difficult hydrophobic peptide G314V. Colored peaks indicate 

the expected peak shape for a single conformer at the cross section for the peak maximum. 

 

Figure 3.5 Mass Spectra at 15 minutes and 3 hours for WT, A315T, A315E and G314V 

peptides. (A,C,E,G) Mass spectra at 15 minutes for each peptide demonstrates two well 
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resolved peaks at [1]+2 and [1]+1 charge state. (B,D,F,H)  By 3 hours, the WT, A315T and 

A315E all demonstrated a raised baseline and a decrease of signal to noise ratio indicating 

aggregation. Peptide G314V maintains a clean mass spectrum after three hours in solution, 

suggesting that there is no aggregation. 

ATDs show the population of different ordered oligomers as a function of arrival time. 

Different ordered oligomers with the same mass to charge (m/z) ratio are separated in the drift 

cell with higher order oligomers exiting first followed by lower order oligomers.37 ATDs of 
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the charge state [1]+2 showed a single structure (Fig. 3.6), while  [1]+1 revealed the most 

extensive oligomeric development and was extensively studied for each peptide.  

 

Figure 3.6 ATDs for charge state [1]+2 for WT, A315T, A315E and G314V. (A,B,C,D) all 

show a single conformation. Experimental CCS given above peak. 
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Other [n]+z states were also studied ([2]+3, [3]+4,and [4]+5) and demonstrated similar trends 

of aggregation (Fig. 3.7-3.10).   

 

Figure 3.7 Additional charge states demonstrate the extent of oligomerization for WT 

peptide from 15 minutes to 3 hours (A) Mass spectrum at 15 minutes zoomed up to show the 

charge states [2]+3, [3]+4 and [4]+5 . (B) ATD for [2]+3 contains two features corresponding to 

the dimer and tetramer. (C) [3]+4 ATD shows a dominate trimer peak with some hexamer and 

nonomer. (D) [4]+5 charge state contains mostly tetramer with small octamer population. (E) 

[2]+3                                 [2]+3 

 

 

 

[3]+4                                 [3]+4 

 

 

 

[4]+5                                 [4]+5 
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WT mass spectrum after 3 hours of incubation zoomed up to examine to contributions of the 

raised baseline. (F) [2]+3 after 3 hours of incubation has lost dimer, and shifted towards the 

tetramer and a burgeoning hexamer. (G) [3]+4 shows the development of hexamer and 

nonomer. (H) [4]+5 demonstrates a population redistributing from mostly tetramer to octamer 

and dodecamer.  

 

 

Figure 3.8  CCS for WT peptide for several charge states. Species from charge state [1]+1 

follow an isotropic curve, increased as n2/3  (solid grey line). [2]+3, [3]+4, [4]+5 CCS deviate in 

a linear (dotted black line) fashion above the isotropic trend.  
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Figure 3.9  Comparison of charge states [2]+3 ,[3]+4 , and [4]+5 for all peptides after 3 hours 

of incubation. (A-C) WT shows slow development across all three charge states (A) [2]+3 , (B) 

[3]+4 , and (C) [4]+5  as discussed in Figure 3.7.  (D-F)  A315T contains the highest order 

oligomers.  (D) [2]+3 contains a dominate octamer and hexamer peak. (E) [3]+4 shows a strong 

dodecamer peak and aggregation up to the 18-mer (F) [4]+5 also shows a dominate dodecamer 

[2]+3                                   [3]+4                                                [4]+5 
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peak and aggregation up to the 16-mer. (G-I)  A315E ATDs are more aggregated than WT but 

not as extensively developed as A315T oligomer (G) [2]+3 contains hexamer and a dominate 

tetramer peak (H) [3]+4 shows aggregation up to the dominate nonamer  (I) [4]+5 contains 

mostly dodecamer. (J-L) G314V is the least aggregated of all peptides. (J) [2]+3 only contains 

dimer and tetramer (K) [3]+4 is mostly trimer with little hexamer and (L) [4]+5 shows tetramer 

and octamer. 

 

 

Figure 3.10 Collision Cross section plotted against oligomer number for all peptides (A) 

WT shows aggregation up to the dodecamer (B) A315T demonstrates the highest extent of 

aggregation up to the18-mer (C) A315E contains oligomers up to dodecamer but doesn’t show 
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as many lower order oligomers compared to the WT.  (G) G314V is the least aggregated of all 

peptides stopping at the octamer.  

 

Figure 3.11 Representative ATDs demonstrate unique oligomerization development for 

TDP-43 peptides (A, B) WT (C, D) A315T (E, F) A315E and (G, H) G314V. ATDs collected 

from charge state [1]+1 at 15 minutes and three hours after incubation. Each feature is 
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annotated by [n]+z (monomer [1]+1, dimer [2]+2, trimer [3]+3, tetramer [4]+4, hexamer [6]+6 , 

and octamer [8]+8). The dotted colored line under each feature represents a single family of 

structures. 

At 15 minutes, the WT peptide ATD displays two well resolved peaks that correspond to 

the monomer ([1]+1) and dimer ([2]+2)  (Fig. 3.11 A). At three hours, the ATD reveals a 

transition of population from the monomer to the dimer and the formation of larger order 

oligomers, including the tetramer, hexamer and octamer (Fig. 3.11 B).  

The ALS-related mutant A315T showed accelerated aggregation relative to the WT. 

Within the first 15 minutes the ATD contains the tetramer, hexamer, and octamer (Fig. 3.11 

C), resembling the distribution of the WT peptide after three hours of incubation. By three 

hours, the smaller order species are severely diminished and the majority of the population 

has shifted to the hexamer and octamer (Fig. 3.11 D).  

The other ALS-related mutant, A315E, was also found to oligomerize more rapidly than 

the WT, however not as aggressively as A315T. The ATD at 15 minutes shows two large 

features, corresponding to the dimer and tetramer (Fig. 3.11 E). By three hours of incubation, 

the monomer fea-ture has depleted and the smaller order oligomers are diminished, replaced 

by a prominent hexamer population and an octamer beginning to emerge (Fig. 3.11 F).  

Interestingly, the collision cross sections of A315E oligomeric species start to deviate at the 

tetramer in a linear fashion away from WT and A315T, suggesting a conformational growth 

pattern different from the WT and A315T mechanism (Fig. 3.12).  

The non-cytotoxic G314V peptide did not develop higher order oligomers. At 15 minutes, 

the ATD contains monomer, dimer, and a small amount of trimer. (Fig. 3.11 G). After three 
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hours, the ATD looks very similar to the first ATD collected at 15 minutes (Fig. 3.11H).  

Further studies including incubations periods of 24 hours, 48 hours, and 1 week show little 

deviation from the original 15-minute distribution (Fig. 3.13). G314V is non- 

 

Figure 3.12. Experimental collision cross sections as a function of oligomer number (n) 

for WT, 315T, A315E and G314 peptides. Isotropic trend modeling spherical growth increases 

as n2/3 (grey solid line).3 Linear line models predicted linear fibril growth (black dashed line).  

 

 

Figure 3.13. G314V later time points. Further incubation demonstrates peptide G314V’s 

unique resistance towards developing higher order oligomers for (A) 24 hours, (B) 48 hours 
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and (C) 1 week. A distribution of monomer dimer and trimer was maintained throughout this 

experiment.  

axontoxic suggesting that the tetramer, hexamer, and octamer observed for the WT, A315T 

and A315E peptides are potentially toxic species. 

Injection energy (IE) studies were utilized to confirm that the peaks were properly 

assigned as oligomers. At low injection energy, large oligomers are preserved, and ATDs 

would show a relatively higher population of these species. As IE increases, these larger 

species dissociate into smaller order oligomers, demonstrated by a shift in the distribution 

from features observed at shorter arrival times to features at longer arrival times.43 For the 

A315T peptide, charge state [1]+1, we observe a strong population of octamer, hexamer, and 

tetramer at the lowest IE of 5 eV. (Fig. 3.14). As we increase IE to 20 eV, and later to 40 eV, 

we notice that the higher order oligomer structures dissociate into the dimer and monomer 

features, and eventually at 60 eV only remnants of the higher order oligomers and are left with 

a dominating monomer peak. Similar experiments were done for WT and the other mutant 

peptides with similar results.  
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Figure 3.14. Injection energy (IE) study demonstrates octamer is largest assembly for the 

single charged monomer charge state. Peptide A315T injection energy studies taken fifteen 

minutes after incubation demonstrates higher order oligomers dissociating into smaller 

oligomers as a function of increasing injection energy (panels descending).  
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In summary, the IM-MS data of each peptide were collected to assess the time dependence 

of oligomer assembly. The WT peptide demonstrated steady oligomerization towards the 

hexamer and octamer. Both ALS-related mutants grew rapidly towards the hexamer and 

octamer. While WT and A315T oligomers share similar collision cross sections (CCS), 

A315E deviates starting at the tetramer suggesting a transition to a different growth pattern 

(Fig. 3.13).44 Lastly, the non-toxic G314V mutant does not evolve past a trimer, suggesting 

that larger order oligomers, such as the hexamer and octamer observed in the other peptides, 

may correlate to neurotoxicity. Furthermore, the lack of higher order oligomers in G314V 

implies that G314 is critical for the formation of the higher order oligomers, and may also be 

an essential feature for formation of the cylindrin and corkscrew structures.15-17 

2. Secondary Structure Analysis 

CD is a popular technique used to monitor conformational change as a function of time.45 

The optical transitions of the chromophores on the amide backbone result in distinctive CD 

signatures for different secondary structures.46 Spectra of the WT, A315T, and A315E peptides 

in 10 mM ammonium acetate, pH 7.4, with 2% HFIP show a strong negative band centered 

around 202 nm, which is characteristic of random coils (Fig. 3.15 A). The WT and A315E CD 

spectra show the average of five scans (Fig. 3.15 A), with each scan lasting 1.5 minutes. All 

five scans were similar, indicating that these peptides did not undergo structural transition 

during the first 7.5 minutes of the experiment. A315T began to aggregate within minutes, 

however, demonstrating a rapid conversion from coils to β-sheets. Consequently, the A315T 

spectrum shown in Fig. 3.15 A is the average of only the first two scans, resulting in a noisier 

average spectrum. Due to insolubility of G314V in 10 mM ammonium acetate, pH 7.4, with 
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2% HFIP, the CD spectrum of this peptide was measured in 50:50 acetonitrile and 10 mM 

ammonium acetate, pH 7.4, with 1% formic acid (Fig. 3.15 A). G314V shows a strong 

negative band centered at 205 nm indicating significant amounts of unordered structure. The 

WT peptide was also analyzed in this solvent to serve as a control. The WT CD spectrum was 

similar across both solvent conditions confirming that the solvent did not significantly alter 

the structure (Fig. 3.16). The CD time course of A315T illustrates the rapid trans-formation 

from an unordered structure to β-sheet (Fig. 3.15 B).  β-sheets are typically characterized by 

the presence of a negative band centered around 216-218 nm and a positive band around 195 

nm.40 Significant structural changes began to occur three minutes after dissolving A315T in 

10 mM ammonium acetate, pH 7.4, with 2% HFIP. By 36 minutes, the CD spectra remained  
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Figure. 3.15 CD and ThT spectra of TDP-43307-319 peptides. (A) CD spectra of the WT 

(), A315T (), and A315E () peptides in 10 mM ammonium acetate, pH 7.4, with 2% 

HFIP. G314V () is in 50:50 acetonitrile: 10 mM ammonium acetate, pH 7.4, with 1% formic 

acid. For clarity, every fifth point is shown. (B) CD kinetic study of A315T incubated in 10 
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mM ammonium acetate pH 7.4, with 2% HFIP. A315T shows fast aggregation kinetics with 

the formation of β-sheet over a 36 minute incubation period. (C) Fibrillogenesis kinetics 

monitored by ThT fluorescence for WT (), A315T (), and A315E () in 10 mM 

ammonium acetate, pH 7.4, with 2% HFIP. Each curve is the mean of three experiments ± 

standard deviation. 

 

 

Figure 3.16 CD of WT in both conditions. CD spectra shows similar results across the two 

solvent systems, verifying that these conditions are not dramatically altering results across the 

different solvents.  



TDP-43307-319  Chapter III 

 57 

constant having developed the unique features of β-sheet structures. The WT and A315E 

peptides also showed a transformation from an unordered structure to β-sheet over time (Fig. 

3.17), but on a slower timescale. 

ThT fluorescence assay is also a common technique for examining the kinetic and 

structural characteristics of amyloid fibrils.47 ThT is a small dye that fluoresces when binding 

to β-sheet fibrils. The fluorescence signal is monitored over a time period, yielding dynamic 

structural information of amyloid assembly.42 The WT, A315T, and A315E peptides were 

dissolved in 10mM ammonium acetate, pH 7.4, with 2% HFIP to a final peptide concentration 

of 100 μM. G314V was dissolved at a concentration of 100 μM under the previously stated 

condition for this peptide and the WT peptide was also monitored under this same condition 

to serve as a control. All samples were monitored for ten hours with the fluorescence data 
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measured every 15 minutes for the first 30 minutes followed by a single measurement every 

30 minutes (Fig. 3.16 C).   

 

Figure 3.17. CD showing conversion from random coil to β-sheet (A) WT (B) A315E over 

a two hour time course). β-sheets are typically characterized by the presence of a negative 

band centered around 216-218 nm and a positive band around 195 nm. 

The ALS-related mutant A315T demonstrated no fibrillogenesis lag phase, exhibiting an 

immediate increase in ThT fluorescence. This result is consistent with the aggregation kinetics 

observed using CD (Fig. 3.15B). The WT peptide demonstrated a lag phase of 15 minutes and 

shows two phases. This sigmoidal trend may correlate to a structural rearrangement.48 The 

A315E mutant also showed a lag phase of 15 minutes. Both A315T and A315E show a slow 
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decline in fluorescence after reaching a maximum which may be attributed to the lateral 

association of fibrils causing a loss of ThT binding sites.49 These results demonstrate the ALS-

related mutants, A315T and A315E, and the WT peptide, readily form β-sheet amyloid fibrils.  

 

Figure 3.18. ThT Assay for WT and G314V in 50:50 acetonitrile and ammonium acetate 

buffer pH 7.4, 1% formic acid. No fluorescence is observed for the WT and G314V in these 

conditions, making these set of conditions unsuitable for ThT analysis. Longer time points on 

G314V (2 weeks and 1 month) also show negligible fluorescence.  

An increase in fluorescence was not observed for the G314V peptide after 24 hours of 

incubation with ThT in a 50:50 mixture of acetonitrile and 10 mM ammonium actate, pH 7.4, 

containing 1% formic acid. An increase in fluorescence was also not observed for WT under 

these conditions (Fig. 3.18). This was initially attributed to an increase in the fibrillogenesis 

lag phase due to the in-creased solubility of the peptide in the solvent containing acetonitrile, 

yet a longer time point on WT and G314V (2 weeks) also did not show an increase in ThT 
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fluorescence. Hence, no conclusive findings can be made for characterizing the secondary 

structure of G314V with ThT. 

CD and ThT experiments demonstrate that the WT, A315T, and A315E peptides adopt β-

sheet structure, and confirm the aggressive nature of the ALS-related A315T mutant to rapidly 

convert to amyloidogenic structures. 

3. Characteristic β-Sheet Amyloid Fibril Formation Probed by EM and FTIR 

Fibrils formed by TDP-43 peptides were imaged using electron microscopy (EM) and 

characterized by Fourier-transform infrared spectroscopy (FTIR). Fibril assays were prepared 

in 10 mM ammonium acetate, pH 7.4, with 2% HFIP to a final peptide concentration of 100 

μM and incubated for a week at 310K (i.e., same condition used for the WT, A315T and 

A315E peptides in all assays).  

 

Figure 3.19. FTIR spectra and EM images of TDP-43307-319 Fibrils. (A,B) WT and A315T 

peptides (respectively) show a peak centered at 1628 cm-1. (C) A315E shows a peak centered 

at 1633 cm-1, (D) G314V shows a peak at 1625 cm-1. (E-H) EM images of WT, A315T, A315E, 
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and G314V (respectively) fibrils at magnifications of 137200x. Scale bar in corner shows 50-

nm length.  

FTIR spectroscopy is often used to assess amyloid formation because the amide I region 

of amyloid fibrils shows a narrow, intense absorption between 1620 and 1635 cm-1. The largest 

and most rigid amyloid fibrils absorb near 1620 cm-1, while smaller and less rigid fibrils 

absorb near 1635 cm-1. FTIR studies on both WT and A315T fibrils show a dominant peak at 

1628 cm-1 (Fig. 3.19 A,B).45 Interestingly, the FTIR spectrum for A315E shows a dominant 

peak at 1633 cm-1 (Fig. 3.19 C), which suggests shorter and more disordered β-sheets.45 

The non-cytotoxic G314V peptide grew thin fibrils in 50:50 acetonitrile and 10 mM 

ammonium acetate, pH 7.4, with 1% formic acid (Fig. 3.19H). The samples were incubated at 

310K for one week prior to EM imaging. FTIR confirmed the presence of β-sheet fibrils, with 

an intense amide I peak at 1625 cm-1 (Fig. 3.19 D). As mentioned previously, these fibrils do 

not bind to thioflavin T, something that was unexpected given that fibrils formed by the WT 

and ALS-mutant peptides bind thioflavin T (Fig. 3.15A).  Fibril formation was expected, 

however, considering valine is a hydrophobic residue and has a strong presence in β-sheet 

fibril formation. The fact this non-toxic peptide forms fibrils is consistent with the fact soluble 

oligomers and not fibrils are responsible for neuronal death in ALS .50-51  

This study confirmed the formation of fibrils for the WT, A315T, A315E and G314V 

which was bolstered by FTIR results that demonstrated similar β-sheet rigidity for WT and 

A315T, different from the β-sheet character for A315E. These findings are consistent with the 

CD data as well as IM-MS cross section measurement (Fig. 3.12). 
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4. TDP-43 Hexamers Adopting Cylindrin-like Structure 

As mentioned above, since valine has a high β-sheet propensity, the G314V mutation is 

less likely to suppress β-sheet formation, which is partially supported by our FTIR result. 

However, this mutation both prevents the formation of oligomers larger than a trimer (Fig. 

3.12) and yields a non-toxic peptide. The WT, A315T and A315E mutant peptides form higher 

order oligomers and are cytotoxic suggesting that large oligomers (e.g., hexamers and 

octamers but not trimers) are potentially cytotoxic. A structural hint was provided from a 

previous study by the Eisenberg group who resolved the X-ray crystal structure of a cytotoxic 

peptide hexamer (PDB 3SGO) in which each peptide chain is an 11-residue fragment of αB-

Crystallin protein (K11V; KVKVLGDVIEV).16 Because of its cylindrical shape, the oligomer 

is termed a cylindrin. The cylindrin is composed of six β-sheet peptides assembled in an anti-

parallel off-register closed β-barrel.16 This structural discovery provides insight into a possible 

mechanism of action of toxic oligomers and may have implications for other amyloid 

diseases.15, 17 

A crucial aspect for the assembly of the cylindrin structure is adequate internal packing 

space achieved by a central glycine. TDP-43307-319 possesses a glycine at a favorable position, 

thus making it a candidate to adopt this amyloid related structure. Since K11V is composed 

of 11 residues and TDP-43307-319 contains 13 residues, there might be multiple ways to thread 

the TDP-43307-319 sequence onto the backbone atoms of the K11V crystal structure. Since the 

glycine residue in the middle of the K11V peptide is crucial, it would be most advantageous 

to align TDP-43307-319 to match the glycine position in K11V (Fig. 3.20 A). Shifting the 

sequence up, would place the phenylalanine (F313) inside the cylindrin cavity, resulting in an 
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unsuccessful threading of TDP-43307-319 fragment to the K11V cylindrin model (Fig. 3.21). 

Therefore, the only way that threading would work is to have the G314 of TDP-43307-319 (or 

in the case of G314V, to have V314) take the place of G6 of K11V (Fig. 3.20 B). The 

sidechains of the K11V crystal structure were manually removed, and the residue names were 

changed to match those of TDP-43307-319. New sidechains were built automatically with the 

SwissPDB Viewer program.52 M307, G308 and the amidated C-termini were added to each 

chain by the tleap module available from the Amber 12 package.53 The resulting cylindrins 

were subjected to 80 ns of MD in explicit solvent and a short minimization in the gas phase. 

