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Abstract 

Progressive supranuclear palsy (PSP) and amyotrophic lateral sclerosis (ALS) are progressive 

neurodegenerative diseases pathologically characterized by insoluble inclusions of 

phosphorylated-Tau (p-Tau) and TDP-43 in neurons respectively. Understanding the protein 

interactome of these inclusions may uncover important insight into the pathological 

mechanisms of these diseases. Traditional biochemical extraction methods have several 

limitations for isolation of detergent-insoluble proteins, with significant sample loss and non-

specific binding. Thus to limit these problems, an unbiased proteomic approach was taken 

that enables labeling of insoluble proteins in situ prior to tissue homogenization. This enables 

targeting of all proteins within a small radius of the protein (inclusion) of interest. This 

approach, termed biotinylation by antibody recognition (BAR), is a recently described 

method that will be used in this project to label co-aggregating proteins within post-mortem 

PSP tissue and fibroblasts from ALS patients.  BAR makes use of a primary antibody binding 

to the protein of interest (POI) to selectively biotinylate proteins in direct proximity to the 

POI. A secondary antibody conjugated to horseradish peroxidase (HRP) is attached to the 

primary antibody and the HRP, with the addition of hydrogen peroxide and biotin tyramide, 

facilitates biotinylation of proteins proximal to the POI. Then the proteins are biochemically 

isolated and identified using mass spectrometry. With this workflow and bioinformatic 

analysis, several proteins known to interact with p-Tau and TDP-43 directly and indirectly 

have been identified along with potentially novel interactors. The data here substantiates this 

unbiased approach of rapidly labeling and identifying components of aggregates within fixed 

tissue and cultured cells with a broad application to other diseases and interaction studies.   
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1 Introduction 

1.1 Brief project overview  

A common characteristic of adult-onset neurodegenerative diseases is the pathological 

presence of insoluble protein aggregates [16]. The specific distribution and composition of 

these aggregates has been the basis for the original identification and definition of such 

diseases, including Alzheimer’s disease, Parkinson’s disease, and motor neuron diseases 

[such as amyotrophic lateral sclerosis (ALS)]. This was originally performed based upon 

post-mortem histopathological characterization of these insoluble protein aggregates, and 

complemented over the past 20 years by biochemical extraction of protein aggregates to gain 

deeper understanding of the entire protein composition of the aggregates [37]. The goal of 

this Master of Research project is to establish a new experimental technique, which uses a 

proximity-ligation based approach [3] to allow in situ proteomic profiling of specific protein 

aggregates, to reveal new insight into their origin and molecular composition. To validate this 

technique, it will be used to study protein aggregates in two diseases – progressive 

supranuclear palsy (PSP) and ALS, which are characterized by aggregation of p-Tau and 

TDP-43 proteins respectively. This review will briefly describe the key features of 

pathological protein aggregates in ALS and PSP, and describe the experimental workflow 

that will be used in this project to proteomically characterize p-Tau and TDP-43 aggregates.  

 

1.2 Tau and Tau-opathies  

Tau is a protein encoded by the gene “microtubule associated protein tau” (MAPT) and is 

mainly expressed in the central nervous system neurons [2]. Its main functions are 

microtubule stabilization, axonal transport facilitation and signal transduction. Alterations in 

tau lead to many neurodegenerative diseases; this can be at the levels of DNA (MAPT 

mutation), mRNA (altered alternative splicing) and protein (aggregation due to abnormal 

phosphorylation or cleavage) [49]. Neurodegenerative disorders with these tau alterations are 

termed tau-opathies, of which there are over 20 [2]. These are further grouped into “primary 

and secondary tauopathies contingent on whether tau is the main contributor to 

neurodegeneration or if it is associated with other pathologies respectively” [2]. There are 

around 10 primary tauopathies, one of which is termed progressive supranuclear palsy (PSP). 

PSP is a primary tauopathy because the pathological hallmark of the disease is the 

aggregation of hyperphosphorylated tau within neurons in the brain and is not associated with 
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another pathology [2, 50]. Tau is thought to be the primary, if not the only, driver of the 

neuropathology in PSP [2, 20]. An example of a secondary tauopathy is Alzheimer’s disease 

(AD), where the primary pathology is extracellular amyloid-ß deposits in the brain, 

additionally with intraneuronal tau deposits [2, 54].   

 

1.3 Progressive Supranuclear Palsy  

Progressive supranuclear palsy is a progressive neurodegenerative disease first described in 

1963 by Richardson [44] with clinical features including postural instability, mild dementia, 

supranuclear palsy, progressive axial rigidity and bulbar palsy. Richardson’s colleagues, 

Olszewski and Steele [44], classified PSP as a nosological syndrome after identifying 

consistent pathological patterns in the unusual syndrome. Between 3–6 out of every 100,000 

people are afflicted with PSP, men being more often affected than women, and clinical signs 

typically first present themselves from 60 years of age [13, 36]. A patient with PSP is 

disabled within 3–5 years of diagnosis and dies 6–12 years from diagnosis, with the most 

common cause of death being pneumonia [36]. There is no treatment for PSP, however it can 

be managed with medications (e.g. levodopa and ropinirole, or antidepressants), and other 

interventions such as weight walking aids for fall prevention and bifocals or prisms to 

remedy the difficulty in focusing their gaze [36]. The differential diagnosis is typically 

Parkinson’s disease and Multiple System Atrophy due to the similar clinical presentation of 

these diseases in the early stages [2].  

 

1.4 Pathological features of PSP  

PSP is caused by damage and degeneration of neurons in certain parts of the brain including 

STN, substantia nigra, globus pallidus, putamen, pons, cerebellar white matter, dentate 

nucleus, caudate nucleus, and frontal and parietal lobes [2]. The hallmark pathology within 

these areas is the presence of intracellular deposits of hyperphosphorylated tau protein (p-

Tau), particularly in the form of neurofibrillary tangles, however this disease is very 

heterogeneous both clinically and pathologically [2, 20]. The commonalities between most 

patients are the presence of p-Tau inclusions in the neurons of the cortex and within 

astrocytes, termed tufted astrocytes (TAs) [2, 20]. TAs are exclusive to PSP and are described 

as the accumulated tau protein branching from the cytoplasm to the proximal processes of 
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astrocytes in a thin, radial arrangement. For this thesis, the variants in tau pathology 

associated with PSP and other tauopathies will be referred to as pathological aggregates. 

Although some gene mutations are associated with the development of PSP in familial cases, 

these are rare and do not exist in sporadic patients [36].  

 

1.4.1 Theories on the causes of PSP 

One theory that is central to many neurodegenerative diseases is that once proteins start 

aggregating in one cell, it may cause connected cells to do the same, therefore spreading 

these toxic proteins throughout the central nervous system [36, 40]. This can be due to an 

unusual infectious agent that takes a certain period to produce visible effects. Moreover, it 

could be due to random gene mutations that occur in everyone all the time, occurring in a 

particular pattern in certain cells that then damage the cells resulting in protein dysfunction 

and aggregation [36, 40]. Understanding the composition of such protein aggregates can lead 

us to understanding the pathological mechanism that leads to their formation, including 

indications as to any genes that may need to be further investigated for their involvement.  

 

1.5 Amyotrophic Lateral Sclerosis  

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease of the upper 

and lower motor neurons (cerebral cortex and spinal cord respectively) [29, 58]. ALS is 

characterized by muscular weakness on onset, progressing to muscular dystrophy and 

eventual respiratory failure (usually 3-5 years after diagnosis) [57-58]. There is no effective 

treatment for ALS, with the only available drugs all acting to alleviate symptoms such as 

edaravone [19, 28] and Riluzole [10, 45], which adds only 3 months onto a patient’s life 

expectancy. Sporadic ALS is 90% of cases, while familial ALS concerns the other 10% [48]. 

The pathological hallmark is understood to be protein aggregation in the cytoplasm of motor 

neurons, particularly of transactive response DNA-binding protein 43kDa (TDP-43) [48, 58]. 

Mutations in over 25 genes have been identified in association with fALS, such as TARDBP 

[56], SQSTM1 [27], VCP [21], OPTN [32, 54, 55], DCTN [33, 41] and the most common 

mutations in SOD1 [35] and C9ORF72 [33, 48]. Notably, however, is that mutations in 

TARDBP occur in <5% of fALS cases, but the aggregated protein (TDP-43) is present in  

>97% of all ALS cases [31, 51], with the rest presenting with SOD1 pathology [5, 51]. 
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Another gene with several mutations, termed CCNF, was first identified by Williams and 

colleagues in 2016 [58]. The S621G mutation of CCNF is found in both familial and sporadic 

ALS patients (Fig. 1), and this thesis will use fibroblasts from patients with this mutation. It 

should also be noted that proteostasis impairment has been associated with the aggregation of 

proteins in ALS [48], due to disruption in the protein quality control pathways such as 

unfolded protein response [18, 48], ubiquitin-proteasome system [27, 29, 48, 52] and the 

authophagy-lysosome pathway [49, 51].  

Fig. 1 Point mutations in CCNF, found by Williams and colleagues in 2016. These include S3G, K97R, T181I, 

S195R, R392T, S509P, T543I, S621G, and I772T. The focus of this project is on the S621G mutation, as 

marked. Figure taken from the article published by Williams et al. in 2016 [58] 

 

1.6 Pathological protein aggregation provides insight into common molecular pathways 

that cause PSP and ALS 

Although both diseases involve two functionally distinct and very different proteins (tau and 

TDP-43), there are common characteristic features that suggest that dysfunction in protein 

clearance pathways is involved in the formation of these aggregates [11, 18]. For example, 

the inclusions display a range of post-translational modifications [18, 52] such as 

hyperphosphorylation, ubiquitylation, and co-binding of proteins such as sequestosome-1 

[39], SUMO [1, 24], heat-shock proteins [4], RNA binding proteins [15], etc. that play a role 

in protein clearance. Furthermore, impairment of the major intracellular protein degradation 

pathways (ubiquitin-proteasome system and autophagy) is not only implicated in PSP and 

ALS, but many other neurodegenerative diseases [16, 48].  
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1.7 The Study of the Molecular Composition of Protein Aggregates  

There are a number of methods used to study the molecular composition of protein 

aggregates in both live cells and frozen or fixed tissue. These include biochemical extraction 

[37], protein purification [9], and proximity-ligation methods such as proximity-dependent 

biotinylation identification (BioID and BioID2) [22, 46-47] and ascorbate peroxidase (APEX 

and APEX2) [26, 43]. Biochemical extraction is associated with a significant sample loss, 

which is an important limitation to consider when working with tissue [3, 28]. The tissue is 

first homogenized, then cells are lysed using lysis buffer (that does not denature proteins) to 

release the proteins into solution. The proteins are then extracted using a range of separation-

chemistry approaches (e.g. size or charge-based methods using chromatography columns 

with specific binding material to adsorb POIs), with recent developments using magnetic 

beads to easily facilitate repeated stages of protein capture. The tissue in this method is 

homogenized before the proteins are labeled, which is a limitation as this can disturb the 

structure and function of proteins and complex structures like inclusions, limiting accuracy 

and reliability [3, 6, 46]. Proximity-ligation methods are ideal in studying aggregates within 

live cells, whether that is to assess the history of protein-protein interactions (PPIs) (i.e. 

BioID) [45-46] or have a snapshot of PPIs (i.e. APEX) [26, 48]. However, these methods 

cannot be applied to fixed-tissue analysis and require the overexpression of a transgene to 

characterize the interactome of the POI instead of targeting the endogenous protein with 

antibodies. As conventional biochemical extraction and live cell methods are not ideal for 

obtaining accurate and reliable data from post-mortem patient tissue, a new method was 

recently devised by Bar and colleagues in 2018 [3] to overcome some of the limitations 

associated with the above methods. Additionally, this new method (termed biotinylation by 

antibody recognition) allows work on patient-derived cells without the addition of an 

artificial component (e.g. biotin ligase or soybean peroxidase tagged to the POI), which may 

affect the normal biological function of the POI.  

 

1.8 Biotinylation by Antibody Recognition as a method for proximity-ligation detection 

of protein-protein interactions in fixed tissue 

Biotinylation by antibody recognition (BAR) was devised for use on fixed post-mortem 

tissue and cells, and to identify “bait” proteins with the use of antibodies (instead of a fusion- 

tag) [3, 45-46]. The protein of interest (POI) is first labeled with a specific primary antibody, 
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before a secondary antibody is attached to facilitate biotinylation. When a horseradish 

peroxidase (HRP)-conjugated secondary antibody is in the presence of hydrogen peroxide 

(H2O2) and phenol biotin, it causes the biotinylation of proteins in direct vicinity to the POI 

(Fig. 2). When biotin is attached covalently to proximate proteins, harsh lysis buffer and high 

heat over an extended amount of time is necessary to reverse cross-link and solubilize 

proteins. Then, streptavidin-coated beads are used to remove biotinylated proteins, and 

Western blot (WB) and mass spectrometry (MS) are then used to detect and analyse these 

proteins.  

Fig. 2 How the BAR labeling occurs. Created with biorender.com 

 

Additionally, BAR allows for the use of harsh lysis and extraction methods, providing more 

material to analyse and validate for more accurate and detailed findings. This will lead to 

better insight into the mechanisms at play within PSP and ALS based on the functions of the 

protein interactions identified. Since insoluble proteins and protein aggregates are the focus 

of this project, affinity purification (AP) [i.e. immunoprecipitation (IP)] is not a suitable 

alternative due to the method not allowing for harsh conditions to solubilize these proteins [3, 

46-47]. IPs require the POI to be soluble in very specific buffers, which are usually weak 

detergent-based buffers containing little-to-no ionic detergents that break apart many PPIs. 

Most times the insoluble proteins can be solubilized but require harsh lysis buffers that 

contain ionic detergents (e.g. sodium dodecylsulfate) [49] and sometimes chaotrophic 
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reagents (such as urea) [24], which help to dissociate many interaction partners isolated by 

IP. However, the BAR method employs a biotin-streptavidin pull-down. This is one of the 

strongest bonds found in nature and streptavidin remains stable in various buffers including 

ionic detergents [14, 49]. Thus, this pull-down is useful for solubilizing insoluble proteins in 

harsher detergents. Streptavidin-conjugated bead pull-downs are used as a complement to 

proximity ligation methods to isolate the proteins after the strong binding between biotin and 

streptavidin has occurred. This technique will not only be carried out on fixed post-mortem 

brain tissue, but also fixed patient fibroblasts whilst maintaining a consistent method for all 

studies. A summary of the project workflow is outlined below (Fig. 3). 

 

1.9 Project Aims  

The overall aim of this project is to optimize the BAR method to identify the proteomic 

composition of pathological aggregates in postmortem PSP patient tissue and cultured 

fibroblasts from ALS patients.  

1. Optimize the BAR technique for use in postmortem patient tissue and cultured patient 

fibroblasts. 