From IM-MS, experimental collision cross sections (CCS) for each observed hexamer feature 

can be calculated and compared to cross sections theoretically derived from model structures 

obtained through molecular dynamics (MD).  We computed the theoretical collision cross 

sections of these model structures using the trajectory method (TJ) available from the Mobcal 

package54-55 and the projection superposition approximation (PSA) method.56-57 The resulting 

CCS from both TJ  and PSA were compared to the experiment (Table 3.2).  
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Figure 3.20. Primary sequences of αB Crystalline K11V Cylindrin (PDB 3SGO) TDP-

43307-319 and three mutants A315T, A315E and G314V. (A) Possible threading options to 

generate a cylindrin model of TDP-43 fragments. (B) Sequence alignment of the four 

TDP-43 fragments to K11V and SOD1 fragments.  Green boxes show successful 

alignment of the internal glycine. The red boxes highlight residues that would either 

induce a steric clash if the peptides adopted a cylindrin structure or not have the same 

hydrophobicity as the residue they replace. ALS-mutants are shown in red letter and 

G314V mutant is shown in purple. (C) 3D structures of the hexamers after 80-ns MD 

simulations.  

 

Figure 3.21. Unsuccessful threading to TDP-43 fragments to K11V cylindrin model 

when phenylalanine was taking the position of the glycine in K11V. 

 

Table 3.2 The theoretical cylindrin cross sections structure for WT and A315T are 

roughly 10% greater than the experimental values, whereas the A315E peptide has good 

agreement with the theoretical cylindrin structure. Experimental values were calculated 
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from ATDs. The theoretical cross sections were calculated averaging the trajectory (TJ) 

and projection superposition approximation (PSA). 

The 3D-structures of the peptide hexamers are shown in Fig. 3.25. V314 residues create 

multiple steric clashes that prevent cylindrin formation for G314V peptide. The other three 

peptides maintain stable cylindrin-like structures over the entire trajectories. The WT and 

A315T cylindrins are similar in shape, but A315T is better at preserving the β-sheet content 

in each chain. The angle formed between the cylindrin axis and the peptide chain is about 30o. 

On the other hand, A315E adopts a wider cylindrin structure where the same angle is much 

larger; 60o. Thus, the overall height of A315E cylindrin is shorter than that of the WT or 

A315T mutant. These observations of stable cylindrin structures are consistent with the 

suggestion that the toxicity of TDP-43307-319 may well be mediated by a cylindrin-compatible 

structure. 

D. Conclusions 

Soluble oligomers have gained notoriety as the promi-nent toxic species known to 

propagate amyloid diseases.24-25, 58-59 Identifying which oligomeric species possess cytotoxic 

properties and understanding how these oligomers assemble, is crucial for both understanding 

disease progression and for the development of effective therapeutic agents. However, 

probing these transient oligomers is not trivial and requires a meticulous combination of 

several methods. IM-MS is a successfully proven method in elucidating oligomer 

development and peptide conformations.15, 21, 31-32, 43-44 By combining IM-MS with secondary 

structure analysis, imaging techniques and modeling methods, a comprehensive and consistent 

picture of peptide assembly can be obtained.  



TDP-43307-319  Chapter III 

 66 

This study examined the amyloidogenic core of TDP-43, an ALS-related protein. Peptides 

chosen were based on extensive research of two ALS-related mutants, A315T and A315E, as 

well as a non-axontoxic mutant, G314V which may have implications for possible cytotoxic 

structures. IM-MS was utilized to obtain collision cross sections and to investigate the 

oligomerization mechanism. IM-MS data revealed a distribution of oligomers ranging from 

the monomer to octamer for the WT, A315T and A315E pep-tides. Non-axontoxic peptide 

G314V, only produced monomer, dimer and trimer oligomers, suggesting that the tetramer, 

hexamer and octamer forms may be the toxic agents. Again, the two ALS-related mutants, 

most notably A315T, demonstrated accelerated growth toward the hexamer and octamer, 

consistent with a short lag-phase observed from ThT and CD. Interestingly, the onset of 

fluorescence correlates in time to the appearance of the hexamer species observed by IM-MS, 

suggesting a possible structural transitioning β-sheet species. 

Secondary structure analysis was executed to characterize the conformation of the TDP-

43307-319 peptides. ThT studies were first employed to verify the adaptation of β-sheet 

conformation, a fundamental feature of amyloid systems. It was found that the WT, A315T 

and A315E readily adopt β-sheet conformation. CD provided further information revealing 

that all three of these peptides transition from disorder to β-sheet over time. 

FTIR and EM were implemented to image and characterize the fibrils produced by the 

peptides. WT and A315T shared similar fibril structure with organized unidirectional fibrils, 

which correspond well with the FTIR peak of 1628 cm-1, known to be associated with rigid 

and large structures. A315E demonstrated different fibril morphology in EM images with less 

organized structures. The result is consistent with the FTIR peak at 1633 cm-1, known to 
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correspond to more disordered structures. G314V grew thinner fibrils, and FTIR confirmed 

that they were β-sheet conformation. Fibrils, however, are not indicative of a cytotoxic 

species, and have been hypothesized to be an escape mechanism to protect the body from the 

toxic oligomers.17 

Identifying a common structure between different amyloid diseases has been an area of 

increasing interest. Studies have shown toxic segments of amyloid beta to adopt a cylindrin 

structure.15-17 MD simulations of cylindrin models resulted in a distinct structure of A315E 

that is different from those of the WT and the A315T mutant and that A315T is better than 

WT at maintaining cylindrin stability. G314V, as expected, creates steric clashes that prevents 

cylindrin formation. 

Ultimately, the work done here demonstrates that the WT and the toxic A315T and A315E 

ALS-mutants adopt β-sheet conformations, which are associated with the devel-opment of 

cylindrin hexameric species, and β-barrel octomeric species, suggesting these motifs may 

indeed be the toxic agent for these peptides. Although the closely related corkscrew structure 

recently observed for a cytotoxic SOD1 fragment may also be involved. 17,60 This finding has 

given further evidence that peptides associated with amyloid diseases form toxic oligomers 

that may have critical structural implications not only for the pathology of ALS but possibly 

for other amyloidogenic diseases as well. 
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IV. Oligomeric Investigation of ALS-related SOD1(28-38) 

Superoxide dismutase 1 (SOD1) aggregates are a pathological feature for the inherited 

form of ALS. Over 170 mutations in SOD1 are linked to familial ALS (fALS). This chapter 

will focus on characterizing the oligomerization and pathogenic mechanism for the most 

highly conserved region, SOD128-38. We will explore a cylindrin-like structure, the corkscrew, 

obtained from x-ray crystallography, and determine its compatibility to our experimental IM-

MS and theoretical MD results.  

A. Introduction 

SOD1 was the first protein to be associated with amyotrophic lateral sclerosis (ALS). 

Mutations in the SOD1 gene encoding Cu, Zn superoxide dismutase-1 was first reported in 

1993.1 Due to the common occurrence of SOD1 mutations, found in 20-25% of fALS cases, 

SOD1 has been extensively scrutinized in the ALS field and is a primary therapeutic target 

for ALS.2  

SOD1 exists as a homodimer and functions as an enzyme that binds to molecules of copper 

and zinc to breakdown toxic charged oxygen radicals, essentially converting reactive oxygen 

into harmless water.3 Since its discovery more than 170 different mutations on this 153 residue 

long protein have been linked to fALS (Fig 4.1).1 Interestingly, several of these SOD1 

mutations cause nominal change to the protein’s function suggesting  that the mode of toxicity 

comes from a gain of toxic function rather than a loss or original function.4-6  Considering 

this, the focus of our work has revolved around the most highly conserved area, segment 28-

38, the common denominator across the majority of ALS mutations. 
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Figure 4.1 Primary structure for SOD1. ALS-mutations are shown above the sequence. 

Fragment 28-38 is boxed in red and enlarged to the side. ALS mutations are shown above 

the fragment and the internal glycine at position 33 is colored in green. 

A recent study on SOD128-38 demonstrated its ability to adopt a corkscrew structure7, a 

structure similar to the cylindrin as previously described in Chapter III. Work by Sangwan 

and co-workers showed how under misfolding conditions the SOD128-38 segment becomes 

exposed. This local misfolding is a result of the dissociation from dimer to monomer along 

with metal depletion. Studies have demonstrated that the metal-depleted monomer form of 

SOD1 is prevalent in ALS patients 8-9 and that this form is an intermediate species in the 

transition from the native functional SOD1 dimer to the pathological aggregates.10  

Having discussed in Chapter III how the cylindrin structure is facilitated by packing of 

internal glycines, we note that there is a gylcine in a favorable position for SOD128-38 (Fig 
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4.1). Studies on “corkscrew destabilizing” mutant G33W were conducted to evaluate if 

corkscrew assembly is necessary for toxicity. Cell viability studies on motor neurons with two 

SOD128-38 peptides, wild type (WT) and G33W, demonstrate that the WT peptide is toxic 

while the “corkscrew destabilizing” mutant G33W preserves cell viability.7  

 

Figure 4.2 X-ray crystal structures of octamer species for A. P28K in pink (PDB: 

5DLI)7 and B. G37R in red (PDB: 5WOR).11   

Crystal structures for SOD1 peptides P28K (PDB: 5DLI) (mutation necessary to 

facilitate crystallization)7 and ALS-related mutant G37R (PDB: 5WOR) (Fig 4.2)11 

demonstrate the assembly of an antiparallel out of register β-barrel, similar to the cylindrin 

structure. However, unlike the cylindrin which is a closed β-barrel, this newly resolved 

structure doesn’t close and can extend indefinitely, making one complete turn every 16 

strands. Due to this unique configuration it was differentiated from the cylindrin as a 

corkscrew. This paper proves detailed information on potential cytotoxic structures, however 

it doesn’t yield any mechanistic information on how these structures assemble, nor on the true 

WT system, since a mutation had to be adopted for solubility purposes (P28K). Additionally, 
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no structures were acquired for the corkscrew destabilizing mutant, G33W.  

Utilizing IM-MS we probe this system to understand the assembly mechanism behind 

the formation of these structures and how the corkscrew-destabilizing mutation differs in its 

oligomerization from the toxic peptides. First, we want to address ifappropriate P28K was and 

appropriate model for the WT in terms of its oligomerization pathway. Mutation P28K was 

necessary in the x-ray work to facilitate crystallization. The authors’ justification for this 

mutation being a suitable model for the WT, was that since this mutation is on the N-terminus 

of the fragment, it does not play a critical role in the formation of the corkscrew structure. 

However adding a charged residue in place of the native proline amino acid can potentially 

have severe implications conformationally on the fragment as a whole as well as its self-

assembly process.12,13 Here we intend to address this concern. We also set out to characterize 

the ALS-related mutant G37R and observe how its aggregation mechanism may be faster or 

different compared to the WT and to compare our experimental result to the previously 

described crystal structure for this mutant (PDB: 5WOR). Lastly, the corkscrew-destabilizing 

mutant, G33W, was examined to understand what structures or assemblies it may be 

preventing that are associated with toxicity. As part of our study we utilized molecular 

dynamics (MD) to investigate the various strcture and compare them to crystal structures and 

our experimental IM-MS findings. 

B. Material and Methods 

1. Peptide Synthesis and Preparation 

All peptides were custom ordered from GenScript (New Jersey, USA). Aliquots of 

peptides were prepared in HFIP to break apart pre-formed aggregates, which was then 
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evaporated off. Aliquots were then dissolved with 10mM ammonium acetate pH 7.4 to 

achieve a 100 µM peptide solution. IM-MS data collected immediately after peptide solvation, 

and a second experimental time point was collected after 1 week in solution at room 

temperature. Time points in-between 0 and 1 week did not show significant change in initial 

distribution.  

2. Thioflavin T Binding 

Thioflavin T stock solutions were prepared using the method described by Khurana et al.14 

SOD1 peptide aliquots were diluted to 100 μM with a 100 μM thioflavin T solution in 10 mM 

ammonium acetate, pH 7.4. The resulting solution contained 100 μM peptide and 98 μM 

thioflavin T in 10 mM ammonium acetate, pH 7.4. 

The fluorescence was measured (λex = 446 nm, λem = 460-540 nm) on a 

ThermoSpectronic Aminco Bowman Series 2 Luminescence Spectrometer with excitation and 

emission bandwidths set to 2 nm and a photomultiplier voltage of 600. The sample was 

pipetted gently at the beginning of the experiment. The fluorescence intensity at 490 nm was 

used to monitor the increase in thioflavin T fluorescence with the formation of β-sheet amyloid 

fibrils. The buffer background at 490 nm was subtracted from all data points. A standard 

consisting of a 100 μM thioflavin T solution in dimethylformamide was run prior to each 

experiment and the fluorescence intensity at 490 nm was used to normalize the data.15 

3. Far-UV Circular Dichroism 

CD data were collected on a Jasco J-810 CD spectrometer. The SOD1 peptide aliquots 

were diluted to a concentration of 100 μM with 10 mM ammonium acetate, pH 7.4. The CD 

measurements were collected at 0.5 nm intervals from 260 to 190 nm with a 4 s response time 
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and a 1 nm bandwidth. All spectra were collected in a 1 mm quartz cuvette at 295K. Five 

scans were collected and the data were averaged. A buffer baseline was subtracted from the 

averaged data, and the curves were baseline corrected.  

4. Molecular Dynamics 

MD simulations were performed using the GROMACS 4.6.5 package,16-17 the OPLS-AA 

force field18-19 and the TIP4P water model.20 The simulations began as an out-of-register 

(triclinic) antiparallel SOD128-38 peptides β-sheet (octamer) and were solvated in a water box 

of roughly 26,500 water molecules. Added 16 negatively charged Cl- ions per system to 

neutralize the charge. During the simulations, covalent bonds in the water molecules were 

held constant using the SETTLE algorithm.21 Intra-peptide bonds involving hydrogen atoms 

were constrained according to LINCS protocol22 allowing a 2fs simulation time step. Non-

bonded Lennard-Jones interactions had a 12 Å cut-off. Neighbor lists for the non-bonded 

interactions were updated every 10 simulation steps. Electrostatic interactions were included 

using the particle mesh Ewald approach. Temperature was controlled by the Nose Hoover 

algorithm23 with a 0.1ps time constant. Simulations were run for 200 ns for the WT, G37R 

and G33W peptides. 

C. Results and Discussions 

1. Self-assembly of SOD128-38 Peptides and Exploring Corkscrew Compatibility 

This project utilized the home-built higher resolution ion mobility mass 

spectrometer24 that consists of an n-ESI source, an ion funnel, a 200 cm-long drift cell, and a 

quadrupole mass filter. The long drift cell allows for improved separation of conformers as 

well as oligomers of different sizes. This results in incredibly well resolved and detailed 
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ATDs. Oligomeric assembly was examined for our system of SOD1 peptides; WT, P28K, 

G37R and G33W (Table 4.1). Samples were prepared to a final peptide concentration of 100 

μM in 10 mM ammonium acetate, pH 7.4 and were characterized initially upon preparation 

and then after one week of incubating at room temperature under quiescent conditions.  

 

Table 4.1 Primary structure for WT, P28K, G37R and G33W peptides. Mutations 

are colored in purple, red and blue, for P28K, G37R and G33W, respectively. 

Mass spectra between all peptides look very similar (Fig 4.3). Dominant peaks include 

charge states [n]+z = [1]+2 and [1]+3. The arrival time distributions (ATDs) for the [1]+2 and 

[1]+3 charge have a single narrow peak at all time points for all peptides and contain no 

interesting mechanistic information (Fig 4.4). 

Looking at the ATDs for the [1]+1 charge state we observe qualatative agreement between 

the WT and P28K mutant (Fig 4.5). Both peptides have a considerable amount of hexamer. 

Interestingly the WT has much more trimer relative to tetramer, which is opposite of the P28K 

ATD, which may suggest a different assembly process. Calculated collision cross sections 

(CCS) are in excellent agreement between the two systems, within ±2%, especially 

considering the experimental error for CCS falls within ±3%. Furthermore, IM-MS CCS for 

both WT and P28K show exceptional agreement to the crystal structure for P28K (Fig 4.6). 
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Figure 4.3 Mass spectra for all peptides A. WT B. P28K C. G37R D. G33W show 

dominate peaks corresponding to [1]+3 and [1]+2 with a minor peaks at [1]+1 and [2]+5.   
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Figure 4.4 ATDs for charge state [1]+2 A. ,C. ,E. ,G.  for WT, P28K, G37R and G33W 

and [1]+3 B., D., F., H. for WT, P28K, G37R and G33W all show a single conformation. 

Experimental CCS given above peak. 



SOD1(28-38)  Chapter IV 

 83 

    

Figure 4.5 ATDs for A. WT and B. P28K for charge state [1]+1 show similar 

distribution. C. Oligomers for corkscrew crystal structure P28K (PDB:5DLI).6 
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Figure 4.6 A. Calculated CCS for corkscrew structure (PDB:5DLI)11 and 

experimental IM-MS for WT and P28K. B. CCS plotted against oligomer number show 

good agreement between crystal structure and IM-MS CCS for both WT and P28K. 

Yellow line shows isotropic growh (n2/3). We see a linear deviation from this line 

suggesting beta sheet structures.25 

MD structures are shown Figure 4.7. Cross section fo these structures were obtained using 

PSA26-27 for experimental IM-MS results. For WT, G37R and G33W peptides we observe 

good agreement between IM-MS, MD, and crystal structure (when applicable). 
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Figure 4.7 MD structures for A. WT B. G37R and C. G33W for the monomer, trimer, 

hexamer and octamer oligomers. We notice WT and G37R fold into the corkscrew 

structure, unlike the C. G33W mutant, which maintains a flat open β-sheet. 

Examining the ATD for the [1]+1 charge state we notice a slow evolution towards higher 

order oligomers. (Fig 4.8 A, B). Initially, upon first preparing the sample, we see some 

monomer, a dominant trimer peak, along with hexamer and octamer species. After a week of 

incubation we notice a complete loss in monomer and severe depletion in the trimer species 

and growth in the hexamer and octamer species. CCS obtained from IM-MS and calculated 

from the MD structures, were compared to the CCS corkscrew crystal structures of P28K (Fig 
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4.9 C, D). 

 

Figure 4.8 ATD of [1]+1 charge state for WT peptide at A.  t = 0 and B. t = 1 week. Crystal 

structures shown in pink. C. CCS from IM-MS, MD and crystal structure P28K show 

reasonable agreement between the three different methods. D. Plot of IM-MS, MD, and 

5DLI CCS vs. oligomer number. 
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The same type of experiment and analysis was performed for the other two mutants, ALS-

related mutant G37R and corkscrew destabilizing mutant G33W. For G37R we initially 

observe a dominate population of hexamer species, with no lower order oligomer present. 

Interestingly, we begin to see the development of higher order oligomers not previously 

observed for the WT, the dodecamer and 16-mer oligomers (Fig 4.9 A).  After one week of 

incubating at room temperature we see a shift in population from the hexamer to the now 

dominating dodecamer species, with a slight increase in the 16-mer population (Fig 4.9 B).  

We observe good agreement (within ±3%) between the IM-MS and MD CCS and excellent 

agreement between the IM-MS and crystal structure (PDB 5WOR) (Fig 4.9 C, D). 

The corkscrew-destabilizing mutant G33W did not have a crystal structure previously 

resolved. Our analysis here will focus on our IM-MS and MD results. G33W ATD for charge 

state [1]+1 was only collected once and wasn’t able to be re-produced. This charge state was 

difficult to get sufficient signal and was not able to be observed beyond a single study, unlike 

the other peptides which were collected in triplicate and ATDs were reproducible across 

multiple trials. We observe an initial high degree of aggregation for the G33W peptide (Fig 

4.10 A) as seen by the large population of trimer, hexamer and dodecamer present at t=0. 

After one week we notice the distribution has shifted back to favor the trimer (Fig 4.10 B). 

MD structures illustrate an opened, flat β-sheet structure and CCS between IM-MS and MD 

show decent agreement (within ±5%)  (Fig 4.10 C,D). 
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Figure 4.9 [1]+1 charge state for G37R peptide at A.,B.  t = 0 and (B) t = 1 week. 

Crystal structure shown in red illustrating hexamer and dodecamer conformations C. 

Calculated CCS from IM-MS, MD and crystal structure P28K show agreeable values 

between all three different methods. D. Plot of IM-MS, MD, and 5WOR CCS vs. 

oligomer number. 
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Figure 4.10  [1]+1 charge state for G33W peptide at A.  t = 0 and B. t = 1 week. MD 

structures for G33W are shown in purple next to their corresponding peak. C. 

Calculated CCS from IM-MS and MD show agreeable values between these two 

methods. D. Plot of IM-MS and MD CCS vs. oligomer number. 

Results obtained from this study illustrate P28K was a suitable model system for the WT, 

supported by the similar degree of oligomerization and matching CCS. Furthermore, the 

crystal structure, 5DLI, matched very well to the IM-MS and MD results. ALS-related mutant 

G37R demonstrated accelerated growth towards higher order oligomers. After a week 

incubating there was an observable shift towards these higher order species. CCS between 
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IM-MS, MD and crystal structure were consistent across all methods. Non-toxic mutant 

G33W, also assembled higher order oligomers, however after a week in solution we noticed 

a shift towards small order oligomers. CCS agree well with the MD structures that correspond 

to a flat β-sheet structure, different from the corkscrew structures determined for the WT and 

G37R.  

The dimer charge state, [2]+5, also demonstrated development of oligomers  along with a 

conformational change that was unique to the WT and G37R peptides. G33W didn’t 

experience this transition and this result may have implications in structural rearrangements 

necessary for the adoption into toxic assemblies. 

The [2]+5 ATD for the WT peptide initially shows a dominant population of extended 

features (Fig 4.12 A). After a week of incubating in solution we see a development in the 

population of compact, earlier-arriving features (Fig 4.11 B). Experimental calculated CCS 

for both the extended and compact features were then compared to previously discussed MD 

and crystal structure CCS (Fig 4.11 C). We see good agreement (within ±2%) between 

compact features from IM-MS to the MD and P28K crystal structure (Fig 4.11 D). 

G37R demonstrated a rapid initial development towards these compact features (Fig 4.12 

A). After incubating for a week, we notice increased development towards these compact 

structures (Fig 4.12 B).  Comparing experimental CCS of the extended and compact features, 

we notice excellent agreement of the compact structures to the MD (within ±2%) and decent 

agreement crystal structure (within ±8%)  (Fig 4.12 C,D).  

G33W maintained a steady distribution among the extended conformations at all times 

(Fig 4.13 A,B). No conformational transition was observed for this peptide and the 
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experimental calculated CCS for these features do not match those of the previously resolved 

MD structures. (Fig 4.13 C,D).  

Evidence supports a conformational transition from extended to compact features that are 

corkscrew compatible for the WT and G37R peptides.G33W maintains a steady distribution 

among the extended hexamer and octamer with no conformational development over time. 

This result suggests that the transition to corkscrew assembly is related to toxicity. 
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Figure 4.11 [2]+5 charge state ATDs for WT peptide shows a conversion from A. 

extended features (blue) to compact structures B. after a week (red). C., D. Furthermore 

the CCS for these compact structures agree well with CCS from MD and the crystal 

structure  of P28K (5DLI). 
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Figure 4.12 [2]+5 charge state ATDs for G37R peptide shows a rapid conversion from 

A. extended features to B. compact structures after a week. C., D. Furthermore the CCS 

for these compact structures agree well with MD and crystal structure (5WOR). 
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Figure 4.13 [2]+5 charge state ATDs for G33W peptide shows a steady distribution of 

A., B. extended features and no conversion or development to other features. C., D. 

calculated CCS for this extended structure is greater than the MD structure resolved 

previously for this peptide (Fig 4.10). 
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2. Evaluation of a Small Molecule on Remodeling Distribution 

Having recognized a difference in the assembly between the toxic and non-toxic peptides 

utilizing IM-MS we endeavored to work on evaluating the effect of a potential therapeutic 

molecule on its disease-related assembly. 

Previous x-ray crystallography studies on a segment from Aβ, KLVFFA, with a synthetic 

azo dye used in histological staining, orange-G, with known affects on the formation of Aβ 

fibers (Fig. 4.14 A), shows how orange-G can intercalate itself between the paired β-sheets of 

the steric zipper, leading to its partial opening (Fig. 4.14 B.-C.). 28 Orange-G is stabilized 

within the β-sheets from packing of orange-G’s aromatic rings against the apolar partially 

aromatic spine of KLVFFA.27 Additionally, the salt-links between the negatively charged 

sulfonic acid groups of the orange-G to the positively charged lysine side chains from 

KLVFFA aid in further stabilization. 

 

Figure 4.14 A. Structure of Orange G. B. Shows KLVFFA steric zipper resolved by 

x-ray crstallagrphy28 C. Demonstrates how orange-G can wedged itself between the β-

sheets of KLVFFA. 28 



SOD1(28-38)  Chapter IV 

 96 

SOD1 peptides are good candidates to be susceptible to the same mechanism as KLVFFA 

by orange-G. The sequence for the WT and ALS-related mutant G37R both contain an 

aromatic tryptophan along with two positively charge lysines and an additional positively 

charged arginine on the G37R mutant. 

Initial experiments were conducted at a 1 to 1 molar ratio of peptide to molecule, but no 

signal was obtained. Additional concentration studies investigated 10:1 and 100:1 peptide to 

molecule did not work either. Finally, a relative concentration of 1000:1 of peptide to 

molecule provided adequate signal and data could be collected monitoring the effect of 

orange-G on SOD128-38 conformational development. Additional the [1]+1 peak was no longer 

attainable and the subsequent focus shifted to the effects of the [2]+5 charge state. 

Two types of experiments were conducted: 1. A co-aggregation study: where upon freshly 

preparing a peptide sample, a 1000:1 molar ratio of peptide : orange-G was immediately added 

to the sample and IM-MS ATDs were collected and 2. A recovery study: where pure peptides 

were incubated for a week in room temperature, characterized alone after that week, and then 

a 1000:1 molar ratio of peptide: orange-G was added to the sample. Effects on oligomerization 

was monitored 15 minutes, 1 hour and 1 week after adding the orange-G. 

Co-aggregation studies on the WT with orange-G showed this molecule to be effective in 

preventing the formation of compact features. ATD at t = 0 for the WT alone shows a small 

degree of compact features already assembled (Fig 4.11 A). When orange-G is added to this 

sample we immediately observe the complete disappearance of the compact features and a 

shift back towards the extended conformers (Fig 4.15 A). This new distribution resembles that 

of the non-toxic corkscrew destabilizing mutant G33W (Fig 4.13 A, B). After an hour we see 
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that the distribution is maintained among these features (Fig 4.15 B). After a week since 

adding this single treatment of orange-G we observe a distribution of mostly extended features 

with a small population in compact features (Fig 4.15 C). Comparing this distribution to the 

typical development of the WT alone (Fig 4.11 B) we notice how successful orange-G is at 

destabilizing compact features and maintaining a distribution among the extended conformers. 

The recovery experiment on the aggregated WT peptide demonstrated similar findings. 

Starting with a distribution after one week of incubation (Fig 4.11 B) we have a considerable 

population of compact features. Upon adding orange-G we see an immediate dissociation of 

those compact features and a distribution that is mostly among the extended dimer feature. 

(Fig 4.15 D). By one hour we observe little change (Fig 4.15 E).  Up to one week after adding 

the orange-G we still observe the bulk of the population among the extended conformers (Fig 

4.15 F). This work demonstrates that orange-G is successful in maintaining a distribution 

among WT extended features while also being able to eliminate its compact features.  

Identical studies were conducted with the ALS-related G37R mutant with orange-G. We 

observe the initial distribution of G37R to be primarily compact features. (Fig 4.12 A). 

Orange-G is added to this sample and the initial result shows no more compact features just 

15 minutes after its addition (Fig 4.15 G). At one hour after the orange-G addition we notice 

some compact features re-emerging (Fig 4.15 H), but the following week we see how 

successful orange-G is at remodeling the distribution mostly among the extended features (Fig 

4.15 I). Additionally, comparing this distribution to the incubated sample of G37R for one 

week (Fig 4.12 B) we notice how robust orange-G is at preventing the assembly of the compact 

features. The recovery experiment with G37R also generated promising results. Here we start 
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with a sample left to incubate for a week with a distribution mostly comprised of compact 

features (Fig 4.12 B). Fifteen minutes after adding this molecule we see depletion of the 

compact features (Fig 4.15 J). After an hour the compact features are almost completely gone 

(Fig 4.15 K) and by a week we see that distribution is maintained among the extended features 

(Fig 4.15 L).  

Treatment of orange-G to the toxic WT and G37R peptides demonstrates to be effective 

in preventing the formation of compact corkscrew features and powerful enough to dissociate 

these species. IM-MS provides a powerful platform to evaluate potential therapeutic agents 

and their effects on oligomerization and conformational changes associated with transitions 

to toxic species. 
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Figure 4.15 A.-C. Co-aggregation study on WT with orange-G demonstrates to be 

successful on disassembling compact features associated with the corkscrew structure. 

A. and B. We observe an initial depletion of the compact structures at 15 minutes and 1 
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hour. C. By 1 week the ATD is dominated by extended structures. D.-F. Recovery 

experiment with orange-G on incubated WT shows ability to redistribute population 

among extended features. D  and E. Early time points show an initial depletion of the 

compact structures at 15 minutes and 1 hour after adding orange-G. F. By 1 week the 

ATD is dominated by extended structures. G.-I. Co-aggregation study on G37R with 

orange-G demonstrate to be successful on disassembling compact features associated 

with the corkscrew structure. G. and H. We observe an initial depletion of the compact 

structures at 15 minutes and 1 hour. I. By 1 week the ATD is dominated by extended 

structures. J.-L. Recovery experiment with orange-G on incubated G37R shows ability 

to redistribute population among extended features. J. and K. Early time points show 

an initial depletion of the compact structures at 15 minutes and 1 hour after adding 

orange-G. By L. 1 week the ATD is dominated by extended structures.  

 

3. Secondary Structure Analysis 

Secondary structure analysis was conducted to examine if the bulk solution underwent a 

conformational change. Circular Dichroism (CD) was conducted under the same conditions 

as IM-MS experiments with the exception that incubation studies were extended up to 3 

weeks.  Results show no conformation change and reveal a consistent signature that 

corresponds to random coil (Fig 4. 16).  
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Figure 4.16 Circular Dichroism for A. WT B. G37R and C. G33W from t= 0 week to 

t= 3 weeks shows no conformation change. Suggesting the bulk samples is not 

undergoing any significant conformational changes. 
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Amyloid formation typically corresponds to the adoption of β-sheet secondary structure. 

Thioflavin T Assays were also performed, to evaluate if there is transition to this characteristic 

amyloid feature. Samples were incubated in a water bath at 37°C for 2 weeks. No fluorescence 

was observed, suggesting the bulk sample likely does not exhibit beta-sheet conformation (Fig 

4. 17). 

 

Figure 4.17 Thioflavin T taken after SOD1 peptide samples were incubated for 2 

weeks in 37° C water bath. Presence of beta-sheet typically shows fluorescence around 

470nm, no sign of fluorescence over 450-540nm range.  
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D. Conclusions 

Here we investigated SOD1 peptides to gain mechanistic insight to oligomers and 

elucidate structures associated with toxicity. From this work, we can conclude that the 

corkscrew structure is associated with the WT and G37R due to their respective oligomeric 

development and very good agreement found between their CCS from IM-MS, MD and 

crystal structures for the SOD1 peptides. We demonstrated that mutant P28K was a suitable 

mutation to elucidate the structure of the WT peptide due to matching CCS and aimilar 

oligomerization. Interestingly our data also revealed a conformational change from extended 

to compact features that correlate to the CCS of the corkscrew structures for P28K and G37R. 

This transition was only observed for the toxic WT and G37R peptides. Non-toxic and 

corkscrew destabilizing mutant G33W never demonstrated such conversion. Having 

characterized this system and elucidated structures associates with toxicity, work toward 

evaluating a molecule orange-G was conducted to test what properties in a molecules are 

capable of disrupting toxic structures. IM-MS experiments with orange-G demonstrated this 

molecule was effective at preventing and dissociating the formation of its compact features. 

Secondary structure analysis shows the bulk solution is very slow to aggregate and no 

significant changes were observed for 3 weeks. Ultimately this work demonstrates that the x-

ray crystal corkscrew structures agree very well with our experimental results for the WT and 

G37R. Confirming that this cylindrin-like structure, the corkscrew, is associated with toxicity 

and may be involved in the proliferation of ALS. As oppose to the non-toxic G33W mutant, 

which through MD and our IM-MS findings, does not adopt the toxic structure. 

 



SOD1(28-38)  Chapter IV 

 104 

E. References 

 
1. Rosen, D. R.; Siddique, T.; Patterson, D.; Figlewicz, D. A.; Sapp, P.; Hentati, A.;  

Donaldson, D.; Goto, J.; O'Regan, J. P. ; Deng, H.-X.; Rahmani, Z.; Krizus, A.; 
McKenna-Yasek, D.; Cayabyab, A.; Gaston, S. M.; Berger, S.; Tanzi, R. E.; Halperin, 
J. J.; Herzfeldt, B.; Van den Bergh, R.; Hung, W.-T.; Bird, T.; Deng, G.; Mulder, D. 
W.; Smyth, C.; Laing, N. G.; Soriano, E.; Pericak–Vance, M. A.; Haines, J.; Rouleau, 
G. A.; Gusella, J. S.; Horvitz, H. R.; Brown , R. H. Mutations in Cu/Zn superoxide 
dismutase gene are associated with familial amyotrophic lateral 
sclerosis. Nature 1993, 362, 59–62. 

 
2. Bosco, D. A., LaVoie, M. J., Petsko, G. A., Ringe, D. Proteostasis and movement 

disorders: Parkinson's disease and amyotrophic lateral sclerosis. Cold Spring Harbor. 
Perspect. Biol. 2011, 3(10), a007500. 

 
3. Chattopadhyay, M.; Selverstone Valentine, J. Aggregation of Copper–Zinc 

Superoxide Dismutase in Familial and Sporadic ALS. Antioxid Redox Signal. 2009, 
11(7), 1603–1614. 

 
4.  Gurney, M. W.; Pu, H.; Chiu, A. Y.; Dal Canto, M. C.; Polchow, C. Y.; Alexander, D. 

D.; Caliendo, J.; Hentati, A.;Kwon, Y. W.; Deng, H. X. et. al. Motor neuron 
degeneration in mice that express a human Cu, Zn superoxide dismutase mutation. 
Science 1995, 269, 1772–1775. 

 
5. Taylor, J. P.; Brown, R, H,; Cleveland, D. W. Decoding ALS: From genes to 

mechanism. Nature 2016, 539, 197–206. 
 
6.  Bruijn, L. I.; Houseweart, M. K.; Kato, S.; Anderson, K. L.; Anderson, S. D.; Ohama, 

E.; Reaume, A. G.; Scott, R. W.; Cleveland, D. W. Aggregation and motor neuron 
toxicity of an ALS-linked SOD1 mutant independent from wild-type SOD1. Science 
1998, 281, 1851–1854. 

 
7. Sangwan, S.; Eisenberg, D. S.  Perspective on SOD1 mediated toxicity in amyotrophic 

lateral sclerosis. Postepy Biochem 2016, 62, 362–369. 
 
8.  Rakhit, R.; Robertson, J.; Vande Velde; C.; Horne, P.; Ruth, D. M.; Griffin, J.; 

Cleveland, D. W.; Cashman, N. R.; Chakrabartty, A. An immunological epitope 
selective for pathological monomermisfolded SOD1 in ALS. Nat Med 2007, 13, 754–
759. 

 
9.  Liu, H. N.; Tjostheim, S.; Dasilva, K.; Taylor, D.; Zhao, B.; Rakhit, R.; Brown, M.; 

Chakrabartty, A.; McLaurin, J.; Robertson, J. Targeting of monomer/misfolded SOD1 



SOD1(28-38)  Chapter IV 

 105 

as a therapeutic strategy for amyotrophic lateral sclerosis. J . Neurosci 2012,  32, 
8791–8799. 

 
10. Valentine, J. S.; Hart, P. J. Misfolded CuZnSOD and amyotrophic lateral sclerosis. 

Proc Natl Acad Sci USA 2003, 100, 3617–3622. 
 
11. Sangwan, S.; Sawaya, M.R.; Murray, K.A.; Hughes, M.P.; Eisenberg, D.S. Atomic 

structures of corkscrew-forming segments of SOD1 reveal varied oligomer 
conformations. Protein Sci. 2018, 27, 1231-1242. 

 
12.  Viet, M. H.; Nguyen, P. H.; Ngo, S. T.; Li, M. S.; Derreumaux, P. Effect of the Tottori 

familial disease mutation (D7N) on the monomers and dimers of Aβ40 and Aβ42. ACS 
Chem Neurosci. 2013, 4(11), 1446-57.  

 
13.  Zheng, X.; Liu, D.; Roychaudhuri, R.; Teplow, D. B.; Bowers, M. T. Amyloid β-

Protein Assembly: Differential Effects of the Protective A2T Mutation and the 
Recessive A2V Familial Alzheimer's Disease Mutation. ACS Chem Neurosci. 2015, 
6(10), 1732–1740. 

 
14. Khurana, R.; Coleman, C.; Ionescu-Zanetti, C.; Carter, S. A.; Krishna, V.; Grover, R. 

K.; Roy, R.; Singh, S., Mechanism of thioflavin T binding to amyloid fibrils. J Struct 
Biol 2005, 151 (3), 229-38. 

 
15. Williams, A. T. R.; Winfield, S. A.; Miller, J. N., Relative Fluorescence Quantum 

Yields Using a Computer-Controlled Luminescence Spectrometer. Analyst 1983, 108 
(1290), 1067-1071. 

 
16. Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E., GROMACS 4: Algorithms for 

Highly Efficient, Load-Balanced, and Scalable Molecular Simulation. J Chem Theory 
Comput 2008, 4 (3), 435-47. 

 
17. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. 

J., GROMACS: fast, flexible, and free. J Comput Chem 2005, 26 (16), 1701-18. 
 
18. Kaminski, G. A.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, W. L., Evaluation and 

reparametrization of the OPLS-AA force field for proteins via comparison with 
accurate quantum chemical calculations on peptides. J Phys Chem B 2001, 105 (28), 
6474-6487. 

 
19. Jorgensen, W. L.; Maxwell, D. S.; TiradoRives, J., Development and testing of the 

OPLS all-atom force field on conformational energetics and properties of organic 
liquids. J Am Chem Soc 1996, 118 (45), 11225-11236. 

 



SOD1(28-38)  Chapter IV 

 106 

20. Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L., 
Comparison of Simple Potential Functions for Simulating Liquid Water. J Chem Phys 
1983, 79 (2), 926-935. 

 
21. Miyamoto, S.; Kollman, P. A., Settle - an Analytical Version of the Shake and Rattle 

Algorithm for Rigid Water Models. J Comp Chem 1992, 13 (8), 952-962. 
 
22. Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M., LINCS: A linear 

constraint solver for molecular simulations. J Comp Chem 1997, 18 (12), 1463-1472. 
 
23. Braga, C.; Travis, K. P., A configurational temperature Nose-Hoover thermostat. J 

Chem Phys 2005, 123 (13). 
 

24.  Kemper, P. R.; Dupuis, N. F.; Bowers, M. T. A new, higher resolution, ion mobility 
mass spectrometer International Journal of Mass Spectrometry 2009, 287 (1-3), 46-
57. 