2.  Characterize the p-Tau aggregates labeled in patient brain tissue using mass 

spectrometry.  

3.  Characterize TDP-43 aggregates labeled in cultured patient fibroblasts using mass 

spectrometry. 
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1.10 Project Workflow  

Fig. 3 Outline of the project workflow. Created with biorender.com 
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CHAPTER 2 Optimization of Biotinylation-by-Antibody 

Recognition (BAR) technique for fixed tissue and cells  
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2.1 Introduction  

This chapter address aim 1 of this thesis in optimizing the BAR method for use in fixed tissue 

and cultured fibroblasts. The study of protein-protein interactions (PPIs) using the BAR 

method is new and, although it has been used before, a major part of the optimization process 

is to ensure the proteins-of-interest (POIs) could be labeled with biotin-SS-tyramide and 

selectively cleave off the tyramide-linked proteins. This step in the workflow is very 

important as the proteins are then selectively isolated using a reducing agent such as 

dithiothreitol (DTT), as is used here. This limits background noise that may come from 

streptavidin binding to non-specific proteins [8]. Moreover, the concentration of biotin is 

important, as it was found in our lab that higher concentrations lead to a larger labeling radius 

around the POI and can even label the entire cell, so various concentrations were tested. 

Further, DAPI staining protocol was optimized to properly label nuclei in tissue and cells for 

immunohistochemistry (IHC) imaging. 

 

2.2 Methods 

2.2.1 Cell culture 

HEK293 cells were used for optimization purposes. HEK293 cells were grown in T75 flasks 

in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Scientific) with 10% heat-

inactivated foetal bovine serum (FBS) (Thermo Scientific), incubated at 37oC with 5% CO2 

and 95% humidity. Cells were grown to ~80% confluency before subculture. For subculture, 

the media was aspirated and the cells were washed with phosphate buffered saline (PBS) 

(Gibco™). Trypsin (Thermo Scientific) was used to detach cells from the flask before being 

split into two new T75 flasks or a 24-well plate (Corning®). For IHC, the cells were labeled 

with a primary antibody against importin-ß (Abcam) incubated for 20mins in DAPI of 

varying concentrations before being mounted onto glass slides with Prolong Antifade 

mountant. Additionally, varying concentrations of biotin-SS-tyramide were tested and 

imaged. 

 

2.2.2 Tissue 

Vibratome sections of rat brain tissue donated by Katherine Robinson from a 

methamphetamine study were used to optimize BAR on tissue. The sections were washed 

with TBS to remove agarose before endogenous peroxidases were quenched with 1% H2O2 



 23 

for an hour at RT. Then, the sections were blocked with 10% normal goat serum (NGS) and 

0.3M glycine in TBS for 2 hours at RT before being labeled with the primary antibody IbA1 

(Abcam) diluted in 1% NGS (1:1000) at 4°C for 2 nights. Negative controls were incubated 

in 1% GS only, no primary antibody. Sections were washed and incubated with 4–5 drops of 

goat-conjugated superboost HRP overnight at 4°C. The next day, tissue sections were 

biotinylated at different concentrations diluted in 20X reaction buffer from the tyramide 

superboost kit (Invitrogen) for 45 mins at RT before adding 3µL of diluted H2O2 to each well 

to react for 95 seconds. Sodium ascorbate (500mM; Sigma-Alrich) stop solution was 

immediately added after biotinylation for 5 mins before the sections were washed and 

fluorescently tagged. Secondary antibodies conjugated with either Alexa 594 or Streptavidin 

488 (Abcam) were diluted in 1% NGS (both 1:500) and left to incubated overnight at 4°C. 

Sections were stained with 3µM DAPI and mounted with ProLongTM Glass Antifade 

mountant (Invitrogen).  

 

2.2.3 Biotin Cleavage 

Samples were placed into Eppendorf tubes and probe-sonicated 15 times at 40% power and 

30% pulser using a Sonic Ruptor 250. Samples were reverse cross-linked by being heated at 

95°C for 1 hour then at 60°C for another 2 hours. The samples were cooled to 4°C before the 

appropriate amount of 1X protease inhibitor cocktail (Roche) was added to each sample and 

centrifuged at 1000 rcf for 5 mins at 4°C. The supernatant was transferred to new tubes and 

50µL of 2M urea was added to the initial sample tubes containing a pellet to examine how 

much protein did not make it into the clarified lysate. The samples were quantified using the 

bicinchoninic acid assay (BCA) kit (Thermo Scientific).  

 

Equal amounts of protein were aliquoted and streptavidin-coated magnetic beads (Pierce™) 

were washed with radioimmunoprecipitation assay (RIPA) lysis buffer before 10µL was 

added to each sample. The samples were left on a rotating rack overnight at 4°C. Magnetic 

beads with the biotinylated proteins were isolated on a magnetic rack, and to reduce non-

specific binding, these beads were wash with RIPA lysis buffer twice, once with 1M KCl, 

1M Na2CO3, 2M urea, and finally twice with RIPA buffer.  
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2.3 Results 

2.3.1 Overview of BAR Technique Optimization 

At the commencement of this project, RR and SR had performed preliminary studies to 

establish the BAR technique. This included determination of which of the available patient 

tissue was of suitable quality for BAR labeling, as some cases were not suitable for this 

approach (e.g. over fixation or poor quality of postmortem tissue), and development of MS 

protocols for peptide analysis. For this project, it meant that all tissue used would be of 

sufficient quality and used pre-developed MS analysis protocols. This project was the first 

time that the research group had used BAR in fixed cultured cell samples, therefore the BAR-

MS workflow was further developed in this project. The initial work by RR and SR used 

biotin-XX-tyramide, however the biotin-SS-tyramide (Iris Biotech) was trialed in this project 

to further optimize cleaving of biotinylated proteins that were captured by the streptavidin-

conjugated beads. 

 

2.3.2 Development of BAR labeling protocol for use with fixed cultured cells 

This work extends from previously conducted work in the lab by RR and SR. Wild type 

(WT) HEK293 cells were used to optimize the BAR labeling technique for cell culture, 

which has not been performed previously in the lab. HEK293 cells were also utilized as 

material to learn the BAR labeling technique on before rat brain tissue was donated and used 

for practice of the technique in tissue. The primary antibody used for this step in cell culture 

was against importin-ß (Iß). Confocal images show appropriate staining of Iß, a 

nucleocytoplasmic shuttling protein located around the nucleus. Further, multiple biotin-SS-

tyramide concentrations were optimized in HEK293 cells. The concentration of biotin-SS-

tyramide to be used was trialed at concentrations 10nM, 50nM, 100nM and 125nM. Images 

showed optimal biotinylation at 50nM based on specificity and signal of the biotin (Fig. 1). 

To ensure the same concentration of biotin-SS-tyramide can be applied in tissue sections as 

biotin-XX-tyramide, 50nM was tested on the rat brain tissue sections with the primary 

antibody against IbA1, which also showed appropriate staining of the microglia (Fig. 2). 

DAPI staining was optimised in HEK293 cells to 3µM in PBS, which is the same 

concentration used on the tissues. Iß and IbA1 markers were chosen in the early stages to 

validate the BAR labeling technique as these markers are ubiquitous and easy to visualize 
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under a microscope, allowing us to determine whether the biotin tagged the appropriate 

proteins within a close enough radius to the antibodies. 