 
25. Bleiholder, C.; Contreras, S.; Do, T. D.; Bowers, M. T., A novel projection 

approximation algorithm for the fast and accurate computation of molecular collision 
cross sections (II). Model parameterization and definition of empirical shape factors 
for proteins. Int J Mass Spectrom 2013, 345, 89-96. 

 
26. Bleiholder, C.; Wyttenbach, T.; Bowers, M. T., A novel projection approximation 

algorithm for the fast and accurate computation of molecular collision cross sections 
(I). Method. Int J Mass Spectrom 2011, 308 (1), 1-10. 

 
27.  Meytal Landau M; Sawaya, M.R.; Faull, K.F.; Laganowsky, A.; Jiang, L.;  Sievers, 

S.A.; Liu, J.; Barrio, J.R.; Eisenberg D. Towards a Pharmacophore for Amyloid. PLoS 
Biol 2011, 9(6), 1001080. 

 
 



JPS Molecules   Chapter V 

 106 

V. Modulating ALS Related Amyloidogenic TDP-43307-319 

Oligomeric Aggregates with JPS  Derived Therapeutic Molecules 

 

Reproduced in part with permission from Veronica Laos, Dezmond Bishop, Christian A. 

Lang, Nicole M. Marsh, Kristi Lazar Cantrell, Ambuj K. Singh, Steven K. Buratto, Michael 

T. Bowers. Biochemistry Vol 59(4) Copyright © 2019 American Chemical Society 

 

TDP-43 aggregates are a salient feature for ALS, observed in over 95% of ALS patients. 

TDP-43 aggregates are also found in 45% of FTD patients and have been implicated in a 

variety of other neurodegenerative diseases including AD, where TDP-43 is observed in 30-

70% of AD patients and correlated to more severe cognitive impairment. With an anticipated 

growth in the most susceptible demographic, projections predict neurodegenerative diseases 

will rise from the 3rd leading cause of death, passing cancer, and falling second to 

cardiovascular by 2050, potentially affecting 15 million people in the United States alone. 

This approaching epidemic also comes with a large economic consequence. 

Neurodegenerative diseases are debilitating and require medical attention and caretakers, 

putting enormous finical strain on families. Currently there are no cures for ALS, FTD or AD. 

Consequently, TDP-43 proteinaceous inclusions are a critical target in all three of these 

diseases and others as well. Previous studies on the amyloidogenic core of TDP-43 have 

demonstrated that oligomers greater than trimer are associated with toxicity. Utilizing a joint 

pharmacophore space method, potential drugs have been designed specifically for amyloid 

related diseases. Combining ion-mobility mass spectrometry and atomic force microscopy 

with the joint pharmacophore space computational method allows us to more efficiently 
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evaluate a potential drug’s efficacy in disrupting the development of putative toxic species. 

Results are presented that demonstrate the dissociation of higher order oligomers in the 

presence of these novel inhibitors into smaller non-toxic oligomer species. With the 

development of an approach to better evaluate potential drugs and their efficacy, we hope to 

contribute valuable information that can be used towards the development of viable 

therapeutic agents for the treatment of ALS, FTD and AD. 

A. Introduction  

Currently the only FDA approved drugs for ALS are riluzole and edaravone, both of which 

have poorly characterized mechanisms. Riluzole was first approved in 1995 after two positive 

randomized controlled trials.1 It is thought to work by blocking the release of glutamate, a 

neurotransmitter thought to rise to toxic levels in ALS patients. 2 However the effects are short 

term, resulting in stunted therapeutic benefit.3 Riluzole was the sole ALS therapy in the United 

States for over 20 years until edaravone was recently approved in 2017.4 Edaravone works on 

a different process than riluzole, however the mechanism is not completely understood. It is 

thought to act as an antioxidant, helping remove free radicals thought to damage neurons. 5-6 

In a double-blind, placebo-controlled phase 2 study using intravenous edaravone, patients 

with ALS showed no difference between treated and control patients.7-8 These dismal results 

from riluzole and edaravone are not surprising considering they were not designed to treat 

ALS-specific toxic agents, so the underlying disease still propagates. Since 1996, more than 

30 phase III trials for ALS have produced negative results.2 Limitations of mouse models and 

the discord to patient’s symptoms have been painfully recognized.9  Additionally, research in 

this field is severely underfunded relative to comparable diseases due to the lack of near-term 
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financial and societal impact.2 Neurodegenerative disease will soon pose a more prominent 

threat to a significant portion of our population; therefore it is critical to create a more effective 

way to screen potential therapeutics for their efficacy in targeting disease specific toxic agents. 

Recent IM-MS studies within the C-terminal domain of TDP-43 on a neurotoxic fragment 

(M307-N319) showed the formation of higher order oligomers associated with the ALS-

related mutations, A315T and A315E.10 These higher order oligomers (tetramer, hexamer and 

octamer) formed rapidly for the ALS-related mutations relative to the wild type (WT) peptide. 

Further studies with the non-toxic mutant G314V showed oligomer assembly terminated at 

the trimer species, suggesting that the higher order oligomers are the toxic species making 

hexamer and octamer species targets for potential drug molecules.10 

Progress toward better methods for drug discovery often include in-silico approaches, one 

being the joint pharmacophore space (JPS) method.11-12 By utilizing information on millions 

of molecules from assays, a correspondence can be established between geometric features of 

pharmacophores and chemical properties. Using that knowledge, a machine learning 

algorithm is able to design novel drugs based on selected attributes, such as target selectivity, 

blood brain barrier permeability and low adverse side effects. The first JPS drug generated, 

[AC0107], was examined with Aβ42, the hallmark protein for Alzheimer’s disease.13-15 

Studies demonstrated the ability of molecule [AC0107] to remodel the toxic Aβ42 dodecamer 

to lower non-toxic oligomer states.16 Here we evaluate the inhibitory effects of three JPS 

trained molecules from the first generated series, [AC0107], [AC0105], and [AC0102] on the 

amyloidogenic core of TDP-43307-319 utilizing IM-MS and AFM. Based on the success of 

molecules from the first series on experiments with Aβ42, the model was re-trained and 
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produced a second round of molecules. Here we also evaluate [AC0201], a molecule from this 

second generation, including its relative concentration dependence from 1:1 to 10:1 of peptide 

to molecule molar ratio. We also performed experiments with riluzole and edaravone, the FDA 

approved drugs for ALS, to examine if they had any effect on TDP-43307-319 aggregation. Our 

approach is to monitor how efficiently these molecules inhibit formation of higher order 

oligomers and remodel higher order oligomers already formed to lower non-toxic oligomeric 

species.  

B. Materials and Methods 

1. Peptide Synthesis and Purification 

TDP-43307-319  WT peptide was synthesized using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) chemistry using 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium 

hexafluorophosphate/hydroxybenzotriazole (HBTU/HOBT) manual solid-phase peptide 

synthesis. The peptide was amidated with an Fmoc-Rink Amide resin (Anaspec). The peptide 

was cleaved from the resin using 94% TFA, 5% triisopropylsilane, and 1% phenol for 2 hours 

at 295 K.  Crude peptide was purified by reverse phase high-performance liquid 

chromatography (RP-HPLC) on a semipreparative C18 column (Phenomenex) using gradients 

of water [0.1% (v/v) TFA] and acetonitrile [0.1% (v/v) TFA]. The peptide was dissolved in 

6M guanidine hydrochloride (GdnHCl) prior to injection due to insolubility in water and 

acetonitrile. Peptide purity was greater than 93% as determined by analytical RP-HPLC. The 

molecular mass of the peptide was verified by ESI mass spectrometry. 
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2. JPS In Silico Model 

JPS was trained on 30 known Aβ inhibitors.17-27 Once trained, the ZINC collection28 was 

screened for the following attributes; Aβ target selectivity, blood brain barrier (BBB) 

permeability and low adverse side effects. The compounds generated were then tested by 

Caco-2 and hERG assays to yield preliminary BBB permeability and toxicity information. 

The resulting molecules were then evaluated on their ability to inhibit membrane trafficking 

of Aβ using a sensitive trafficking assay.29-30 [ACO107] was the first JPS-generated 

compounds to be tested experimentally on Aβ42 utilizing ion-mobility mass spectroscopy.16 

C. Results and Discussions 

The structures of the JPS drug candidates we tested are given in Scheme 1. FDA approved 

drugs, riluzole and edaravone structure are shown in Scheme 2.   TDP-43307-319 WT peptide 

was dissolved in 10 mM ammonium acetate, pH 7.4, with 2% HFIP to a final peptide 

concentration of 100 μM. The sample was incubated at room temperature under quiescent 

conditions for 4 hours in order to develop higher order oligomers. Two dominant mass/charge 

(m/z) peaks were always present in the mass spectra corresponding to [n]+Z = [1]+1 and [1]+2 

(Fig 1 A).  Charge state [1]+2 shows a single structure in its ATD while [1]+1 exhibits oligomers 

ranging from the dimer to octamer. [41] The mass spectrum at 15 minutes shows well resolved 

peaks (Fig 5.1 A) but after 4 hours of incubation at room temperature the signal to noise ratio 

(S/N) decreased and a raised baseline appeared, indicating aggregation (Fig 5.11 C). Freshly 

prepared sample at 15 minutes shows a dominant monomer and some dimer in the ATD of the 

[1]+1 peak  (Fig 5.1 B). 
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Scheme 1. Structures of JPS Molecules A. [AC0107] p-{[({m-[1-

Pyrrolidinyl)methyl]phenyl}methyl)amino]methyl}benzonitrile B. [AC0105] p-{[({p-[1-

Pyrrolidinyl)methyl]phenyl}methyl)amino]methyl} benzonitrile C. [AC0102] (2,3-

Dihydro-1,4-benzodioxin-6-yl)[({p(dimethylamino)methyl]phenyl}methyl) 

amino]methane D. [AC0201] 3-[1-(benzylamino)-2-methylpropyl]benzaldehyde 

 

Scheme 2. Structures of FDA approved drugs for ALS A. Riluzole and B. Edaravone. 
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  After 4 hours of incubation at room temperature, the distribution shifted towards the higher 

order oligomers (Fig 5.1 D). Experimental collision cross sections (CCS) are given in table 

5.1 show little change, consistent with no conformational change throughout the incubation 

period. Once the presence of higher order oligomers was confirmed, inhibitor (either 

[AC0107], [AC0105], [AC0102], or [AC0201]) was added in a 1:1 molar ratio of peptide to 

inhibitor (100 μM: 100 μM). Subsequent time points were taken to monitor the remodeling 

properties of the inhibitors.  

 

Figure 5.1. Typical aggregation for TDP-43307-319 WT peptide. A. At 15 minutes, mass 

spectra shows two well resolved peaks. B. The corresponding ATD for the [1]+1 shows a 

dominant monomer peak along with some dimer. C. After 4 hours of incubation in 

solution, mass spectra has significantly worse signal to noise and a raised baseline 

indicating aggregation. D. ATD at four hours demonstrates higher order oligomers, such 

as the tetramer, hexamer and octamer and depletion in relative monomer population. 



JPS Molecules   Chapter V 

 113 

Table 5.1. WT peptide experimental CCS 

Oligomer Number 

(n) 15 min. (Å2)  4 hrs. (Å2)  

1 264.97  267.67  

2 415.97  421.19  

3 542.71  551.99  

4  683.67  

6  965.01  

8  1041.93 

 

Mass spectra after the addition of [AC0107] showed no complexation between the WT 

peptide and the molecule (Fig 5.2 A, B). This suggests that the interaction between the peptide 

and molecule is fairly weak. An increase in signal to noise and a reduction in baseline was 

also observed (Fig 5.1B and Fig 5.2B), suggesting aggregation was reduced, consistent with 

the strong reduction of the [1]+1 peak in the mass spectrum. Similar results were obtained for 

[AC0105], [AC0102], and [AC0201] (Fig 5.2 C-H). Treatment with molecule [AC0107] to 

aggregated WT peptide demonstrated an initial increase in higher order oligomers (Fig. 5.3 

A). By 3 hours and later time points we see a re-distribution to mostly monomer and dimer 

(Fig. 5.3 B, C, D). We suspect the initial rise in higher order oligomers may be from larger 

species (not detectable with IM-MS) beginning to dissociate into species now observable with 

IM-MS. Upon adding inhibitor [AC0105] to aggregated WT, we see an immediate 
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dissociation of higher order oligomers into monomer and dimer (Fig. 5.3. E). This distribution 

among the smaller order oligomers is maintained for a week after this single treatment (Fig. 

5.3 F,G,H). Drug [AC0102] worked at a slower rate compared to the other inhibitors. After 

initially adding [AC0102], a shift towards higher order oligomers occurred (similar to the 

results with [AC0107]) (Fig. 5.3 I). After 1 hour, remnants of higher order oligomers are 

present (Fig. 5.3 J). By later time points, we see a distribution more similar to that of the other 

two inhibitors, composed primarily of monomer and dimer (Fig. 5.3 K, L).   
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Figure 5.2. Mass Spectra after the treatment of inhibitors to TDP-43307-319 WT 

peptide. A. 15 minutes after the addition of the inhibitor [AC0107] the mass spectrum 

shows a decrease of signal to noise ratio and a reduction in the baseline. B. 3 hours after 
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adding [AC0107] the mass spectrum shows a small increase of signal to noise ratio 

compared to 15 minutes after treatment. C. [AC0105] shows a decrease in signal to noise 

ratio and a reduction in the baseline, relative to the wt mass spectrum. D. Little change 

in the  mass spectrum after 3 hours E. 15 minutes after the addition of the inhibitor 

[AC0102] shows a decrease of signal to noise ratio and an increase in the baseline. F. 3 

hours after adding [AC0102] mass spectra shows a decrease in signal to noise ratio 

compared to 15 minutes after treatment. 
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Figure 5.3. ATDs after [AC0107], [AC0105], [AC0102], and [AC0201] treatment. A.-D. 

Treatment with [AC0107] demonstrated an initial increase of higher order oligomers, 

followed by the reduction to monomer and dimer at longer times up to 1 week. E.-H. 15 

minutes after addition of [AC0105] an immediate reduction to dominantly monomer and 

dimer is observed. This distribution was maintained for 1 week. I.-L. [AC0102] shared 

similar results to [AC0107] by initially increasing higher order oligomers, followed by 

the dissociation of the higher order oligomers at longer times. Later time points reveal 
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the dominant population of monomer and dimer. M.-P. [AC0201] shows an immediate 

reduction to lower order oligomers. A population shift from dimer to monomer occurs 

from 3 the 24 hours and by 1 week the distribution is predominantly monomer. 

The second generation molecule [AC0201] immediately pushed the bulk of the 

distribution back to monomer, dimer and trimer (Fig. 5.3 M).   By 3 to 24 hours the spectra 

was dominated by monomer and dimer (Fig. 5.3 N, O). A week after this single treatment, a 

dominate monomer peak was observed, demonstrating that [AC0201] successfully 

redistributed the oligomers to monomer and was able to prevent the reformation of higher 

order oligomers (Fig. 5.3 P). Recovery experiments with different concentrations of molecule 

[AC0201] were carried out to determine the lower limit of the drug’s efficacy. WT peptide 

concentration was maintained at 100 μM and experiments were conducted at 50 μM (2:1), 25 

μM (4:1), and 10 μM (10:1) of [AC0201] (Fig. 5.4). Results show that 2:1 and 4:1 molar ratio 

are effective at redistributing and maintaining population to smaller order oligomers (Fig. 5.4. 

A-H). 10:1 ratio takes a longer time to dissociate oligomers to most mostly monomer but even 

at this concentration [AC0201] is a very effective inhibitor] (Fig. 5.4 I-L).   
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Figure 5.4. Concentration study with AC0201: (A.-D.) 100 M peptide and 50 M 

AC0201 (2:1) treatment show successful redistribution to monomer and dimer over time 

(E.-H.) 100 M peptide to 25 M AC0201 (4:1) converts higher order oligomers into 

mostly monomer (I.-L.) 100 M peptide to 10 M AC0201 (10:1) shows slower 

conversion to mostly monomer by three hours, but by 1 week the dominate features are 

monomer and dimer with and no higher order oligomers. 

FDA approved ALS drugs, riluzole and edaravone, were tested by the same procedure. 

Riluzole initially shows no change to the distribution of aggregated WT (Fig. 5.5 A). By later 

time points hexamer and octamer are the dominating species with very little monomer, dimer 

and trimer remaining (Fig. 5.5 B-D).  Similar results were obtained for edaravone, 

demonstrating no affect on breaking apart larger order oligomers and ultimately showing a 



JPS Molecules   Chapter V 

 120 

strong presence of hexamer and octamer throughout the duration of the experiment (Fig. 5.5 

E-H).  

 

Figure 5.5. Recovery Experiment with Riluzole and Edavarone. A.-D. Shows results 

after adding equimolar concentration of Riluzole to aggregated TDP-43307-319. The 

system continues to aggregate towards the hexamer and octamer species up to 1 week. 

E.-H. Edaravone treatment is also unsuccessful in dissociating higher order oligomers 

and the hexamer remains the dominate feature through-out the duration of the 

experiment. 

Overall, we see a promising trend for the JPS trained molecules. [AC0107], [AC0105] and 

[AC0102] were all able to remodel the developed higher order oligomers, and prevent the 

reformation of these toxic species. [AC0201] molecule demonstrated the fastest and most 

efficient redistribution among all the JPS molecules and was shown to be effective at relative 

concentrations of 10:1. Riluzole and edaravone did not suppress the formation of higher order 

oligomers. This result was not surprising, considering these drugs were developed to help 
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neurons, not to specifically target ALS toxic agents. The addition of any of the molecules has 

negligible effect on CCS all within 3% of the WT peptide CCS alone (Table 5.2). 

Oligomer 

 Number (n) 

AC0107 (Å2) AC0105 (Å2) AC0102 (Å2) AC0201 (Å2) Riluzole (Å2) Edavarone (Å2) 

1 266.51 266.95 268.25 269.95 263.38 265.41 

2 419.50 423.80 411.06 424.73 418.93 417.87 

3  557.60 545.76 549.28 542.88 548.83 

4   663.55  664.04 659.20 

6   955.04  949.55 953.43 

8   1022.65  1041.22 1038.53 

Table 5.2. Experimental CCS 3 hours after inhibitor treatment. Results show CCS within 

3% of WT alone results. No significant conformational change is observed for any of the 

oligomers after the addition of the drug agent. 

D. Conclusions 

Several studies among different neurodegenerative diseases have demonstrated that 

toxicity is derived from an accumulation of soluble oligomers, not from monomers nor 

fibrils.31-32 Determining which oligomeric assemblies possesses cytotoxic properties is critical 

for properly identifying disease related targets. Additionally, proper evaluation of potential 

drugs’ ability to disassemble disease related toxic oligomers is fundamental for the 

development of viable therapeutics. Upon evaluation of the inhibitory effects of these four 

JPS trained molecules ([AC0107], [AC0105], [AC0102], and [AC0201]) on the 

amyloidogenic core of TDP-43307-319, our data shows a dissociation of the octamer, hexamer 
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and tetramer into the non-toxic species, monomer, dimer and trimer. [AC0201] is the most 

effective agent and concentration dependent studies show this molecule is still very effective 

at disrupting TDP-43307-319 assembly even at 10:1 relative concentrations. Fibril morphology 

is unperturbed by any of these molecules, a result consistent with the fact fibrils are observed 

when only monomer and dimer are present in solution. The FDA approved drugs riluzole and 

edaravone had no effect on TDP-43307-319 assembly, consistent with the fact they are 

ineffective in slowing the progress of ALS in patients. Ultimately the work here demonstrates 

that JPS trained molecules are effective at redistributing oligomer population among the non-

toxic oligomers and shows the versatility of IM-MS as a screening method for disease target 

specificity. 
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VI. Understanding TDP-43 Role in Alzheimer’s Disease  

Abnormal protein aggregation is a salient feature for several neurodegenerative diseases. 

What has been established and how we typically define these disorders is by a specific protein 

associated with a particular disease. However recent studies have challenged that conventional 

approach and have suggested that there may be several proteins involved across a myriad of 

neurodegenerative disorders. It has been shown that a significant percentage of Alzheimer’s 

patients demonstrate TDP-43 aggregates along with the characteristic Aβ senile plaques and 

tau neurofibrillary tangles (NFTs). Those with TDP-43 aggregates are 10 times more likely to 

demonstrate cognitive impairment compared to TDP-43 negative patients, despite the similar 

degrees of typical Alzheimer’s disease pathology (senile plaque and NFTs).  Evidence 

suggests that Aβ oligomers may be able to instigate aggregation among other proteins (PrP, 

TDP-43 and α-synuclein).  

Here we examine the interactions between the amyloidogenic core of TDP-43, TDP-43307-

319 and a neurotoxic physiologically observed fragment of Aβ, Aβ25-35. Our goal is to 

determine which species are involved in seeding aggregation across these two different protein 

systems and gain insight to critical structures and oligomers necessary for this interaction. 

Studies were conducted mixing Aβ25-35 with four different TDP-43307-319 peptides, including 

the WT, two ALS-related mutants A315T and A315E, and the non-toxic synthetic variant, 

G314V. The aggregation of TDP-43307-319 peptides was previously characterized and 

described in great detail in Chapter III. In order to further understand these interactions we 

employed molecular dynamics (MD), atomic force microscopy (AFM), circular dichrosim 

(CD), and thioflavin T (ThT). Our findings identify a strong catalytic affect of WT, A315T 
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and A315E monomer in the acceleration of Aβ25-35 aggregation. Interestingly, G314V does 

not promote aggregation and demonstrates an ability to dissociate pre-formed higher order 

oligomers of Aβ25-35. Considering these findings, TDP-43 should be further investigated in its 

role in AD pathology and as a target for therapeutics and the treatment of AD. 

A. Introduction 

Extensive studies have investigated the self-association of homologous protein systems in 

relation to their respective disease.1-2 However, there is growing evidence that suggests 

aggregation seeded across different proteins may play a critical role in the propagation of 

several neurodegenerative diseases.3-4 TAR-DNA binding protein 43 kDa (TDP-43) is the 

salient protein for amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD).5-8 Recently, it has been shown that TDP-43 aggregates may play a role in 

Alzheimer’s diseases (AD).9-10 β-amyloid (Aβ) and tau aggregates have been the hallmark 

features for AD since the first report from 190611, making them the primary therapeutic 

targets. Interestingly, a considerable fraction of AD patients with senile plaques and 

neurofibrillary tangles (NFTs), remain clinically normal up to the time of death.12 This 

suggests that there may be other factors contributing to cognitive decline and memory loss 

associated with AD. The presence of TDP-43 aggregates in AD patients is correlated to an 

increase of cognitive impairment.8, 13-17 It remains unclear how TDP-43 contributes to the 

severity of symptoms and what functions it may play in conjunction with the typical AD 

pathologies. Here we aim to elucidate the protein-protein interaction between TDP-43307-319 

and Aβ25-35 to gain insight to TDP-43’s contribution to AD. Previous ThT studies demonstrate 

Aβ42 oligomers ability to promote aggregation to full length TDP-43.17 These interactions 
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could explain why anti-Aβ therapy has been unsuccessful, and resulted in over 30 failed clinic 

trails. 

Previous work on the individual systems of TDP-43307-319 and Aβ25-35 have shown the 

development towards higher order oligomers that assemble into cylindrin structures, as 

described in Chapter III.18-20   This unique structure has been proposed to be a mode of toxicity 

shared among amyloid oligomers that can span several different neurodegenerative disorders. 

[21, 22] Another aspect we aim to address is if theses peptides, when mixed, increase the rate of 

forming cylindrin compatible structures. 

In order to examine the oligomerization for these systems we utilized ion mobility mass 

spectrometry (IM-MS), a proven technique for elucidating amyloid assembly. IM-MS 

provides a insight to evolution of oligomers while obtaining structural information.23-26 IM-

MS is concert with other techniques such as atomic force microscopy (AFM)27 and molecular 

dynamics (MD) provides a comprehensive study from the nascent oligomers to the developed 

fibrils.23-29  Here, we investigate the consequential aggregation of mixtures composed of TDP-

43307-319 peptides and Aβ25-35 to gain insight to oligomers and structures that are critical for 

seeding aggregation (Scheme 1). 
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Scheme 6.1. Peptide sequences for Aβ25-35 and TDP-43307-319 peptides; WT, A315T, 

A315E, and G314V. Boxes filled in with; beige indicate hydrophobic residues, green are 

polar amino acids and purple represent positively charged amino acids. Letters in dark 

red are those that are identical between Aβ25-35 and TDP-43307-319 sequences when aligned 

at the internal glycine at position 29 (shown in bold) for Aβ25-35 and 314 for TDP-43307-

319 peptides. Mutations A315T, A315E, and G314V are shown in red, green, and yellow 

lettering respectively. 

B. Methods and Materials 

1. Synthesis and Purification 

Aβ25-35 peptide was purchased from GenScript (New Jersey, USA). TDP-43 peptides were 

synthesized using standard 9-fluorenylmethoxycarbonyl (Fmoc) chemistry using 2-(1H-

benzotriazol-1-yl)-1,1,3,3,-tetramethyluronium hexafluorophosphate/hydroxybenzotriazole 

(HBTU/HOBT) manual solid-phase peptide synthesis. The peptides were amidated with an 

Fmoc-Rink Amide resin (Anaspec). The peptides were cleaved from the resin using 94% TFA, 
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5% triisopropylsilane, and 1% phenol for 2 h at 295 K.  Crude peptides were purified by 

reverse phase high-performance liquid chromatography (RP-HPLC) on a semipreparative C18 

column (Phenomenex) using gradients of water [0.1% (v/v) TFA] and acetonitrile [0.1% (v/v) 

TFA]. The peptides were dissolved in 6M guanidine hydrochloride (GdnHCl) prior to 

injection due to insolubility in water and acetonitrile. Peptide purity was greater than 93% as 

determined by analytical RP-HPLC. The molecular masses of the peptides were verifies by 

ESI mass spectrometry.  

 

C. Results and Discussions 

 1. Co-aggregation Studies 

IM-MS was employed to understand the oligomeric interaction between TDP-43307-319 

peptides and Aβ25-35. Individual samples of TDP-43307-319 peptides and Aβ25-35 were freshly 

prepared in 10 mM ammonium acetate, pH 7.4, with 2% HFIP to a final peptide concentration 

of 100 μM. Due to solubility constraints of G314V, the peptide was dissolved in a 50:50 

mixture of acetonitrile and 10 mM ammonium acetate, pH 7.4, to a final peptide concentration 

of 100 μM, 1% formic acid was added to ensure complete solubility. This solvent system was 

tested and confirmed on the both Aβ25-35 and WT peptide to ensure no significant 

conformational or mechanistic changes were induced by the new solvent conditions (Fig. 6.1). 

TDP-43 peptides were characterized in great detail in Chapter III (Fig. 3.5-3.14). Aβ25-35 was 

studied to monitor the typical aggregation propensity for this system. We observe it takes 

upwards of a week to see the assembly of higher order oligomers (Fig. 6.2). Experimental 

CCS agree well with theoretically derived structures previously obtained (Table 6.1).18 
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Figure 6.1 Evaluation between solvent systems. A. WT TDP-43307-319 peptide and  C. 

Aβ25-35 in ammonium acetate, pH 7.4, abbreviated AA. Solvent conditions (50% 

acetonitrile with 50% ammonium acetate, pH 7.4, with 1% formic acid solvent 

conditions, abbreviated 50:50) adapted for G314V show B. WT peptide and D. Aβ25-35 

similar progression towards higher order oligomers between the two solvent systems. 

This demonstrates that the 50:50 mixture is a suitable condition to study the difficult 

hydrophobic peptide G314V and has no affect on preventing aggregation. 
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Figure 6.2. Characteristic aggregation for individual Aβ25-35 A. Shows well resolved 

mass spectrum 15 minutes after preparing sample B. ATD for [1]+1 peak at this time 

point shows a single monomer structure. C. After a week incubating at room 

temperature we notice a raised baseline, indicative of aggregation. D. The respective 

[1]+1 ATD contains tetramer, hexamer and octamer assembles. Previously resolved 

structures for Aβ25-25 hexamer and octamer cylindrin structures are shown to the side.18 
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Aβ25-35 Oligomer IM-MS (Å2) PSA (Å2) 

Hexamer 970 949 

Octamer 1226 1205 

 

Table 6.1 Aβ25-35 calculated CCS from experimental IM-MS and theoretical 

cylindrin structures18 show comparable results within 2%.  

 

All samples were prepared individually and initially characterized with IM-MS. From 

there, 50L from TDP-43307-319 peptide samples was mixed with 50L Aβ25-35 to create a 

mixture with an overall peptide concentration of 100M. Three different types of mixtures 

were examined with all 4 peptides of TDP-43307-319 ;  non-aggregated TDP-43307-319 peptide 

mixed with non-aggregated Aβ25-35 , non-aggregated TDP-43307-319 peptide mixed with 

aggregated Aβ25-35, and aggregated TDP-43307-319 peptide mixed with non-aggregated Aβ25-35 

(Table 6.2). We note that studies with G314V shows no assembly past the trimer (Fig. 3.13), 

therefore G314V peptide does not possess an aggregated form, therefore only the first two 

types of mixtures were examined. 
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TDP-43
307-319

 

 

non-aggregated TDP-43307-319 

+ 

non-aggregated Aβ25-35 

 

non-aggregated TDP-43307-319 

+ 

aggregated Aβ25-35 

 

aggregated TDP-43307-319 

+ 

non-aggregated Aβ25-35 

WT I II III 

A315T IV V VI 

A315E VII VIII IX 

G314V X XI n/a 

 

Table 6.2. Experimental setup for the 4 TDP-43307-319 peptide mixtures with Aβ in 

varying degree of initial aggregation. Mixtures will be referred to by their roman 

numeral as displayed on the table.  

 

a. WT TDP-43307-319 with  Aβ25-35 (Mixtures I-III) 

Mass spectra for the individual samples of the WT and Aβ25-35 in varying degree of 

aggregation are shown in the upper two panels followed by the resulting mass spectrum for 

all three different mixtures (Fig. 6.3). 
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Figure 6.3. Mass Spectra for WT and Aβ25-35 samples before and after mixing. A. 

Shows clean mass spectra for both non-aggregated WT (blue) and non-aggregated Aβ25-

35 (pink). Dominate peaks are annotated [1]+1 and [1]+2 for both samples. The resulting 

mixture of these two samples demonstrates a raised baseline and poor signal to noise 

(purple). B.  Non-aggregated WT (blue) (as previously discussed in A) with aggregated 

Aβ25-35 (dark red). Aggregated Aβ25-35 demonstrates a raised baseline, indicative of 

aggregation. Upon mixing, resulting mass spectrum has a drastically increased baseline 

(fuchsia). C. Aggregated WT (dark blue) mass spectrum demonstrates a raises baseline 

and poor signal to noise. Aβ25-35 (pink) has clean spectra as previously discussed in A. 

The resulting mixture shows a relatively clean spectrum (violet). 
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Mass spectra for the non-aggregated samples show clean discrete peaks for WT (blue) and 

Aβ (pink) corresponding to the [1]+2 and [1]+1 charge states (Figure 6.3. A. top two panels). 

The resulting mass spectrum for this mixture immediately shows a raised baseline, which is 

indicative of aggregation (Fig. 6.3. A. lower panel).  Investigating the ATDs for the for the 

singly charge monomer peaks, [1]+1, for WT (blue) and Aβ (pink), we observe a distribution 

among the lower order oligomers, primarily the monomer for both peptides. (Fig. 6.4. A,C). 

The ATDs that correspond to these peaks in the mixture show a drastically different 

distribution (Fig. 6.4. B, D). We observe an immediate shift to higher order oligomers for both 

species. WT rapidly aggregates toward the tetramer and hexamer species (Fig. 6.4. B)  and 

Aβ grows towards the hexamer and octamer species, with an abrupt depletion in monomer 

(Fig. 6.4. D). Comparing this distribution that was achieved 15 minutes after mixing to the 

typical aggregation of the peptides alone (Fig. 3.12 and 6.2), we can infer that the WT 

monomer and lower order-oligomers are influential in promoting Aβ monomer aggregation. 

We can also gather that the Aβ monomer can promote the assembly of larger order oligomers 

for WT monomer and dimer. 
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Figure 6.4. [1]+1 ATDs of non-aggregated WT and non-aggregated Aβ25-35 samples before 

and after mixing. A. ATD for WT shows mostly monomer and dimer. B. After being 

mixed with Aβ25-35 we observe an immediate development of higher order oligomers, 

primarily the tetramer and hexamer, with a diminishing population of monomer and 

dimer.  C. ATD for non-aggregated Aβ25-35 demonstrates a large monomer population. 

D. Once mixed, we see the monomer severely depleted and a severe growth of hexamer 

and octamer. 
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Mass spectra for the non-aggregated sample of WT (blue) shows discrete peaks, while the 

aggregated sample of Aβ (red) shows a raised baseline and reduced signal to noise (Fig. 6.3. 

B. top two panels).  The resulting mass spectrum for this mixture immediately shows extensive 

aggregation (Fig. 6.3. B. lower panel).  Investigating the ATDs for the singly charge monomer 

peak, [1]+1, for both peptides, we observe a population of just monomer and dimer for the non-

aggregated WT (Fig. 6.5. A)  and the presence of higher order oligomers, including the 

hexamer and ocatmer species, for the aggregated Aβ (dark red) (Fig. 6.5. C). The ATDs that 

correspond to these peaks in the mixture show similar results as previously describe in mixture 

I (Figure 6.5. B, D). We observe an immediate shift to higher order oligomers for both species. 

WT rapidly aggregates toward the tetramer and hexamer species (Figure 6.5. B)  and Aβ grows 

towards the hexamer and octamer species, with an abrupt depletion in monomer (Figure 6.5. 

D). This result further supports that the monomer and lower order oligomers of the WT serve 

as critical catalyst for the rapid aggregation of Aβ peptide. Interestingly we see that the Aβ 

peptide it its aggregated state can still instigate WT monomer and lower order oligomers to 

form higher order oligomers. 

Mass spectra for the aggregated sample of WT (dark blue) shows a raised baseline, while 

the non-aggregated sample of Aβ (pink) has two discrete peaks (Fig. 6.3. C. top two panels).  

The resulting mass spectrum for this mixture shows a relatively clean mass spectrum 

compared to the other to mixtures (Fig. 6.3. C. lower panel).  Investigating the ATDs for the 

singly charge monomer peak, [1]+1, for both peptides, we observe a board distribution of 

oligomers for the aggregated WT, spanning from monomer to octamer species  (Fig. 6.6. A) 

while the  non-aggregated Aβ peptide contains only monomer (Fig. 6.6. C). The ATDs that 
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correspond to these peaks in the mixture show a reduction in the higher order oligomers for 

the WT and marginal change for Aβ peptide. WT shows redistribution towards the monomer 

and dimer species, away from the higher order oligomers (Fig. 6.6. B). While Aβ maintains a 

consistent distribution among the monomer (Fig. 6.6. D). This result further validates that that 

the monomer and lower order species of the WT are critical for instigating aggregation to Aβ 

peptide.  

 

Figure 6.5. ATDs of non-aggregated WT and aggregated Aβ25-35 samples before and 

after mixing. A. ATD for WT shows monomer and dimer. B. After being mixed Aβ25-35 

we observe an immediate development of tetramer and hexamer with a loss of monomer 
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and dimer population.  C. ATD for aggregated Aβ25-35 demonstrates the development of 

higher order oligomers. D. Once mixed, we see the monomer population depleted and 

the ATD dominated by hexamer and octamer. 

 

Figure 6.6. ATDs of aggregated WT and non-aggregated Aβ25-35 samples before and 

after mixing. A. ATD for aggregated WT shows a distribution among higher order 

oligomers, such as tetramer, hexamer and octamer B. After mixing with Aβ25-35 we 

observe a redistribution back to the monomer and dimer species C. ATD for non-

aggregated Aβ25-35 demonstrates mostly monomer. D. When mixed with aggregated WT, 

we see the ATD looks nearly identical as before.  
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Later time points for these three mixtures are shown in Figure 6.7. ATDs demonstrate an 

increase towards higher order oligomer for all mixtures (Fig. 6.8-6.10).  Mixture I, containing 

non-aggregated WT with non-aggregated Aβ peptide continues to oligomerize to higher order 

features for both the WT and Aβ peptide (Fig. 6.8).   Mixture II, containing non-aggregated 

WT with aggregated Aβ peptide also continues to assemble to higher order oligomers for both 

the WT and Aβ peptide to an even further extent than mixture I (Fig. 6.9).    Mixture III, 

containing aggregated WT with non-aggregated Aβ peptide shows marginal change in 

distribution for both WT and Aβ peptide (Fig. 6.10).     
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Figure 6.7. Mass spectra for the three mixtures of WT and Aβ25-35 1,3, and 5 hours 

after mixing. Major peaks are annotated with their m/z. A. Mixture I becomes a less well 

resolved mass spectra over time. B. Mixture II shows an increase of aggregation for the 

non-aggregated WT and aggregated Aβ25-35 mixture. C. Mixture III aggregated WT and 

non-aggregated Aβ25-35 demonstrates comparable mass spectra over the 5 hours. 

 

Figure 6.8. ATDs for mixture I (non-aggregated WT with non-aggregated Aβ25-35) 1, 

3, and 5 hours after mixing. A.-C. Correspond to the WT [1]+1 peak. Over time we can 

see the hexamer and octamer growing as monomer, dimer, trimer and tetramer 

populations deplete.  D.-F. Aβ25-35 [1]+1 peak shows growth towards the dodecamer 

within the first hour. This peak remains the tallest feature at all time points.  
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Figure 6.9. ATDs for mixture II (non-aggregated WT with aggregated Aβ25-35) 1, 3, 

and 5 hours after mixing. A.-C. WT [1]+1 peak, shows evolution towards hexamer and 

octamer growing as the lower order oligomers deplete.  D.-F. Aβ25-35   [1]+1 peak, shows 

growth towards the dodecamer within the first hour followed by the development of the 

16-mer.  
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Figure 6.10. ATDs for mixture III (aggregated TDP-43307-319 with non-aggregated 

Aβ25-35) 1, 3, and 5 hours after mixing. A.-C. WT [1]+1 peak maintains a steady 

distribution among the lower order oligomers.  D.-F. Aβ25-35   [1]+1 peak shows a 

dominant monomer peak at all times, with slight formation of hexamer and octamer.   

In all three mixtures of WT and Aβ25-35, hetero-oligomers were observed and proved to be 

stable assemblies. Injection energy studies were conducted and show the preservation of the 

hetero dimer peak of [1 WT +1 Aβ25-35]
+2 (m/z 1181) at high injection energy (Fig. 6.11). This 

was an unusual finding considering that at high injection energy, oligomeric assemblies 

dissociate down into their respective monomeric units. However the [1 WT +1 Aβ25-35]
+2  

hetero-dimer is nevertheless observed at 100eV. 
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ATDs for the [1 WT +1 Aβ25-35]
+2 (m/z = 1181) show a wide range of hetero-oligomers 

and development to larger order oligomers over time is observed for all the three mixtures. 