Fig. 1 Representative images of BAR labeling optimisation with varying concentrations of biotin-SS-tyramide 

in HEK293 cells. A. 10nM biotin shows a weak signal. B. 50nM biotin shows appropriate labeling of protein 

predominantly around nuclei with minimal non-specific binding.  C. 100nM biotin shows the cells are over-

saturated with biotin, leading to lots of non-specific binding. This is especially within the cytoplasm as 

importin-ß is located (and shown labeled here) around the nucleus. Scale bars are 20µm 
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Fig. 2 Representative images of BAR labeling validation in fixed tissue with the use of 50nM of biotin-SS-

tyramide for biotinylation in rat tissue sections. Shown here is co-localization of the primary antibody (IbA1) 

and biotin on microglia. Scale bars are 50µm 

 

2.3.3 Biotin Cleavage 

To determine the optimal concentration for biotin-SS-tyramide cleavage, 50mM and 100mM 

of DTT (Invitrogen) were tested [7]. The importance of cleaving biotinylated proteins from 

streptavidin beads is to ensure maximum sample is collected, as sample loss will yield 

incomplete data and skew the results. The samples with 100mM DTT appears to have 

cleaved more proteins in the positively labeled sample compared to the negative control than 

50mM DTT, which cleaved around the same amount of protein in both samples (Fig. 3). 

Therefore, 100mM of DTT was used for all experiments conducted in the main project.  
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Fig. 3 Western blots show cleavage of biotinylated proteins at 50mM and 100mM. A. Cleaving of biotinylated 

proteins with 2 samples not incubated in DTT, and the other 2 samples incubated in 50mM DTT, and B. 

Cleaving of biotinylated proteins with 2 samples incubated in 50mM DTT, and the other 2 samples incubated in 

100mM DTT 

 

2.4 Discussion 

In this chapter, we optimized BAR in rat brain tissue and HEK293 cells, which was used as a 

basis for later experiments in human brain tissue sections and patient-derived fibroblasts. 

Notably, the quality of the antibody [3, 23] used is important as a strong, appropriate bond 

and signal is crucial for this method to work and limits non-specific binding. To identify 

suitable antibodies, it is important for them to have been validated extensively in the 

literature, but will still need to be tested using the BAR technique. Fixed postmortem tissue 

requires significantly higher antibody concentration and incubation time than cultured cells 

(i.e. several days compared to overnight), as the antibody needs to penetrate through thicker 

tissue. As tissue preparation can vary greatly (e.g. thin microtome versus thick vibratome 

sections), incubation time needs to be optimized for different samples.  

 

Cleaving biotinylated proteins from streptavidin beads properly is crucial to extract the 

biotinylated proteins for MS identification. If these proteins remain attached to the beads, it 

results in a significant sample loss and we may not get a fully representative proteomic 
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profile. Here, we showed that 50mM of DTT cleaves about the same amount of protein in 

both the negative control and positively labeled samples. This suggests that a 50mM 

concentration of DTT may not be effective in cleaving all the biotinylated proteins, but 

instead cleaves the non-specific bound structures that have been labeled with biotin. The 

100mM DTT concentration appears to have a marked difference in the amount of protein that 

has been cleaved between the negative and positive samples, as well as more than what 

50mM DTT appears to have cleaved. Therefore, 100mM DTT was the chosen concentration 

throughout the project. Although this concentration of DTT was chosen due to noticeable 

difference in protein yield, further optimizing to determine the plateau phase of protein 

capture will be necessary in the future. Higher concentrations of DTT may results in higher 

protein yield, which will be assessed in future experiments. Streptavidin-conjugated beads 

not only capture biotinylated proteins, but also random proteins may attach themselves to the 

beads. The disulfide bonds on the biotin-SS-tyramide provide a quick and easy way to 

specifically remove only biotinylated proteins [8, 30], therefore leaving unintentionally 

captured proteins behind. The overall BAR protocol for cells and tissue is different, and it is 

necessary to choose well-characterized antibodies for specific labeling. A further limitation 

of this method we found is that the protocols between different tissue types (i.e. muscle 

tissue, brain tissue, etc.) also vary, which means this is not a one-size-fits-all method and will 

have to be modified/optimized for each intended use.  

 

 

 

 

 

 

 

 

  



 29 

 

 

 

 

 

 

 

 

CHAPTER 3 Biotinylation by Antibody Recognition to identify 

proteomic constituents of p-Tau inclusions in Postmortem Tissue: 

Progressive Supranuclear Palsy  
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Article I Establishing a Proximity-Ligation Method to Understand the 

Interactome of phosphorylated-Tau aggregates in Progressive 

Supranuclear Palsy 

This article has been prepared for journal submission at the time of thesis submission. 

3.1 Chapter Introduction  

Protein-protein interaction (PPI) studies in tissue samples typically rely on conventional 

biochemical extraction and co-immunoprecipitation methods [4, 17], which lend themselves 

to significant sample loss due to loss of structural integrity of cellular compartments and 

aggregate structures [11, 17, 20]. In this paper, BAR has been optimized to perform labeling 

in post-mortem PSP patient tissue to study the molecular composition of p-Tau aggregates, 

which addresses part of aim 1 in this thesis. The purpose of this aim is to establish an 

unbiased technique that selectively targets POIs with minimal sample loss to get a more in-

depth understanding of the interactions of interest. Additionally, mass spectrometry workflow 

enabled us to analyse the proteins found in p-Tau aggregates as well as in close proximity, 

which may yield information on the formation of these aggregates. This addresses aim 2 of 

this thesis of characterizing p-Tau aggregate composition and formation.  

 

The workflow of this part of the project is outlined in Fig. 2 within the paper. Optimization 

was conducted by RR, with the postmortem tissue labeled using the BAR technique 

conducted by RR (n = 12) and PS (n = 4). This was followed by validation through confocal 

imaging and immunoblotting, before the samples were processed through MS and generated 

protein lists analysed by PD 2.4 and IPA. The results arising from this study are presented in 

Article I.  

 

3.2 Contributors 

Method Contributors Specific Contributions 

BAR optimization RR, PS RR optimized the BAR protocol used here. PS 

undertook additional optimization to develop the 

biotin cleavage and DAPI staining protocols. 

BAR labeling RR, PS RR labelled 12 of the samples used for analysis, PS 

labelled 4 samples. 
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Confocal imaging RR All. 

Immunoblotting PS, SR Primarily undertaken by PS under supervision and 

training of SR. 

Mass 

spectrometry 

PS, SR, FC PS and SR prepared the samples for mass 

spectrometry analysis. FC ran the samples through 

the mass spectrometer and uploaded raw data to 

Proteome Discoverer 2.4. 

Data analysis PS, SR, AL, RC Primarily undertaken by PS, with guidance from SR, 

AL and RC. 

Manuscript 

write-up 

PS, RC Written by PS with the intellectual guidance of RC. 
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Abstract 

Progressive supranuclear palsy (PSP) is a late-onset progressive neurodegenerative disease 

pathologically characterized by insoluble inclusions of phosphorylated-Tau (p-Tau) in 

neurons of the brain. Understanding the protein interactome of p-Tau inclusions may uncover 

important insight into PSP pathogenesis. Traditional biochemical extraction methods are 

typically biased with significant sample loss and non-specific binding. Thus to limit these 

problems, an unbiased proteomic approach was taken to label co-aggregating proteins within 

formalin-fixed post-mortem PSP. This approach, termed biotinylation by antibody 

recognition (BAR), is a recently described method that makes use of a primary antibody 

binding to the protein of interest (POI) and, with the addition of a secondary antibody 

conjugated to horseradish peroxidase, hydrogen peroxide and biotin tyramide, facilitates 

biotinylation of proteins proximal to the POI. Then the proteins are biochemically isolated 

and identified using mass spectrometry (MS). With this workflow and bioinformatic analysis, 

several proteins known to interact with p-Tau directly and indirectly have been identified 

along with potentially novel interactors. The data here substantiates the BAR-MS approach of 

rapidly labeling and identifying components of aggregates within fixed tissue with a broad 

application to other diseases and interaction studies.   