Mixture I, containing non-aggregated WT with non-aggregated Aβ peptide demonstrated an 

initial distribution contain mostly the hetero-dodecamer, [6 WT +6 Aβ25-35]
+12  and hetero-16-

mer, [8 WT +8 Aβ25-35]
+16 (Fig. 6.12 A). Over time we see the oligomerization develop toward 

the hetero-24-mer, [12 WT +12 Aβ25-35]
+24  (Fig. 6.12 C, D). Mixture II, containing non-

aggregated WT with aggregated Aβ peptide as shows an initial degree of aggregation of hetero 

species (Fig. 6.13), interestingly not as aggregated as mixture I (Fig. 6.12). We attribute this 

result to the higher order oligomers initial formed by Aβ25-35 prior to mixing. These higher 

order Aβ25-35 oligomers sequestered the smaller oligomers that could have potentially 

interacted with the WT monomer, resulting is less aggregation among hetero-oligomeric 

species. At 15 minutes we observe a strong peak from hetero-dodecamer, [6 WT +6 Aβ25-

35]
+12  (Fig. 6.13 A). Over time we see a growth towards the hetero-16-mer [8 WT +8 Aβ25-

35]
+16 (Fig. 6.13 B.-D). Mixture III, containing aggregated WT with non-aggregated Aβ 

peptide demonstrates slow aggregation the hetero species. Upon mixing, the hetero-dimer, [1 

WT +1 Aβ25-35]
+2 tetramer, [2 WT +2 Aβ25-35]

+4  and hetero-hexamer [3 WT +3 Aβ25-35]
+6 are 

present (Fig. 6.14 A). By 3 hours, slight growth of the hetero-dodecamer [6 WT +6 Aβ25-35]
+12  

and hetero-16-mer  [8 WT +8 Aβ25-35]
+16 are observed (Fig. 6.14 C-D). These results suggest 

that the WT monomer is a critical factor for the formation of hetero-species and that 

aggregated WT is not able to interact with Aβ25-35. 
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Figure 6.11. Injection energy study of WT and Aβ mixture II at 1 hour shows as 

injection energy increases (going down panels) mass spectra becomes better resolved, 

yet contains the hetero-dimer peak [1 WT +1 Aβ25-35]+2 corresponding the m/z =1181. 
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Figure 6.12. ATDs on the hetero peak of [1 WT +1 Aβ25-35]+2 for mixture I 

demonstrate a high degree of oligomerization within 15 minutes of mixing. Later time 

points show a progression towards higher order oligomers, particularly the 24-mer. 
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Figure 6.13. ATDs on the hetero peak [1 WT +1 Aβ25-35]+2 for mixture II 

demonstrates a high degree of oligomerization within 15 minutes after mixing. Later 

time points show a progression towards the 16- and 24- mer. 
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Figure 6.13. ATDs on the hetero peak [1 WT +1 Aβ25-35]+2 for mixture III 

demonstrate hetero oligomers ranging from the hetero-dimer to hetero-hexamer. Later 

time points show a slow progression forward towards the hetero-dodecamer and 16-mer. 
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b. ALS-related A315T with Aβ25-35 (mixture IV-VI) 

Mass spectra for the individual samples of the A315T and Aβ25-35 in varying degree of 

aggregation are shown in the upper two panels followed by the resulting mass spectrum for 

all three different mixtures (Fig. 6.15). 

 

Figure 6.15. Mass Spectra for A315T and Aβ25-35 samples before and after mixing. A. 

Shows clean mass spectra for both A315T (red) and Aβ25-35 (pink). Dominate peaks are 

annotated and are the [1]+1 and [1]+2 for both samples. The resulting mixture of these 

two samples demonstrates a raised baseline and poor signal to noise (orange). B.  Shows 

non-aggregated A315T (red) (as previously discussed in A.) with aggregated Aβ25-35 
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(dark red). The aggregated Aβ25-35 demonstrates a raised baseline, indicative of 

aggregation. When these two samples mix, the resulting mass spectrum has a 

dramatically increased baseline (marron). C. Aggregated A315T (brown) has raise 

baseline and poor signal to noise. Aβ25-35 (pink) has clean spectra (as previously discussed 

in A.) The result of mixing these two shows a relatively clean spectrum (purple). 

Mass spectra for the non-aggregated samples show clean discrete peaks for A315T (red) 

and Aβ (pink) corresponding [1]+2 and [1]+1 charge states (Figure 6.15. A. top two panels). 

The resulting mass spectrum for this mixture immediately shows a raised baseline, which is 

indicative of aggregation (Fig. 6.15. A. lower panel).  Investigating the ATDs for the singly 

charge monomer peak, [1]+1, A315T (red) shows a range of oligomers at this early time point 

with most of its population among the monomer and dimer (Fig. 6. 16 A). Aβ (pink)  alone 

contains most of its population among the monomer (Fig. 6.16 C). The ATDs that correspond 

to these peaks in the mixture show a drastically different distribution (Fig. 6.16. B, D). We 

observe an immediate shift to higher order oligomers for both species. A315T rapidly 

aggregates towards the hexamer and octamer species (Fig. 6.16. B)  and Aβ grows towards 

the hexamer, octamer, and dodecamer species (Fig. 6.16. D). As what was similarly observed 

for the analogous mixture of the non-aggregated WT and non-aggregated Aβ (mixture I), we 

observed rapid aggregation across both systems. However the A315T mutant seems to 

aggregate even more quickly and promote further aggregation to the Aβ system. This supports 

that the A315T monomer and dimer species are a great driver in Aβ monomer aggregation 

and that Aβ monomer can promote the assembly of larger order oligomers for A315T 

monomer and dimer. 
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Figure 6.16. ATDs for mixture IV (non-aggregated A315T and non-aggregated Aβ25-35 ) 

before and after mixing. A. ATD for A315T show mostly monomer and dimer, with  

some population among the trimer, tetramer, hexamer and octamer as well. B. After 

being mixed with Aβ25-35 we observe an immediate development of hexamer and octamer 

with a diminishing population of lower order oligomers.  C. ATD for non-aggregated 

Aβ25-35 demonstrated mostly monomer. D. Once mixed, we see the ATD dominated by 

hexamer, octamer, and dodecamer species. 

Mass spectra for the non-aggregated sample of A315T (red) shows discrete peaks, while 

the aggregated sample of Aβ (dark red) shows a raised baseline and reduced signal to noise 
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(Fig. 6.15. B. top two panels).  The resulting mass spectrum for this mixture immediately 

shows extensive aggregation (Fig. 6.15. B. lower panel).  Investigating the ATDs for the 

singly charge monomer peak, [1]+1, we observe a population mostly among the monomer and 

dimer as previously described for non-aggregated A315T (Fig. 6.16. A). Aggregated Aβ (red) 

we still see higher order oligomers, including the hexamer, octamer, and dodecamer  species 

(Fig. 6.16. C). The ATDs that correspond to these peaks in the mixture show similar results 

as previously describe in the last mixture (Figure 6.16. B, D). We observe an immediate shift 

to higher order oligomers for both species. A315T rapidly aggregates toward the hexamer and 

octamer species (Figure 6.16. B)  and Aβ maintains a distribution mostly among the higher 

order oligomers, predominantly dodecamer (Figure 6.16. D). This results supports that the 

monomer and dimer species of the A315T serve as critical catalyst for the rapid aggregation 

of Aβ peptide. We also see that the Aβ peptide it its aggregated state can instigate the A315T 

to form higher order oligomers. 

Mass spectra for the aggregated sample of A315T (brown) shows a raised baseline, while 

the non-aggregated sample of Aβ (pink) has two discrete peaks (Fig. 6.15. C. top two panels).  

The resulting mass spectrum for this mixture shows a relatively clean mass spectrum 

compared to the other to mixtures (Fig. 6.15. C. lower panel).  Investigating the ATDs for the 

singly charge monomer peak, [1]+1, we observe a board distribution of oligomers for the 

aggregated A315T sample spanning from monomer to octamer species  where we find the 

majority of the population among the hexamer and octamer (Fig. 6.18. A) while non-

aggregated Aβ peptide contains mostly monomer (Fig. 6.18. C). The ATDs that correspond 

to these peaks in the mixture show a reversal in aggregation. A315T ATD shows a 
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redistribution back to the monomer, dimer and trimer population and Aβ peptide contains 

mostly monomer with a little bit of hexamer and octamer beginning to form (Fig. 6.18. B,D). 

This result further validates that that the monomer and dimer species of the A315T are critical 

for instigating aggregation to Aβ peptide. Interesting it doesn’t appear that the monomeric Aβ 

is able to promote aggregation for the A315T when contains almost exclusively higher order 

oligomers. 

 

Figure 6.17. ATDs for mixture V (non-aggregated A315T and aggregated Aβ25-35) 

before and after mixing. A. ATD for A315T shows mostly monomer, dimer and trimer, 

along with a distribution among higher order olgiomers B. After mixing with Aβ25-35 we 
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observe an immediate development of higher order oligomer, mainly hexamer and 

octamer with a diminishing population of monomer and dimer.  C. ATD for aggregated 

Aβ25-35 demonstrates the development of higher order oligomers, mostly octamer and 

dodecamer. D. Once mixed, we continue to see the spectra dominated by the dodecamer. 

 

Figure 6.18. ATDs for mixture VI )aggregated A315T and non-aggregated Aβ25-35) 

before and after mixing. A. ATD for aggregated A315T shows a dominate population 

among the hexamer. B. After being introduced to solution with Aβ25-35 we observe 

redistribution back to the monomer, dimer, and trimer species C. ATD for non-

aggregated Aβ25-35 demonstrates mostly monomer. D. When mixed with aggregated 
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A315T, the ATDs is still dominated by a monomer population and we observe a  modest 

development of hexamer and octamer species. 

Later time points for these three mixtures (IV-VI) demonstrate an increase of aggregation 

over time (Fig. 6.19).  ATDs show an increase towards higher order oligomer for all three 

mixtures (Fig. 6.20-6.22).  Mixture IV, containing non-aggregated A315T with non-

aggregated Aβ peptide continues to oligomerize towards higher order oligomers for both the 

A315T and Aβ peptide (Fig. 6.20).   Mixture V, containing non-aggregated A315T with 

aggregated Aβ peptide continues to developed higher order features for both the A315T and 

Aβ peptide to an even further extend that mixture IV (Fig. 6.21).    Mixture VI, containing 

aggregated A315T with non-aggregated Aβ peptide demonstrates aggregation towards higher 

order oligomer within an hour (Fig. 6.22. A, C).    By 5 hours we see a distribution that is 

comparable to the other two mixtures (Fig. 6.22).    

.  
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Figure 6.19. Mass spectra for mixtures of A315T and Aβ peptide at 1, 3, and 5 hours 

after mixing show an increase of aggregation over time. Major peaks are annotated with 

their m/z. A. Resulting mass spectra for mixture IV (non-aggregated A315T and non-

aggregated Aβ25-35) gets increasingly noisy by 3 hours B. Resulting mass spectra for 

mixture V (non-aggregated A315T and aggregated Aβ25-35) demonstrates to be 

incredibly messy after 1 hour C. Resulting mass spectra for mixture VI (aggregated 

A315T and non-aggregated Aβ25-35) demonstrates an increase of baseline over time and 

by 5 hours has a similar signature as the other two mixtures.  
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Figure 6.20. ATDs for the mixture IV (non-aggregated A315T with non-aggregated 

Aβ25-35) 1, 3, and 5 hours after mixing. A.-C. A315T [1]+1 shows growth of hexamer and 

octamer species over time.  D.-F. Aβ25-35   [1]+1 contains a dominate hexamer population, 

which over time we see evolve into the dodecamer species. 
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Figure 6.21. ATDs for mixture V (non-aggregated A315T with aggregated Aβ25-35) 1, 

3, and 5 hours after mixing. A.-C. A315T [1]+1 peak show a dominate hexamer peak at 

all times and a loss of the monomer and dimer over time. D.-F. Aβ25-35   [1]+1 peak 

contains a range of higher order oligomers at 15 minutes. By 3 and 5 hours we notice the 

monomer severely depleted and population shifting towards the dodecamer.  
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Figure 6.22. ATDs for mixture V, aggregated A315T with non-aggregated Aβ25-35 at 

1, 3, and 5 hours after mixing. A.-C. A315T [1]+1 peak, over time shows a steady growth 

towards tetramer, hexamer and octamer features. D.-F. Aβ25-35   [1]+1 peak also 

demonstrates a development of higher order oligomers.  By 3 hours we notive the 

monomer completely gone and the hexamer the dominate species. This continues to push 

forward and by 5 hours the population has shifted towards the dodecamer. 
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In all three mixtures of A315T and Aβ, hetero-oligomers were observed and were found 

to be incredibly stable, similar to what was observed for the WT and Aβ mixtures. Injection 

energy studies show the preservation of the hetero dimer peak of [1 A315T +1 Aβ25-35]
+2 (Fig. 

6.23)  

ATDs for all three mixture show a [1 A315T +1 Aβ25-35]
+2 (m/z = 1196) charge state, that 

contains a wide range of hetero oligomers. Mixture IV, containing non-aggregated A315T 

with non-aggregated Aβ peptide demonstrates an initial distribution predominately composed 

of the hetero-16-mer, [8 A315T +8 Aβ25-35]
+16 and hetero-24-mer , [12 A315T +12 Aβ25-35]

+24  

(Fig. 6.24 A). Over time we see the oligomerization continue to push forward towards the 

hetero-24-mer [12 A315T +12 Aβ25-35]
+24  and the development of the hetero-32-mer [16 

A315T +16 Aβ25-35]
+32   (Fig. 6.24 C, D). Mixture V, containing non-aggregated A315T with 

aggregated Aβ peptide shows a development of higher-order-hetero-oligomers, however not 

as aggressively aggregated as mixture IV (Fig. 6.25).  This is a similar finding to the analogous 

mixtures of WT and Aβ (mixtures I and II). We note again that the Aβ oligomers are already 

associated with each other before the mixture in the composition of higher order oligomers, 

therefore the species that would have potentially formed hetero-species with A315T are 

sequestered. At 15 minutes we observe a strong contribution of the hetero-16-mer (Fig. 6.25 

A). Over time we see a growth towards the hetero-16-mer hetero-24-mer (Fig. 6.25 B.-D). 

Mixture III, containing aggregated A315T with non-aggregated Aβ peptide demonstrates 

relatively slower aggregation in the formation of hetero species. Upon mixing, the hetero-

hexamer [3 A315T +3 Aβ25-35]
+6 along with a distribution of other species are present (Fig. 

6.26 A). After incubating in solution we see a development towards larger hetero-oligomers, 
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including the hetero-dodecamer, [6 A315T +6 Aβ25-35]
+12  and hetero-16-mer, [8 A315T +8 

Aβ25-35]
+16. (Fig. 6.26 B-D). From these results we can conclude that the A315T monomer and 

dimer are essential for promoting aggregation to Aβ25-35. This is similar to what was observed 

for the WT and Aβ25-35 mixtures, however A315T promotes aggregation more than the WT. 

 

Figure 6.23. Injection energy study on non-aggregated A315T with aggregated Aβ at 

1 hour show as injection energy increases (going down panels) mass spectra becomes 

better resolve yet contains the contribution for the hetero-dimer, composed of [1 A315T 

+1 Aβ25-35]+2 corresponding the m/z =1196. 
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Figure 6.24. ATD for the [1 A315T +1 Aβ25-35]+2 charge state for mixture IV, 

demonstrate a high degree of oligomerization within 15 minutes after mixing. Later time 

points show a progression towards higher order hetero-oligomers. 
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Figure 6.25. ATDs for [1 A315T +1 Aβ25-35]+2 charge state for mixture V also 

demonstrate a high degree of oligomerization within 15 minutes of mixing. We observe 

a development of of larger hetero-oligomers over time. 
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Figure 6.26. Mixture VI ATDs for  [1 A315T +1 Aβ25-35]+2 demonstrate an intial 

conservative degree of hetero-oligomerization. Later time points show a progression 

forward towards higher order oligomers. 
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 c. ALS-related A315E TDP-43307-319 with Aβ25-35 

Mass spectra for the individual samples of the A315E and Aβ25-35 are shown in the upper 

two panels followed by the resulting mass spectrum for all three different mixtures (Fig. 6.27). 

 

Figure 6.27. Mass Spectra for A315E and Aβ25-35 before and after mixing. A. Shows 

clean mass spectra for both A315E (green) and Aβ25-35 (pink). Dominate peaks are 

annotated and are the [1]+1 and [1]+2 for both samples. The resulting mixture of these 

two samples demonstrates a raised baseline and poor signal to noise (beige). B.  Starting 

samples for this mixture were non-aggregated A315E TDP-43307-319 (green) (as 

previously discussed in A) with aggregated Aβ25-35 (dark red). The aggregated Aβ25-35 
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demonstrates a raised baseline, indicative of aggregation. When these two samples mix, 

the resulting mass spectrum has a dramatically increased baseline (brown). C. 

Aggregated TDP-43307-319 (dark green) has raise baseline and poor signal to noise. Aβ25-

35 (pink) has clean spectra as previously discussed in A. The result of mixing these two 

shows a relatively clean spectrum (dark brown). 

Mass spectra for non-aggregated samples show clean discrete peaks for A315E (green) 

and Aβ (pink) corresponding [1]+2 and [1]+1 charge states (Figure 6.27 A. top two panels). The 

resulting mass spectrum for this mixture immediately shows a raised baseline, which is 

indicative of aggregation (Fig. 6.27. A. lower panel).  Investigating the ATDs for the singly 

charge monomer peak, [1]+1, for A315E (green) we see the bulk of the distribution among the 

monomer, dimer and trimer, with a bit of tetramer and hexamer (Fig. 6.28. A).   Non-

aggregated Aβ (pink) shows a dominate monomer population (Fig. 6.28. C). The ATDs that 

correspond to these peaks in the mixture show a drastically different distribution (Fig. 6.28. 

B, D). We observe an immediate shift to higher order oligomers for both species. A315E 

rapidly aggregates toward the tetramer and hexamer species (Fig. 6.28. B)  and Aβ grows 

towards the hexamer and octamer species, with an abrupt depletion in monomer (Fig. 6.28. 

D). As what as discussed for both WT and A315T, we observe how rapidly this mixture 

aggregates compared to the peptide alone. This result suggests that the A315E monomer and 

dimer species are a great promoter in aggregation for Aβ monomer and that Aβ monomer can 

promote the assembly of larger order oligomers for A315E monomer and dimer. 
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Figure 6.28. ATDs of mixture VII (non-aggregated A315E and non-aggregated Aβ25-35) 

before and after mixing. A. ATD for A315E alone at 15 minutes show mostly monomer, 

dimer and some trimer with some tetramer and hexamer B. After being mixed with Aβ25-

35 we observe an immediate development of tetramer and hexamer with a diminishing 

population of monomer, dimer and trimer.  C. ATD for non-aggregated Aβ25-35 

demonstrated mostly monomer. D. Once mixed, we see the monomer severely depleted 

and the ATD dominated by hexamer and octamer, with some dodecamer. 

Mass spectra for the non-aggregated sample of A315E (green) shows discrete peaks, while 

the aggregated sample of Aβ (red) shows a raised baseline and reduced signal to noise (Fig. 
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6.27. B. top two panels).  The resulting mass spectrum for this mixture immediately shows 

extensive aggregation (Fig. 6.27. B. lower panel).  Investigating the ATDs for the singly 

charge monomer peak, [1]+1 for the samples before mixing we observe a population mostly 

among the monomer, dimer and trimer along with some contribution from tetramer and 

hexamer for the non-aggregated A315E (Fig. 6.29. A). Aggregated Aβ (red) ATD is 

dominated by higher order oligomers, including the hexamer, ocatmer, and dodecamer species 

(Fig. 6.29. C). The ATDs that correspond to these peaks in the mixture show similar results 

as previously describe for mixture VII (Figure 6.29. B, D). We observe an immediate shift to 

higher order oligomers for both species. WT rapidly aggregates toward the tetramer and we 

see development of the hexamer and octamer species (Figure 6.29. B). Aβ maintains higher 

order oligomeric distribution (Figure 6.29. D). This result supports that the monomer and 

dimer species of the A315E serve as critical catalyst for the rapid aggregation of Aβ peptide. 

We also see that the Aβ peptide it its aggregated state can instigate the A315E to form higher 

order oligomers. 

Mass spectra for the aggregated sample of A315E (dark green) shows a raised baseline, 

while the non-aggregated sample of Aβ (pink) has two discrete peaks (Fig. 6.27. C. top two 

panels).  The resulting mass spectrum for this mixture shows relatively clean mass spectrum, 

similar to what was observed for the WT and A315T analogous mixture (Fig. 6.27. C. lower 

panel).  Investigating the ATDs for the singly charge monomer peak, [1]+1, for both peptides, 

we observe a dominate hexamer peak for the aggregated A315E (Fig. 6.30. A). Non-

aggregated Aβ peptide contains only monomer (Fig. 6.30. C). The ATDs that correspond to 

these peaks in the mixture show no promotion of aggregation. A315E ATD shows a 
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redistribution back to the monomer,  dimer, and trimer population and Aβ peptide contains 

mostly monomer with a little bit of hexamer and octamer (Fig. 6.30. B,D). This result further 

validates that that the monomer and dimer species of the A315E are critical for instigating 

aggregation to Aβ peptide, a consistent finding among all the TDP-43307-319 peptides discussed 

thus far. 

 

Figure 6.29. ATDs for mixture VIII (non-aggregated A315E and aggregated Aβ25-35) 

before and after mixing. A. ATD for A315E shows a population mostly among monomer, 

dimer and trimer, with a bit of tetramer and hexamer developed B. After being mixed 

with Aβ25-35 we observe an immediate development of the  tetramer, hexamer, and 
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octamer along with a diminishing population of monomer and dimer.  C. ATD for 

aggregated Aβ25-35 demonstrates the development of higher order oligomers. D. Once 

mixed, we observe a spectra dominated by high order oligomers 

 

Figure 6.30. ATDs of mixture IX (aggregated A315E and non-aggregated Aβ25-35 ) 

before and after mixing. A. ATD for aggregated A315E shows a dominate hexamer 

population B. After being mixed with Aβ25-35 we observe redistribution back to the 

monomer, dimer, and trimer species C. ATD for non-aggregated Aβ25-35 demonstrates 

mostly monomer. D. Once mixed with A315E, the ATDs looks nearly identical. There is 

a small contribution from a growing hexamer and octamer population. 
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Later time points for these three mixtures demonstrate an increase of aggregation over 

time (Fig. 6.31).  ATDs show an increase towards higher order oligomer for all three mixture 

(Fig. 6.32-6.35).  Mixture VII, containing non-aggregated A315E with non-aggregated Aβ 

peptide continues to oligomerized to higher order feature for both the A315E and Aβ peptide 

(Fig. 6.32).   Mixture VIII, containing non-aggregated A315E with aggregated Aβ peptide 

also continues to oligomerized to higher order features for both the A315E and Aβ peptide to 

an even further extend than mixture VII (Fig. 6.33).    Mixture IX, containing aggregated 

A315E with non-aggregated Aβ peptide demonstrated relatively slower aggregation compared 

to the other mixtures, but assembled to high-order assemblies over time (Fig. 6.34).     
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Figure 6.31. Mass spectra for the all three mixtures of A315E and Aβ at 1,3, and 5 

hours. Major peaks are annotated with their m/z. A. Resulting mass spectra for mixture 

VII (non-aggregated A315E and non-aggregated Aβ25-35) show a B. Resulting mass 

spectra for non-aggregated A315E and aggregated Aβ25-35 and C. Resulting mass spectra 

for aggregated A315E and non-aggregated Aβ25-35. 

 

Figure 6.32. ATDs for mixture VII (non-aggregated A315E with non-aggregated 

Aβ25-35) 1, 3, and 5 hours after mixing. A.-C. ATDs correspond to the A315E [1]+1 peak, 
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over time we can see the hexamer and octamer growing as the lower order oligomers, 

monomer, dimer and  trimer deplete.  D.-F. ATDs correspond to the Aβ25-35   [1]+1 peak, 

contains a dominate dodecamer structure.  

 

Figure 6.33. ATDs for mixture VIII (non-aggregated A315E with aggregated Aβ25-35) 

1, 3, and 5 hours after mixing. A.-C. ATDs correspond to the A315E [1]+1 peak, over time 

we can see the hexamer and octamer growing as the lower order oligomers, monomer, 
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dimer, trimer and tetramer deplete.  D.-F. ATDs correspond to the Aβ25-35   [1]+1 peak, 

we observe a dominate dodecamer peak at all times. 

 

Figure 6.34. ATDs for mixture IX (aggregated A315E with non-aggregated Aβ25-35) 

1, 3, and 5 hours after mixing. A.-C. ATDs correspond to the WT [1]+1 peak show  steady 

growth towards tetramer and hexamer.  D.-F. ATDs correspond to the Aβ25-35   [1]+1 

peak, we see a dominant monomer peak deplete by 3 hours and the  formation of 

hexamer and octamer.   
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In all mixtures of A315E and Aβ25-35 we observe hetero-oligomers. Injection energy 

studies show a stable hetero dimer peak of [1 A315E +1 Aβ25-35]
+2 (Fig. 6.35) at high injection 

energy on mass spectra. Things finding is consistent with what was previously discussed for 

the WT and A315T mixtures. 

ATDs for the [1 A315E +1 Aβ25-35]
+2 (m/z = 1210) show a wide range of hetero oligomers 

and a development to larger hetero species over time(Fig. 6.36-38 A). Mixture VII, containing 

non-aggregated A315E with non-aggregated Aβ peptide demonstrates an initial distribution 

containing mostly hetero-dodecamer [6 A315E +6 Aβ25-35]
+12  and hetero-16-mer [8 A315E 

+8 Aβ25-35]
+16  (Fig. 6.36 A). Over time we see the oligomerization develop toward the hetero-

24-mer (Fig. 6.36 C, D). Mixture VIII, containing non-aggregated A315E with aggregated Aβ 

peptide shows an initial population among the hetero-octamer [4 A315E +4 Aβ25-35]
+8 , hetero-

dodecamer [6 A315E +6 Aβ25-35]
+12  and hetero-16-mer [8 A315E +8 Aβ25-35]

+16(Fig. 6.37 C, 

D).  As discussed for the WT and A315T analogous mixture, the degree of aggregation is less 

for the mixture, due the Aβ lower order oligomers taken for the development of Aβ higher 

order oligomers prior to mixing. Over time we see a growth towards the hetero-16-mer and 

hetero-24-mer (Fig. 6.37 B.-D). Mixture IX, containing aggregated WT with non-aggregated 

Aβ peptide demonstrates a slow development of hetero species. Upon mixing, the hetero- 

hexamer [3 A315E +3 Aβ25-35]
+6 is the dominating species (Fig. 6.38 A). After incubating in 

solution we see an evolution of larger hetero-oligomers (Fig. 6.38 B-D). These results support 

that A315E monomer and dimer are essential for promoting aggregation across the different 

protein system as well as in forming hetero species.  
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Figure 6.35. Injection energy study on mixture VIII after 1 hour shows as injection 

energy increases (going down panels) mass spectra becomes better resolve yet contains 

the contribution for the hetero dimer, composed of [1 A315E +1 Aβ25-35]+2 corresponding 

the m/z =1210. 
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Figure 6.36. ATDs for mixture VII of the hetero peak [1 A315E +1 Aβ25-35]+2 

demonstrate a high degree of oligomerization within 15 minutes. Later time points show 

a progression forward towards higher order oligomers. 
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Figure 6.37. ATDs on the hetero peak [1 A315E +1 Aβ25-35]+2 demonstrate a high 

degree of oligomerization within 15 minutes after mixing. We observe an evolution to 

higher order hetero-oligomers over time. 
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Figure 6.38. ATDs on the hetero peak for mixture IX [1A315E +1 Aβ25-35]+2 

demonstrate a moderate degree of oligomerization after initially mixing. 15 minutes 

Later time points show a progression forward towards higher order oligomers. 
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 d. Non-toxic G314V TDP-43307-319 with Aβ25-35 

Mass spectra for the individual samples of the G314V and Aβ25-35 are shown in the upper 

two panels followed by the resulting mass spectrum for two different mixtures (Fig. 6.39). 

Previous studies demonstrate G314V’s unique aversion towards higher order oligomers 

(Fig3.12). This phenomenon is attributed to the valine mutation inducing a steric clash that 

prevent the formation of the cylindrin structure, found to be compatible with the hexamer 

features for the other three TDP-43307-319 peptides. Therefore without an aggregated state of 

G314V there are only two possible mixtures: Mixture  X, G314V mixed with non-aggregated 

Aβ25-35 and mixture XI, with G314V mixed with aggregated Aβ25-35.  
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Figure 6.39. Mass Spectra for G314V and Aβ25-35 samples before and after mixing. 

A. Shows clean mass spectra for both G314V (yellow) and Aβ25-35 (pink). Dominate peaks 

are annotated and are the [1]+1 and [1]+2 for both samples. The resulting mixture of these 

two samples demonstrates a clean spectrum (orange). B.  Mass spectra for G314V 

(yellow) (as previously discussed in A). Aggregated Aβ25-35 (dark red) demonstrates a 

raised baseline, indicative of aggregation. When these two samples mix, the resulting 

mass spectrum has an raise baseline comparable to the aggregated Aβ25-35 (red-orange). 

Mass spectra for the G314V (yellow) and Aβ (pink) corresponding [1]+2 and [1]+1 charge 

states (Figure 6.39 A. top two panels). The resulting mass spectrum for this mixture shows a 

well resolved spectrum (Fig. 6.39. A. lower panel).  Investigating the ATDs for the singly 

charge monomer peak, [1]+1, of both G314V (blue) and Aβ (pink)  samples demonstrate an 

initial distribution among lower order oligomers, primarily the monomer for both peptides. 

(Fig. 6.40. A,C). The ATDs that correspond to these peaks in the mixture show no change 

compared to the initial distribution (Fig. 6.40. B, D). G314V maintains a constant population 

among the monomer, dimer and trimer species (Fig. 6.40. B) and Aβ shows a dominate 

monomer peak (Fig. 6.40. B, D). This result is opposite to what has been seen for all the other 

TDP-43307-319 peptides. No promotion in aggregation to neither of the systems is observed.  
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Figure 6.40. ATDs of G314V and non-aggregated Aβ25-35 samples before and after 

mixing. A. ATD for G314V show mostly monomer, dimer and some trimer. B. After 

being introduced to solution with Aβ25-35 we observe no change. C. ATD for non-

aggregated Aβ25-35 demonstrated mostly monomer. D. Once mixed with G314V, we see a 

strong monomer present.  

Mass spectra for G314V (yellow) shows discrete peaks, while the aggregated sample of 

Aβ (red) shows a raised baseline and reduced signal to noise (Fig. 6.39. B. top two panels).  

The resulting mass spectrum for this mixture doesn’t appear to be any more aggregated than 

the aggregated Aβ sample (Fig. 6.39. B. lower panel).  Investigating the ATDs for the singly 
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charge monomer peak, [1]+1, for both peptides, we observe a population of monomer, dimer 

and trimer G314V (Fig. 6.41. A)  and a dominate dodecamer peak  for the the aggregated Aβ 

(dark red) (Fig. 6.41. C). The ATDs that correspond to these peaks in the mixture show a 

decrease in aggregation for the Aβ peptide (Figure 6.41. B, D). We observe no change for the 

oligomer distribution of G314V and notice a shift in population from the dodecamer to 

hexamer for Aβ (Figure 6.41. B, D). This result suggests that G314V is able to dissociate 

higher order oligomers of Aβ. 

 

Figure 6.41. ATDs for G314V and aggregated Aβ25-35 samples before and after 

mixing. A. ATD for G314V shows monomer, dimer and trimer. B. After mixing with 
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Aβ25-35 we observe the same distribution. C. ATD for aggregated Aβ25-35 demonstrates 

the development of higher order oligomers, mostly dodecamer. D. Once mixed with 

G314V mixed, we observe a redistribution back to the hexamer and monomer species as 

the dodecamer population goes down.  

Later time points for these two mixtures demonstrate consistent mass spectra for mixture 

X and a reduction of the raised baseline for mixture XI (Fig. 6.42).  ATDs show a steady 

distribution among lower order oligomers for mixture X and dissociation of Aβ higher order 

oligomers into monomer for mixture XI (Fig. 6.43-6.44).  Mixture X, containing G314V with 

non-aggregated Aβ peptide continues to maintain a constant distribution over 5 hours (Fig. 

6.43).  Mixture XI, containing G314V with aggregated Aβ peptide shows a dissociation of the 

Aβ hexamer into monomer (Fig. 6.44). Both mixtures illustrate G314V unique ability to 

suppress aggregation and to dissociate pre-formed higher order oligomers.  
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.  

Figure 6.42. Mass spectra for the two mixtures at 1,3, and 5 hours. Major peaks are 

annotated with their m/z. A. Resulting mass spectra for mixture X (G314V and non-

aggregated Aβ25-35) shows no raised baseline over time.  B. Resulting mass spectra for 

mixture XI (G314V and aggregated Aβ25-35) shows an improvement of signal to noise and 

reduction in the initial raised baseline.  



Co-Aggregation Study  Chapter VI 

 187 

 

Figure 6.43. ATDs of mixture X (G314V with non-aggregated Aβ25-35) 1, 3, and 5 

hours after mixing. A.-C. ATDs correspond to the G314V [1]+1 peak, over time we see 

no change to the distribution. D.-F. ATDs correspond to the Aβ25-35   [1]+1 peak, we notice 

a dominate monomer peak and no evolution to higher order oligomers over time. 
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Figure 6.44. ATDs for mixture XI (G314V with aggregated Aβ25-35) 1, 3, and 5 hours 

after mixing. A.-C. ATDs correspond to the G314V [1]+1 peak, over time observe a steady 

distribution of monomer, dimer and trimer.  D.-F. ATDs correspond to the Aβ25-35   [1]+1 

peak, we notice after the first hour the monomer has grown. Over time we observe a 

depleted hexamer population feeding into the dominate monomer peak.   
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In both mixtures of G314V and Aβ, we observe hetero-oligomers. Injection energy studies 

were conducted and show the preservation of the hetero dimer peak of [1 G314V +1 Aβ25-

35]
+2 (Fig. 6.45). ATDs for the [1 G31V +1 Aβ25-35]

+2 (m/z = 1202) show a dissociation from 

higher order hetero oligomers down to the hetero-dimer species. Mixture X, containing 

G314V with non-aggregated Aβ peptide demonstrated an initial distribution contain mostly 

the hetero-24-mer [12 G31V +12 Aβ25-35]
+24 (Fig. 6.46 A). Within an hour we see this 

distribution completely dissociate into the hetero-dimer (Fig. 6.46 B). And the distribution is 

maintained here for up the 5 hours (Fig. 6.46 C, D). Mixture XI, containing G314V with 

aggregated Aβ peptide, initially shows a dominate hetero-24-mer [12 G31V +12 Aβ25-35]
+24 

(Fig. 6.47 A). After an hour in solution, we notice a shift in population from the hetero-24-

mer back down to the hetero-dimer (Fig. 6.47 B). At later time points we continue to see this 

dissociation continue into the growing hetero-dimer population (Fig. 6.47 C, D). Based on 

these results obtained from the two mixtures G314V we can see that this peptide interacts very 

differently with Aβ and has an ability to dissociate pre-formed oligomers of Aβ. Interestingly 

we see an initial assembly of higher order hetero-oligomers that dissociate into the hetero-

dimer species over time  
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Figure 6.45. Injection energy study on mixture X 1 hour after mixing showa as 

injection energy increases (going down panels) mass spectra becomes better resolve yet 

contains the contribution for the hetero dimer, composed of [1 G314V +1 Aβ25-35]+2 

corresponding the m/z =1202. 
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Figure 6.46. ATDs of mixture X charge satte [1 G314V +1 Aβ25-35]+2 demonstrate a 

high degree of oligomerization within 15 minutes after creating mixture sample. 

Followed by a dissociation to the hetero-dimer within an hour and maintained at 5 hours. 
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Figure 6.47. ATDs for mixture XI on the hetero peak [1 G314V +1 Aβ25-35]+2 

demonstrate a high degree of oligomerization within 15 minutes after creating mixture 

sample. Later time points show dissociation toward the hetero-hexamer, hetero tetramer 

and dominate peak hetero dimer. 
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D. Treatment with JPS Molecule to Co-Aggregation System 

Recovery experiments were conducted with non-aggregated WT TDP-43307-319 and non-

aggregated Aβ25-35 peptide co-aggregated mixture with JPS molecule AC0201, previously 

discussed in chapter 5. The co-aggregated mixture was incubated for 3 hours after the initial 

mixing. At which point a 1:1 molar ration of inhibitor to total peptide concentration was 

added to the aggregated mixture and the effects on oligomerization were monitored for a 

week after adding the inhibitor AC0201.  

The aggregated state of the mixture before adding AC0201 is shown in figure 6.48 A, D, 

G, and J. We note that were is a high degree of aggregation indicated by the raised baseline 

in the mass spectrum and the dominant display of higher-order oligomers in the ATDs. 

Inhibitor AC0201 was added at this stage of aggregation and within 15 minutes we observed 

a great change is the mass spectrum and ATDs (Fig. 6.48 B, E, H, and K). The raised 

baseline is seriously diminished in the mass spectrum and the ATDs show a redistribution 

back to smaller order oligomers. After 3 hours we notice that the mass spectrum is even 

more well resolved and the raised baseline is completely gone. The ATDs continue to show 

a redistribution back the smaller order oligomers and the higher order species are almost 

completely gone (Fig. 6.48 C, F, I, and L). Later time points demonstrate the robustness of 

this molecule and its ability to dissociate pre-formed higher order oligomers and prevent 

these species from reassembling (Fig. 6.48). 
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Figure 6.48. Co-aggregated mixture after 3 hours of incubation followed by the 

treatment with the JPS molecule AC0201. A.-C. Shows the mass spectra for the 

aggregated mixture before and 15 minutes and 3 hours after the treatment with 

inhibitor Ac0201. D.-F. Shows the ATDs for the WT TDP-43307-319 peptide shift from 

hexamer and tetramer to monomer and dimers with a depletion in the higher order 

species. G.-I. Aβ25-35 ATDs show an initial distribution of mostly octamer and hexamer 

followed a rapid shift to monomer after the addition of AC0201. J.-L. Show the [1+1]+2 
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hetero oligomer beginning with large order hetero species and the redistribution to 

smaller hetero oligomers. 

 

Figure 6.49. ATDs at later time points after treatment with AC0201. A.-D. WT 

TDP-43307-319 E.-H. Aβ25-35  I.-L.[1+1]+2 hetero oligomer. 

E. Conclusions  

From these IM-MS findings we can conclude that the monomeric form of the toxic TDP-

43307-319 peptides (WT, A315T and A315E) are able to promote rapid aggregation to Aβ25-35. 

Interestingly when WT, A315T and A315E possess high order oligomers they are stunted in 

their ability to instigate aggregation to Aβ25-35 and experience dissociation into smaller order 

oligomers. Synthetic non-toxic mutant, G314V was able to suppress to formation of higher 

order oligomers and also dissociated pre formed oligomers. This help provide insight to the 

G314 playing a role in the inter protein aggregation. Fascinatingly, all TDP-43307-319 peptides 
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formed hetero-oligomers with Aβ25-35.  What was most curious was the formation of hetero 

oligomers between G314V and Aβ25-35. Within an hour the larger hetero-species began to 

dissociate into the hetero-dimer. All other TDP-43307-319 peptides demonstrated a forward 

development in hetero-oligomers. This suggests that interaction through this hetero-species 

may be pivotal in seeding aggregation across these two different protein systems, perhaps by 

a templating effect. Additional the study with AC0201 demonstrate that this molecule is able 

to dissociate and prevent the reformation of toxic higher order oligomers.  
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VII. Summary and Future Work  

A. Summary 

The bulk of this work has focused on proteins related to ALS. We sought out to 

characterize the pathogenic mechanism and elucidate toxic structures for TDP-43307-319 and 

SOD128-38. Interestingly we observed a similar structural motif between these two systems, 

the cylindrin and corkscrew. Once these systems were characterized, our focus turned towards 

evaluating potential therapeutic molecules on their efficacy in dissociating disease related 

oligomers. With recent evidence suggesting TDP-43 involvement in AD, we began exploring 

the possible interactions between critical fragments of TDP-43 and Aβ. 