Key words: Progressive supranuclear palsy; tau pathology, biotinylation, proximity ligation, 

mass spectrometry, neurodegeneration  
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Introduction 

Progressive supranuclear palsy (PSP) is a progressive neurodegenerative disease clinically 

characterized by postural instability, mild dementia, slowing and stiffening of movement, and 

difficulty moving the eyes [19]. This disease affects around 5 out of 100,000 people, 

afflicting more men than women with signs typically presenting around age 60 [7, 15]. 

Disability from PSP occurs within 3–5 years of diagnosis and death within 6–12years, with 

pneumonia being the most common cause of death [15]. Currently, there is no treatment for 

PSP, however certain medications (e.g. levodopa) and other interventions are used to manage 

symptoms [15]. The pathological features of PSP include damage and degeneration of 

neurons above the nucleus within many parts of the brain including but not limited to pons, 

cerebellar white matter, substantia nigra, frontal and parietal lobes, and putamen [1]. 

Additionally, aggregation of hyperphosphorylated 4 repeat (4R) tau protein (p-Tau) is the 

hallmark pathology of the disease [1]. This classifies PSP as a tauopathy, particularly a 

primary tauopathy, which is defined as having tau as the main contributor to the pathology, 

compared to secondary tauopathies such as Alzheimer’s disease (AD), where tau is 

associated with other pathologies, such as amyloid-ß in the case of AD [1]. 

 

PSP is quite heterogeneous both clinically and pathologically and may be difficult to 

distinguish, however most patients have the presence of p-Tau within astrocytes, termed 

tufted astrocytes (TAs), which are exclusive to PSP [1, 10]. Although some cases of PSP are 

associated with hereditary mutations in the gene microtubule associated protein tau (MAPT) 

that encodes for tau protein, these are quite rare [1, 15]. Additionally, more studies on the tau 

pathology are necessary to give a proper insight into how PSP is caused and progresses on a 

molecular level, which may provide some therapeutic targets. 

 

The pathological hallmark of neurodegenerative diseases is the manifestation of insoluble 

protein aggregates [1, 8]. Composition and distribution of these aggregates define and 

identify such diseases like PSP, AD and Parkinson’s disease. Aggregates were first 

characterized histopathologically in post-mortem tissue, complemented by biochemical 

extraction over the past 2 decades to develop a deeper understanding of the composition of 

these aggregates [17]. However, a big limitation of biochemical extraction is that the tissue 

must be homogenized before targeting the protein/s of interest. This may disturb the structure 

of proteins and aggregates, which limits accuracy and reliability. Additionally, this method is 

known to eventuate in significant samples loss. Bar et al. have developed a method in 2018 
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[3] that is stated to overcome some of the above stated limitations, termed biotinylation by 

antibody recognition (BAR). BAR was devised to be used on post-mortem patient tissue to 

identify proteins of interest (POIs) using a primary antibody (Fig. 1). After the primary 

antibody specific to the POI is added, a secondary antibody conjugated to horseradish 

peroxidase (HRP) is attached to facilitate biotinylation of proteins in close proximity to the 

POI after the addition of hydrogen peroxide and biotin tyramide. This allows investigation of 

protein aggregates not only in post-mortem tissue, but also experimental animal and cell 

culture models of the disease.  

 

Fig. 1 The BAR labeling process at the molecular level 

 

The BAR approach to protein-protein interaction studies, of labeling the POIs before tissue 

homogenization, significantly decreases the chance of non-specific binding and enhances 

likelihood of identification of the aggregate components. The overall aim of this study was to 

use BAR and MS to characterize the interactome of p-Tau aggregates in post-mortem tissue 

from PSP patients (Fig. 2).  
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Fig. 2 Workflow of the project (first step needs to be reworked to not include cell culture) 

 

Materials and Methods 

The reagents used on the fixed postmortem PSP tissue is summarized in table 1. 

 

Table 1. Summary of reagents used in this study 

Reagents Catalogue/Company  Concentration 

Normal Goat Serum G9023/Sigma-Aldrich 1% or 10% (v/v) 

Anti-mouse Biotin-XX-tyramide 

SuperBoostTM Kit 
B40911/ Invitrogen N/A 

Biotin-SS-tyramide LS-3570.0250/Iris Biotech 50nM 

DAPI D1306/Life Technologies 3 µM 

Prolong™ Glass P36984/Life Technologies N/A 

Mouse anti-Phosphorylated 

TauThr221 (Monoclonal AT180) 
MN1040/Invitrogen 1:500 

Goat anti-mouse Alexa Fluor® 

488 
ab150117/Abcam 1:1000 

Goat anti-mouse Alexa Fluor® 

647 
A21236/Invitrogen 1:1000 
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Post-mortem tissue 

Post-mortem patient tissue of the motor cortex of 5 cases with PSP (table 2) was formalin-

fixed and obtained from the South Australian Brain Bank under ethics approvals 

MSC/16/11/HREC and HREA 5201600387. The blocks were cut to 12mm2 then sectioned 

using a Leica VTS1200 vibratome at 50-85 µm and stored in PBC-azine into 24-well plates. 

Each section was weighed prior to use.  

 

Table 2: Patient cases of PSP used in this study 

Case Gender Age 

(yrs) 

PMI 

(hrs) 

Duration 

(months) 

Cause of Death Clinical diagnosis Neuropathology 

0082 F 73 4 60 - Corticobasal 

Degeneration 

PSP 

0095 M 73 4.5 60 -  PSP 

0105 M 75 6 36 Aspiration 

pneumonia 

Dementia with Lewy 

Bodies 

PSP 

0122 M 79 16 48 -  PSP 

0136 F 80 17 72 -  PSP 

 N=5 

3:2 

 (M:F) 

763.3 

(avg.SD) 

9.56.4 

(avg.SD) 

45.6    

 

BAR labeling 

Endogenous peroxidases in postmortem patient tissue were quenched with 1.5% H2O2 in TBS 

for 1 hour at room temperature (RT). The sections were blocked with 10% goat serum for 2 

hours at RT before applying the primary antibody diluted in 1% goat serum (1:1000 AT180) 

onto the sections and incubating them for 3 nights at 4°C. Sections were washed and the 

secondary antibody in 1% goat serum was added overnight at 4°C. The next day, tissue was 

incubated in 50nM biotinylation solution for 45min at RT before adding active biotinylation 

solution with 20X H2O2 for 1min. Sodium ascorbate (Sigma-Aldrich) stop solution (500mM) 

was immediately added and left for 1min before the tissue was washed with TBS, now ready 

for imaging and mass spectrometry preparation. 
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Confocal Imaging 

Following BAR labeling, tissue sections were conjugated with secondary antibodies [Alexa 

Fluor 488 (1:1000) and Streptavidin-647 (1:1000)] before being stained with 3µM DAPI. The 

sections were then mounted onto glass slides using ProLongTM Glass Antifade mountant 

(Invitrogen) and imaged using Widefield fluorescence microscopy conducted on the Leica 

SP5x with resonant scanner confocal microscope. 