Investigation of the amyloidogenic core of TDP-43307-319 determined cylindrin compatible 

structures and the rapid assembly towards these features for the ALS-related mutants.1  A 

synthetic non-toxic mutant, G314V, never assembled past the trimer. Additionally, steric 

clashes induced by the valines prevent the formation of the cylindrin structure, making this 

peptide non-cylindrin compatible. Considering our findings, we deduced that higher order 

oligomer, such as hexamer and octamer are oligomers associated with toxicity, and that the 

monomer, dimer and trimer are non-toxic species.1  

Examining the most highly considered region within SOD1, SOD128-38, we found 

agreement to the corkscrew x-ray crystal structure and observed a conformational transition 

to these species for the WT and ALS-related mutant, G37R. As with the cylindrin, the internal 

glycine is a critical feature for the adoption to the corkscrew structure. Studies on G33W 

showed no conformation transition to these species.  
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Collaboration with Ambuj Singh from UCSB computer science department and Christian 

Lang from Acelot, prompted a new project where we evaluated their novel computationally 

derived therapeutic molecules on disease related aggregation. These molecules were 

extensively tested on the WT TDP-43307-319 and proved to be successful in remodeling the 

distribution away from the toxic related species to the lower order oligomers. Second 

generation molecules proved to be more effective then the first series of molecules and robust 

at a relative lower concentration.2 Additionally, this work showed the versatility of IM-MS as 

a screening method for disease target specificity. 

Heterogeneous protein aggregation was investigated between TDP-43307-319 and Aβ25-35. 

Our studies demonstrated how monomeric species of disease related TDP-43307-319 peptides 

were critical in the instigation of aggregation to Aβ25-35 and in the formation of hetero-

oligomers. Work with non-toxic G314V demonstrated the opposite effect where not only did 

it suppress aggregation from developing; it dissociated pre-formed higher order oligomers of 

Aβ25-35. This suggested a potential role in cylindrin compatible structures mediating toxicity 

between species.  

B. Future Work 

As the incidence of neurodegenerative disorders become more prevalent, there will be an 

even greater need for effective treatments. Toxic soluble oligomers are elusive species that 

are difficult to study and the proper development and evaluation of potential drugs presents 

several hurdles. This field requires and will demand more efforts in fundamentally 

understanding disease related species.   Based on the work presented here, there are several 

aspects of this research that can be further explored.  
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A mutant that we neglected to study that resides on TDP-43307-319 was M311V. This 

mutant maintains the cylindrin compatible feature of G314 and would be interesting to 

observe its aggregation mechanism compared to the WT and two ALS-related mutants on 

position 315. To broaden our knowledge of this system we could also investigate the large 

fragment Q286-Q331. However this larger segment could pose solubility constraints and 

make it difficult to study.  

The cylindrin and corkscrew motifs have demonstrated to be a common feature among 

different proteins related to a number of neurodegenerative disorders. 3-5 There are over 30 

proteins (with highly varying sequence homology and structures) that have been confirmed to 

adopt amyloid fibrils. Across all these fibrils, they share a similar mechanism of formation 

and mature fibril structure.6 Considering this, it is not unreasonable to suspect that there might 

be a common structure in the earlier phase of this assembly towards fibril formation. Studies 

with fragments of PrP, SOD1 and α-synuclein have demonstrated the broad application of 

these cylindrin compatible structures.7-8 X-ray crystal studies demonstrated a fragment of PrP 

adopting a cylindrin structure7 and work by Sangwan indentified several sequences within 

SOD1 and α-synuclein (protein related to Parkinson’s) compatible with the cylindrin sequence 

motif: SOD131-41, SOD133-43, α-syn63-73, α-syn68-78, α-syn46-73, α-syn63-91.
8 These peptides 

would be of great interest to study utilizing IM-MS to characterize their oligomerization and 

compare experimental CCS to theoretically resolved structures from MD or x-ray crystal 

structures if available.   

Having illustrated how successful the JPS-trained molecules were on dissociating higher-

order oligomers of the WT TDP-43307-319 it would be interesting to evaluate these molecules 
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on the ALS-related mutants as well. Initial studies with AC0107 on A315T and A315E 

demonstrate no effect on the destabilization higher order oligomers. But with the improvement 

on the second series perhaps these new molecules will be effective in dissociating the more 

aggressive aggregation of A315T and A315E. 
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Appendix I. Atomic Force Microscopy 

Reproduced in part with permission from Veronica Laos, Thanh D. Do, Dezmond Bishop, 

Yingying Jin, Nicole M. Marsh, Brady Quon, Megan Fetters, Kristi Lazar Cantrell, Steven K. 

Buratto, Michael T. Bowers. ACS Chem. Neurosci.Vol 10(9) Copyright © 2019 American 

Chemical Society 

 

Reproduced in part with permission from Veronica Laos, Dezmond Bishop, Christian A. 

Lang, Nicole M. Marsh, Kristi Lazar Cantrell, Ambuj K. Singh, Steven K. Buratto, Michael 

T. Bowers. Biochemistry Vol 59(4) Copyright © 2019 American Chemical Society 

 

A. Introduction 

Ion mobility mass spectrometry (IM-MS) provides valuable information into the 

oligomeric development. These early stage transient species then continue to grow into large 

features, no longer identifiable with IM-MS. Atomic force microscopy (AFM) is able to probe 

these larger aggregates1-4 and this technique provides a unique view into the late transition 

from soluble oligomers to mature fibrils. These experiments were performed in collaboration 

with the Buratto group at UCSB, with primary contributions from Yingying Jin and Dezmond 

Bishop. 

B. Methods 

Samples were prepared for AFM by depositing 5L of 100mM peptide in 10mM 

ammonium acetate buffer, pH 7.4 solution onto freshly cleaved V1-grade mica (TedPella, 

Edding, CA) and dried in a vacuum-desiccator overnight. Tapping-mode AFM images were 

taken from the dried peptide sample in air using MFP-3D Atomic Force Micrscope (Asylum 



Atomic Force Microscopy  Appendix I 

 206 

research, Goleta CA). A silicon probe was used with a cantilever spring constant of 7 N/m 

and a resonant frequency of 155 kHz (MikroMasch USA, Lady’s Island, SC). 

C. Understanding TDP-43307-319 Fibrillization Mechanism 

  AFM images were taken at the same time points and under the same conditions as the 

ThT and IM-MS experiments (previously described in Chapter III) to ensure comparable 

results between methods. The background in each image is a film of peptide. Although largely 

disordered, this film was occasionally observed to order itself into needle-like features (Fig. 

A1. B, G). This was not observed to influence other observable features, such as fibrils and 

protofibrils. 

After 15 minutes of incubation in solution, WT peptide demonstrates protofibrils with 

approximate heights of 0.7 nm (Fig. A2.) undergoing conversion to typical amyloid fibrils 

(Fig. A1.A). Height profiles of the fibrils shows incremental heights of 2 nm, suggesting 

bundling, which is a typical feature for amyloid fibrils (see line cuts in Fig. A3). Interestingly, 

IM-MS results at 15 minutes only show the presence of monomer, dimer and trimer, 

suggesting that higher order structures such as tetramer, hexamer and octamer are not 

necessary for fibril formation. After 3 hours of incubation in solution, AFM shows an 

increased density of fibrils for WT (Fig. A1.B). At later time points, bundled fibrils are more 

frequently observed. (Fig. A1.C, D). 
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Figure A1. AFM images of TDP-43307-319 peptide show fibril assembly (A-D) WT (E-

H) A315T (I-L) A315E and (M-P) G314V. Images were collected at incubation periods 

from 15 minutes to 24 hours. Each image is 2x2 µm2, scale of 500-nm shown in upper 

right hand corner. Images A-L have a height scale from -2 to 2 nm and images M-P 

from -6 to 6 nm, where lighter colors correspond to taller features.  Blue arrows point 

to distinct fibrils, white arrows points to background made up of needle-like features 

and green arrows show the non-fibrillar network. 



Atomic Force Microscopy  Appendix I 

 208 

 

 

Figure A2. Protofibril Heights (A) AFM image of WT protofibrils (B) Line cut showing 

heights of protofibril features around 0.5-0.8 nm. (C) AFM image of A315T protofibrils 

(D) Line cut showing heights of protofibril features ranging from 0.2-0.7 nm. 
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Figure A3. AFM images of TDP-43307-319 fibrils with respective line cuts across fibril 

features (A,B) WT (C,D) A315T (E,F) A315E and  (G,H) G314V. (A) WT image shows 

fibrils of different heights (B) The line cut demonstrates that theses feature are growing 

in incremental heights of ~2nm. (C) A315T demonstrates protofibrils features and a 

mature fibril with a tapering tail. (D) Shows the end of the fibril is approximately half 

the height of the tallest fibril feature. (E) A315E fibrils show varying height. (F) Line cut 

similar to the WT and A315T fibrils are growing in ~2nm additions. (G) G314V fibrils 

are twisted and lying on top of a network of peptide film and other features. (H) The line 

cut shows the relative height of the fibrils ranging from 4 to 8 nm. 

The ALS-related mutations, A315T and A315E, were both observed to develop similar 

fibrils to the WT peptide. A315T peptide at 15 minutes shows fibrils with similar height 
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profiles to those observe in the WT peptide. Unlike the WT, protofibrils with heights ranging 

from 0.2-0.9 nm are readily observable before they begin their conversion to fibrils. (Fig. A1. 

E). After 3 hours of incubation for A315T, we see an increase in both protofibril and fibril 

density, and the mature fibrils begin to bundle together (Fig. A1. F). Line cuts demonstrate 

similar heights for the fibrils to the WT peptide (Fig. A3).  The majority of fibrils are 

concentrated in high density features (Fig. A4). At 24 hours, bundled fibril features are almost 

exclusively observed. These results are consistent with IM-MS, ThT, and CD studies that 

demonstrate accelerated aggregation. 

 The A315E peptide at 15 minutes shows fibrils with ta-pering protofibril tails. Several of 

these fibrils are observed to have already begun bundling (Fig. A1. I). Line cuts show heights 

similar to the pattern of WT (Fig. A3. C). Over the next 8 hours, fibrils typically appear longer 

and are more frequently bundled together (Fig. A1. J,K). At 24 hours, fibrils remain 

unchanged, although their relative density is lower. We have determined that the loss in fibril 

density is due to large fibrils crashing out of solution. 

Lastly, G314V adopted a very slow mechanism for the formation of fibrils. (Fig. A1. M-

P). Over the first 24 hours, we observe the formation of a non-fibrillar network. Fibrils are 

first observed at 72 hours (Fig. A5.). Unlike the other peptides, G314V exhibits twisting 

fibrils. IM-MS results for G314V only demonstrate monomer, dimer, and trimer which 
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indicates that these smaller order oligomers are sufficient for fibril formation. It also suggests 

higher order oligomers may be at least partially off pathway for fibril formation.        

 

Figure A4. A315T Shows High Density of Fibrils (A) 15 minutes after incubating in 

solution (B) After an hour in solution, fibrils are clumping into 20nm tall features.  

 

Figure A5. Later Time Points of G314V Show the Slow Development of Amyloid Fibrils. 

(A) 72 hours (B) 1 week demonstrates a network of twisted fibrils.   
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AFM provides a bridge between soluble oligomers elucidated by ThT, CD and IM-MS to 

the well-developed fibrils studied by EM and FTIR. This technique demonstrated that the WT 

developed fibrils after 15 minutes in solution. However IM-MS at this time point dominantly 

contained monomer and dimer. This result suggests that larger order oligomers are not 

necessary for fibril formation. Mutant G314V supports this suggesting since it forms only 

dimer and trimer oligomers but also forms fibrils, albeit at a slower rate.  

D. Monitoring the Affects of JPS molecules on TDP-43307-319 Fibrilization  

Fibril formation for WT peptide was previously studied and it was shown that fibrils could 

be formed when only monomer, dimer and trimer species were observed by IM-MS.5 This 

result suggested that higher order oligomers are not necessary for the formation of fibrils. 

Studies were conducted to determine if the inhibitor molecules affect fibril morphology. 

Samples were prepared as previously described for IM-MS studies with JPS molecules 

(Chapter V).  WT peptide is observed to form fibrils on top of a film of peptide after 15 

minutes of incubation at room temperature (Fig A6. A.). The density of fibrils increased by 4 

hours (Fig 6A. B.). To perform experiments with inhibitor, WT peptide sample incubated for 

4 hours alone in solution, and was then prepared onto a mica disk and analyzed as a reference 

for the aggregated sample. The aggregated WT sample was then treated with inhibitors to 1:1 

molar ratio. Aliquots were taken 15 minutes after the addition of the inhibitor and subsequent 

time points after the addition of the inhibitor and monitored for up to a week. 
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Figure A6. Typical fibril formation for TDP-43307-319 WT peptide. A. Small fibril is 

present at 15 minutes.  B. After 4 hours in solution there is an increase of fibril density 

and length. 

Treatment of WT peptide with [AC0107], [AC0105], [AC0102] and [AC0201] 

demonstrated no significant morphological changes to fibrils within 24 hours of incubation 

(Fig 7A.). In both the treated and untreated peptide solutions, no fibrils were observed at or 

after 48 hours. We believe this is attributed to fibrils crashing out of solution. [AC0107] had 

no impact on fibrils within 24 hours in solution (Fig A7. A.-C.). Molecule [AC0105] was 

observed to have some impact on the underlying peptide film, (Fig A7 D.) but long-term 

incubation shows the same fibril features previously observed for the WT alone (Fig A7. E.-

F.). [AC0102] affected observable fibril density (Fig A7. G.-I.). However, due to the absence 

of morphological changes in the observable fibrils, this is likely the result of fibrils crashing 

out of solution at a faster rate rather than a true decrease in the total number of fibrils. 

[AC0201] treatment to the WT peptide looks similar to the WT alone at 15 minutes (Fig A7. 

J). At 5 hours and 24 hours, fibrils are still present. Line cuts demonstrate that fibril heights 

are consistent among all trials (Fig A8). 
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Figure A7. Fibrils After Inhibitor Treatment to TDP-43307-319 WT peptide. A.-C. 

[AC0107] has no effect on fibril morphology at A.15 minutes B. 5 hours and C. 24 hours.  

D. Treatment with [AC0105] shows a slight initial change within the first 15 minutes E.-

F. Later time points show typical fibril morphology. G.-I. [AC0102] treatment results in 

a decrease of fibril density, observed at G. 15 mints, H. 5 hours and I. 24 hours. J.-L. 

[AC0201] looks typical at 15 minutes. At later time points fibrils are still present in 

solution. 
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Figure A8. Line cuts across the images were taken A. TDP-43307-319 peptide alone B. 

AC0107 C. AC0105 D. AC0102 E. AC0201 fibrils after treatment. F. Line cuts for WT 

show approximate height difference of 2 nm between features G. AC0107 H. AC0105 I. 

AC0102 J. AC0201 show similar increments in height. 

Ultimately AFM demonstrates that the fibrils do not experience any morphological changes 

in the presence of these inhibitors. This finding was compatible with the IM-MS results that 

show monomer, dimer and trimer present after the addition of the JPS molecules, suggesting 

these small oligomers are sufficient for the formation of fibrils. These experiments suggest 

that higher order oligomers are off pathway for fibril formation and the primary effects of the 

drug molecules is the prevention of the higher order toxic oligomers and not the fibrils. 

E. Co-Aggregation of Aβ25-35 and TDP-43307-319 Fibrillization  

Samples were prepared to the same procedure as IM-MS studies and conducted at the 

same time points. The background of each image is a peptide film.  While typically disordered, 

this film was occasionally observed to organize itself into needle-like features (Fig. A9 E,G-I 

Fig. A10 G, Fig. A11 A-D). This had no noticeable influence on fibrils. 
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Figure A9. AFM images of coaggregatuion mixtures of WT and Aβ25-35 at 15 min, 3 

hours and 24 hours. (A-C) Non-aggregated WT and non-aggregated Aβ25-35 (D-F) Non-

aggregated WT and aggregated Aβ25-35 (G-I) Aggregated WT and non-aggregated 

Aβ25-35. Green arrows indicate protofibrils, pink arrows point to needle-like features, 

and blue arrows designate fibrils. 
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Figure A10. AFM images of coaggregation mixtures of G314V and Aβ25-35 at 15 

min, 3 hours, 24 hours and 1 week (A-D) G314V and non-aggregated Aβ25-35 (E-H) 

G314V and aggregated Aβ25-35. Aqua arrows point to non-fibrillar aggregates, pink 

arrows indicate needle-like features, and blue arrows designate fibrils. 
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Figure A11. Comparison of AFM images between coaggregation of aggregated WT 

and non-aggregated Aβ25-35 and 50 M WT alone. (A-B) Mixture of aggregated WT 

and non-aggregated Aβ25-35 15 minutes and 24 hours coincubation show a decreases of 

fibrils over time due to reduced concentration of aggregated WT.  (C-D) 50 M WT 

alone at 5 hours and 24 hours show continued development of fibrils. Pink arrows 

point to needle-like features present in all images and blue arrows designate to fibrils. 
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WT and G314V TDP-43 self-aggregations have previously been reported.22 WT 

begins forming fibrils within 15 minutes of incubation, with peak fibril density observed 

between 4-24 hours. In later timepoints, the rate at which fibrils are formed is overtaken by 

the rate at which they crash out of solution, resulting in no fibrils being observed by 24 hours. 

The G314V mutation greatly slows down fibrilization. Early time points show only a non-

fibrillar network. Fibrils are first observed after 3 days and fibril density increases through 1 

week. Fibrils are often seen to be twisted, which is never seen in WT. In both WT and G314V 

fibril heights are approximately 2 nm and bundled together. Aβ25-35 self-aggregation sparsely 

exhibits very short, likely prefibrillar features approximately 0.2 nm in height. Through 1 

week these features do not exhibit significant growth (Fig. A12).   
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Figure A12. AFM images for individual samples incubated at 15 min, 24 hours and 

1 week. (A-B) WT fibrils are present at 15 mintes and show an increase a features at 24 

hours. At later time points fibril density begins to rapidly decrease as fibrils crash out 

of solution and none are observed at 1 week. (C-E) G314V  fibrillization initially shows 

a non-fibrillar network. Fibrils with a twisted morphology are observed after 1 week. 

(F-H) Aβ25-35 demonstrates very sparse pre-fibrillar features. 
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Coaggregation of non-aggregated WT and non-aggregated Aβ25-35 produces fibrils that 

are similar to WT self-aggregation (Fig. A13 A-C).  Coaggregation of non-aggregated WT 

TDP-43 and aggregated Aβ25-35 yields largely the same results. (Fig. A9 D-F).  Conversely, 

coaggregation of aggregated WT and non-aggregated Aβ25-35 shows significant decline in 

fibril density, with no fibrils observed at 24 hours (Fig. A9 G-I).  This is likely due to fibrils 

crashing out of solution during the initial 4 hour self aggregation resulting in a decrease in the 

concentration of WT-TDP-43 (Fig. A11 A-D).   This is in agreement with the IM-MS results 

that shows no higher order oligomers after coaggregation.  It is not clear that the aggregation 

state of Aβ25-35 has any influence on the observed fibril aggregation. 

Coaggregation of G314V and non-aggregated Aβ25-35 does not produce any notable 

features at 24 hours and up to 1 week (Fig.A13 D-F Fig. A10 A-D).    Interestingly, 

coaggregation of G314V and aggregated Aβ25-35 yields fibrils within 24 hours (Fig. A10 E-

H).     These fibrils were never observed to have the similar twists as fibrils previously 

observed in G314V self-aggregation, but have consistent heights. This strongly indicates that 

higher order oligomers of Aβ25-35 can influence fibril formation in G314V. 

Fibrils exhibited in the coaggregation of WT and Aβ25-35 resembled fibrils observed in 

WT self-aggregation. The relative aggregation state of Aβ25-35 had no noticeable effect on 

fibril density of morphology. The aggregated state of Aβ25-35 was shown to have a much larger 

influence on fibril formation in the coaggregation of G314V and Aβ25-35. Higher order 

oligomers of Aβ25-35 promoted the rate of G314V fibrilization past what was observed in the 

self-aggregation of G314V alone. It is possible that a modulating effect of higher order 

oligomers of Aβ25-35 was observable with G314V and not WT because of the longer time 
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frame required for G314V self-aggregation. Higher order oligomers of Aβ25-35 may influence 

fibril formation more slowly than the normal fibrilization of WT. It is also possible that Aβ25-

35 may have effects on fibril aggregation that are not distinguishable within the limitations of 

this experiment. 
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