 

Western Blot Analysis 

Protein concentrations were determined with a Pierce™ BCA Protein assay kit. Equal protein 

amounts were aliquoted into the wells of 4-15% gradient SDS-PAGE gels (Invitrogen) in 1X 

loading buffer (Invitrogen) and separated by electrophoresis. Proteins were transferred onto a 

nitrocellulose membrane using the Trans-blot Turbo transfer system (Bio-Rad). Then, 

membranes were blocked for 30 minutes in 3% w/v bovine serum albumin (BSA) (Sigma-

Aldrich) dissolved in PBS containing 0.05% v/v Tween at room temperature. The membrane 

was then incubated in streptavidin conjugated to a fluorophore (Invitrogen), diluted 1:1000 in 

3% BSA blocking buffer. Images were taken using the Li-Cor Odyssey CLx Imaging System, 

and the images were analysed with ImageJ Studio Software. 

 

Isolation of Aggregates/Pull-down 

Tissue sections were homogenized using a hand-held douncer in BAR lysis buffer and probe-

sonicated 15 times at 40% power and 30% pulser using a Sonic Ruptor 250. Samples were 

reverse cross-linked by being heated at 95°C for 1 hour then at 60°C for another 2 hours. The 

samples were cooled to 4°C before the appropriate amount of 1X protease inhibitor cocktail 

(Roche) was added to each sample and centrifuged at 1000 rcf for 5 mins at 4°C. The 

supernatant was transferred to new tubes and 50µL of 2M urea was added to the initial 

sample tubes containing a pellet to examine how much protein did not make it into the 

clarified lysate. The samples were quantified using the bicinchoninic acid assay (BCA) kit 

(Pierce™).  

 

Equal amounts of protein were aliquoted and streptavidin-coated magnetic beads (Pierce™) 

were washed with radioimmunoprecipitation assay (RIPA) lysis buffer before 10µL was 

added to each sample. The samples were left on a rotating rack overnight at 4°C. Magnetic 

beads with the biotinylated proteins were isolated on a magnetic rack, and to reduce non-

specific binding, these beads were washed twice with RIPA lysis buffer (1% NP-40, 0.1% 
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SDS, 50mM Tris HCl, 150mM NaCl, 0.5% Sodium Deoxycholate, 1mM EDTA and 0.01% 

sodium azide, pH of 7.4), once with 1M KCl, 1M Na2CO3, 2M urea buffer (2M urea, 10mM 

Tris-HCl), and finally twice with RIPA buffer.  

 

Mass Spectrometry Preparation 

In-gel trypsin digest 

The biotinylated proteins were cleaved from the streptavidin beads using 100mM 

dithiothreitol (DTT) (Invitrogen). The samples were then loaded into 4%-12% Bis-Tris 

NuPAGE 10 well protein gels. The gels were run for 5 mins at 180V before the gels were 

taken out and left in Coomassie stain (Thermo Scientific) for 1-2 hours (until banding was 

seen). The gels were then de-stained in 25% methanol, with 2 solution changes over the first 

2 hours, the left in fresh de-stain solution overnight. The gels were imaged using LiCor 

Odyssey CLx before the samples were cut from the gels into 1mm cubes and transferred into 

v-bottomed 96-well plates. The gels were further destained until Coomassie blue banding was 

barely visible, then incubated in 10mM DTT in 50mM AmBic (ammonium bicarbonate) at 

37°C for 40 mins. Then the samples were alkylated with 20mM IAA in 50mM AmBic for 40 

mins at room temperature in the dark. Once the samples were dry, 10µg/mL of sequencing 

grade trypsin in 50mM AmBic was added to each and incubated overnight at 37°C. The 

resulting peptides were transferred to new tubes and lyophilized in a Speedvac. 

 

Sample purification 

C18 OMIX tips (Agilent) were pre-washed and equilibrated to desalt peptides once 

suspended in 0.1% formic acid (FA). The peptides were lyophilized again in a Speedvac 

before being prepared for MS analysis.  

 

Mass Spectrometry 

The lyophilized peptides were again resuspended in 0.1% FA and centrifuged at 14,000 rcf 

for 15 minutes to remove insoluble debris. The clarified peptides were added to glass vials 

and analysed by LC-MS/MS. Peptides were separated with the Ultimate 2000 nanoLC 

(Thermo Scientific) fitted with an Acclaim PepMap RSLC column (Thermo Scientific) on a 

120 minute gradient with a flow rate of 300nL/min (2-95% v/v AcN, 0.1% v/v FA). Eluted 

peptides from nano LC column were ionized into the Q Exactive Plus mass spectrometer 

(Thermo Scientific). A 10µm emitter tip was fitted to the electrospray source with the 

electrospray voltage maintained at 1.5kV (New Objective, Woburn, MA). The capillary 
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temperature was set to 25°C. The precursor ions for MS/MS fragmentation were selected 

using a data-dependent “top 15” method running in FT-FT acquisition mode with HCD 

fragmentation. The FT-MS analysis was performed at 70,000 resolution and a 1x106 ions 

AGC target in full MS. MS/MS scans were performed at 35,500 resolution and a 2x105 ions 

AGC target. Injection times were set to a maximum of 121 milliseconds. For triggering 

MS/MS fragmentation, the ion selection threshold was set to 25,000 counts, and a 1.4 m/z 

isolation width and normalized collision energy of 27 were employed to perform HCD 

fragmentation. 

 

Bioinformatics and Statistics 

The MS data obtained from the tissue samples were first analysed in Proteome Discoverer 

(PD) 2.4 (Thermo Scientific). The peptides were searched against the Homo sapiens 

SwissProt database with the following parameters. Trypsin as the enzyme, with a maximum 

of three missed cleavage sites allowed. The precursor mass tolerance was set to 20ppm and 

fragment mass tolerance set to 0.1 Da. The maximum equal modification was set at three per 

peptide, with dynamic modifications set to oxidation of methionine, biotinylation of lysine 

and N-terminus of protein, and acetylation of N-terminus. The static modification used was 

carbamidomethylation modification of cysteine, and normalization was set to none. Data was 

further process in a Label-Free Quantitation (LFQ) workflow using the Minora Feature node 

and percolator node. The latter node estimates false discovery rates at the protein level 

through an incorporated decoy database. Additionally, the percolator node was used for FDR 

estimations at the peptide-to-spectrum matches (PSMs) level. Results were adjusted for final 

global FDR to be less than 1% at both peptide and protein levels, and proteins were listed if 2 

or more unique peptides were identified. A requirement for validation of protein 

identifications was a q-value <0.01. 

 

The data generated here was exported into Microsoft Excel, where the data was further 

filtered using abundance ratios that had a fold change of >1.5 and <0.5. This data was then 

input to Ingenuity pathway analysis (IPA) (QIAGEN) to characterize and classify the 

identified proteins and their interaction partners according to molecular function. For this, a 

right-tailed Fischer’s Exact Test was used. Statistically significant results were considered to 

be at a p-value ≤0.05. 
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Results 

Selective biotinylation of proteins proximal to p-Tau aggregates in PSP tissue 

To biotinylate proteins within p-Tau inclusions in post-mortem PSP tissue, we first targeted 

p-Tau with a monoclonal antibody that targets the tau phosphorylation site at threonine 231 

(antibody AT180). Then secondary antibody conjugated to poly-HRP was added to bind to 

the primary antibody and facilitate biotinylation with the addition of H2O2 and biotin-SS-

tyramide to the samples. Negative controls did not contain the primary antibody. Confocal 

images show the presence of successful biotinylation in tau-targeted samples compared to 

negative controls (Fig. 3 and Fig. 4). Furthermore, there was a clear overlap of biotin and p-

Tau, indicating successful antibody-targeted biotinylation of the aggregate and vicinal 

proteins. Visual comparison indicates that AT180 labels mature tangles whereas AT8 labels 

more stages of pathology (not published). 

 

Characterization of p-Tau aggregates using BAR in PSP tissue 

Following BAR labeling, the post-mortem tissue was homogenized and the biotinylated 

proteins were isolated using a streptavidin column. These proteins were run through a NU-

PAGE gel and were excised to gel purify the proteins in preparation for MS analysis. We 

noted the presence of numerous protein bands in the BAR-labeled samples, many of which 

were absent or quite faint in the negative control samples where the AT180 antibody was 

omitted (Fig. S1).  

 

MS analysis generated a list of proteins identified in each sample. IPA was used to perform 

bioinformatic analysis of these lists to characterize the interactome of p-Tau inclusions. 

Initially, the raw protein lists were filtered to show proteins with an abundance ratio (AR) at 

the standard cut-off (AR >1.5 fold relative to control). The total number of proteins found in 

this list is 500. Due to such a high number of proteins, the lists were further filtered based on 

their relevance to PSP and tauopathies using Bioprofiler in IPA (table 4), which characterizes 

proteins based on their disease functions using current literature. These final lists were 

compared to the raw data to see how well the BAR method worked in identifying all the 

appropriate proteins in the raw data. The proteins in each sample are listed, with extra 

columns to identify common proteins amongst 3, 4 and 5 samples, to indicate significance of 

the findings. Only 2 proteins-of-interest (POIs) with AR>1.5 were found in all 5 samples, 
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with 14 proteins in 4 samples and 39 in at least 3 samples. Additionally, BAR may have also 

identified novel interactors of p-Tau that will need further validation (table S1).  
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Fig. 3 Confocal images (10X magnification) of BAR-labeled postmortem PSP tissue (patient ID: 122). A. Biotin labeling of tissue following pre-labeling with primary 

antibody against p-Tau (AT180). Two examples of p-Tau pathology with strong intense labeling are shown (arrows). The images also show low level of tissue auto-

fluorescence. B. Biotin labeling of negative control without AT180 antibody. These images show dull background auto-fluorescence only 
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Fig. 4 Two examples of p-Tau pathology in postmortem PSP tissue labeled with AT180. Zoomed in images of the image in Fig. 3A show co-labeling of the AT180 antibody 

and biotin, which indicates the BAR-labeling works appropriately. A. Shows a neurofibrillary tangle stuck inside the cytoplasm. B. Shows a dystrophic neurite 
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Table 4 Proteins identified using IPA found in a set number of samples at an AR of at least 1.5  

Found in 3 samples    Found in 4 samples  Found in 5 samples 

Clusterin Tubulin beta-3 chain 

Rab GDP 

dissociation inhibitor 

alpha (GDI1) 

Spectrin alpha chain, 

non-erythrocytic 1 

Alpha-synuclein Dihydropyrimidin

ase-related protein 

2 

L1 cell adhesion 

molecule 

Vesicle-associated 

membrane protein 2 

Microtubule-associated protein 

2  

Tubulin alpha-1A 

chain 

Dihydropyrimidinase-

related protein 2 

Prion protein Receptor of 

activated protein 

C kinase 1 

Valosin-containing 

protein 

Voltage-dependent 

anion-selective channel 

protein 1 

Immunoglobulin heavy 

constant gamma 1 IGHG1 
Alpha-synuclein 

Receptor of activated 

protein C kinase 1 

Growth-associated 

protein 43 

L1 cell adhesion 

molecule 

 

Apolipoprotein D 

Guanine nucleotide-binding 

protein G(I)/G(S)/GO) subunit 

gamma-3 

Prion protein 
L1 cell adhesion 

molecule 

Apolopoprotein 3 Valosin-

containing protein 

 

Heterogeneous nuclear 

ribonucleoproteins 

A2/B1 

Tubulin alpha-4A chain 
Growth-associated 

protein 43 

Valosin-containing 

protein 

DJ-1   

Superoxide dismutase 2 

[mitochondrial] 

Serine/threonine-protein 

phosphatase 2B catalytic 

subunit alpha isoform 

ATP citrate lyase Amphiphysin 

ATP citrate synthase   

Complement C3 
Beta-soluble NSF attachment 

protein NAPB 
DJ-1 

Band 4.1-like protein 

3 

Neurogranin   

NAD(P) 

transhydrogenase, 

mitochondrial 

Contactin associated protein 1 ATP citrate synthase 
Microtubule-

associated protein 1B 

Neuronal cell adhesion 

molecule 
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Transcriptional 

activator protein Pur-

alpha  

1-phosphatidylinositol 4,5-

bisphosphodiesterase beta-1 
Neurogranin  

Microtubule-associated 

protein 1B 

  

Contactin 1 
Calcium/calmodulin-dependent 

protein kinase type II subunit-α 

Neuronal cell 

adhesion molecule 
 

Spectrin alpha chain, 

non-erythrocytic 1 
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Notably, several patients displayed p-Tau inclusions with relatively few other abundant 

proteins, while other patients displayed p-Tau inclusions with complex proteomic profiles of 

over 20 proteins. Furthermore, some of the proteins identified by Bioprofiler (IPA) are not 

directly related to PSP or tauopathies (e.g. GDI1 is related to seizures only [24]), while the 

others are related in terms of ataxia and other gait problems, which are common in PSP and 

related diseases.  

 

Discussion 

This study demonstrates BAR as an unbiased proteomic approach to determine pathological 

tau aggregate composition in a non-disruptive manner. Insights into the proteomic profile of 

tau aggregates identify potential physiological mechanisms that play a pathological role in 

disease formation of PSP. In this article, we elucidate proteins associated with tau within the 

aggregate and in close proximity to known and potentially novel interactors. Notably, 

proteins such as alpha-synuclein [26], DJ-1 [2, 12, 16], clusterin [6, 28], and valosin-

containing protein [14, 27] appeared in the filtered lists, which are commonly reported 

proteins involved in various tauopathies. The increase in many of these proteins in 3 or more 

samples suggests their implication in the disease process of PSP as well. Mapping the 

proteomic profile of p-Tau inclusions in PSP postmortem patient tissue may provide insight 

into this problem by identifying what mechanisms are at play, how they may interact and to 

work backwards to understand how p-Tau inclusions were formed. 

 

A standard threshold of AR>1.5 presented 38 proteins in 3 or more samples, giving 

confidence of their involvement with tau. However, just because some proteins are found to 

be of lower abundance does not necessarily mean that they are not significant, they may just 

naturally be less abundant and less involved in the disease process, but involved nonetheless. 

This will need to be investigated further by standard immunohistochemistry (IHC) along with 

co-immunoprecipitation assays to validate their interaction with tau, whether direct or 

indirect. Importantly, p-Tau was found in the raw data of 4-out-of-5 samples, however it did 

not meet the AR threshold even though it was expected to be the most abundant protein, and 

there may be several reasons for this. The primary antibody used (AT180) [22] appears to 

label only mature pathology compared to the AT8 antibody [23] used by RR and SR that 

appears to label all stages of pathology. Additionally, p-Tau may not have been properly 



 47 

cleaved from the streptavidin beads, which requires further optimization. Furthermore, tau 

inclusions are a mixture of soluble and insoluble proteins, therefore future modification to the 

BAR protocol is needed to include differential processing to allow analysis of both fractions, 

not just the proteins soluble in the BAR lysis buffer analysed here.  

 

Analysis of the proteomic data was simplified by the use of IPA in filtering the data for 

proteins associated with tauopathies (including PSP) and neurodegeneration, however this 

does come with some limitations. Important proteins known to be involved in tauopathies and 

other neurodegenerative processes did not appear in the final filtered lists, such as heat-shock 

proteins (Table S1). When accepting to include proteins associated with disease and 

phenotype, a few of these show up (not all), however proteins completely unrelated to 

tauopathies and neurodegeneration appear (such as GDI1, which is involved in seizures [24]). 

Conversely, this data illustrates that most patients do not have pure p-Tau pathology, but a 

mixture (e.g. p-Tau and amyloid-ß) as many patients have comorbid diseases such as 

Alzheimer’s disease and frontotemporal dementia. This is further validated by table S2, 

which shows proteins related to other disease pathologies not necessarily related to 

tauopathies. BAR should be used with caution and as a quick scan through of what the data 

holds then refer back to the full list for anything that may have been missed. This still allows 

for easier analysis of data as IPA presents most of the important proteins with relevant 

articles they are associated with.  

 

Some studies that have biochemically-extracted inclusions from postmortem tissue of 

patients with tauopathies (i.e. Alzheimer’s Disease and Parkinson’s Disease) found that these 

inclusions contain proteins that have a neurotoxic affect on neuronal cells leading to 

neurodegeneration and dysfunction [5, 21, 26]. However, these properties were not always 

replicated in synthetic inclusions of the same kind [9, 25]. This indicates that specific features 

and mechanisms of disease may only be studied in patient-derived tissue. Overall, this paper 

illustrates the efficacy of the BAR-MS workflow in characterizing pathological tau 

aggregates quickly and in a non-disruptive manner. Further validation of the data will provide 

significant insight into the mechanisms at play within PSP, answering some pertinent 

questions within the field. The BAR method can also be broadly applied in research for 

various interaction studies in tissue after thorough optimization. 
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Supplementary Material 

 

Fig. S1 MS gels containing isolated protein samples from PSP samples with (+) and without (-) primary 

antibody AT180. Images taken with LiCor Odyssey CLx. Patient ID 124 is an Alzheimer’s Disease case that 

was not analysed for this thesis. A. Gel containing protein samples from patients with ID 82, 95, 105, and 122. 

B. Gel containing protein samples from patients with ID 122, 124, and 136 

 

Table S1. Gene names of proteins identified in each sample at 1.5-100 fold in 5 positively labeled samples 

associated with tauopathies, including PSP, with the AR.  

P1 (ID 82) AR  AR  AR P2 (ID 95) AR  AR 

C3 100 LYZ 100 NPTX1 1.977 C3 100 SYP 3.752 

NRGN 100 RAB14 100 CLU 1.955 NRGN 100 TUBA4A 3.535 

APOL2 100 RTN4+ 100 PARK7 1.916 SELENBP1 100 SPTAN1+ 2.850 

SELENBP1 100 APLP2 100 SNCA 1.868 ACLY 100 PCSK1N+ 2.383 

AMPH 100 GAP43 5.136 IGSF8 1.810 PACSIN1+ 100 DPYSL2 2.375 

GNG3+ 100 PCSK1N+ 4.575 HSPA5 1.801 L1CAM+ 100 NNT 1.841 

ACLY 100 MAP1B+ 4.565 SNAP25

+ 

1.650 PURA+ 100 VCP 1.759 

HNRNPA2B1 100 NRCAM+ 3.976 CNTNA

P1+ 

1.649 SNCA 100   

NNT 100 THY1 3.429 CREBBP

+ 

1.639 PRDX6 100   

ATP6V1G2 100 CNTN1+ 2.760 PIP+ 1.595 RACK1 100   

IGHG1 100 VCP 2.629 ADAM2

2+ 

1.594 PPP3CA 100   

L1CAM+ 100 PRNP 2.535   PTRPRZ1 100   
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CRYAB+ 100 VAMP2+ 2.146   TUBB2A 100   

PURA+ 100 APOD 2.000   APOC3 100   

 

P3 (ID 105) AR  AR P4 (ID 122) AR  AR 

TUBB3 100 CNTN2+ 100 ACLY 100 HSPA9 2.92 

CKB+ 100 CREBBP 14.844 APOC3 100 MAPK1+ 2.881 

MAP2 100 VCP 11.607 GNG3+ 100 TUBB4A 2.79 

CNTNAP1+ 100 GAP43 4.163 EIF2S1 100 TUBA4A 2.477 

SNCA 100 THY1 3.858 LYZ 100 GFAP 2.399 

PURA+ 100 NRCAM+ 2.848 NRGN 100 TUBA1A 2.395 

MAP1B+ 100 GDI1+ 2.393 MAP1B+ 100 MAG 2.385 

EPB41L3+ 100 L1CAM+ 2.322 PARK7 100 SPTAN1+ 2.381 

PLCB1+ 100 C3 2.239 PDIA3 100 NAPB+ 2.234 

NAPB+ 100 TUBB 2.225 PRNP 100 PPP3CA 2.223 

APOC3 100 IGSF8 2.070 PTGDS 100 ATP1B1 2.153 

HNRNPA2B1 100 CLU 2.020 RAB14 100 GAP43 2.099 

MAG 100 CNTN1+ 1.909 RACK1 100 CNP 2.058 

AMPH 100 ATP5F1A 1.895 SOD2 100 STXBP1 2.025 

SH3GL1 100 VAMP2+ 1.825 VDAC1 100 NEFH 2.011 

SLC1A3 100 VDAC1 1.818 SV2B+ 100 EPB41L3+ 1.968 

PRNP 100 TUBA1A 1.594 ATP2A2+ 100 DPYSL2 1.950 

SOD2 100 CAMK2A 1.587 SH3GL1+ 8.925 APOD 1.828 

NRGN 100 PIP+ 1.554 L1CAM+ 6.973 CANX 1.689 

PARK7 100 SPTAN1+ 1.540 CRYAB+ 6.588 PTPRZ1 1.678 

ADAM22+ 100 DPYSL2 1.500 TUBB 5.405 ACTB 1.671 

RACK1 100   APOL2 5.077 S100A9 1.630 

APLP2 100   MAP2 4.903 GDI1+ 1.628 

    IGHG1 4.662 VIM 1.610 

    DECR1+ 4.108 NPTX1 1.584 

    CAMK2A 3.823 CKB+ 1.578 

    TUBB3 3.807 CNTNAP1+ 1.571 

    PLCB1+ 3.612 ALB 1.570 

    NEFL 3.513 RTN4+ 1.559 

    NRCAM+ 3.145 SYN1+ 1.542 

    IGKC 3.1 VCP 1.533 

    SCARB2+ 3.040   
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P5 (ID 136) AR  AR  AR  AR 

ANXA5+ 100 CNTN2+ 100 SV2A 4.232 GFAP 2.697 

AMPH 100 UCHL1 100 APOD 3.886 ATP5F1A 2.660 

PTGDS 100 HNRNPA2B1 100 GAP43 3.846 CAMK2A 2.648 

EIF2S1 100 GPM6B+ 100 ATP1A1 3.823 HSPD1 2.445 

GNG3+ 100 NNT 100 TUBB3 3.770 ACTB 2.403 

MAP1B+ 100 NAPB+ 6.776 TUBB4A 3.694 TXN 2.385 

PRNP 100 MAP2 6.363 CNTN1+ 3.682 TUBA1A 2.276 

SOD2 100 PPP3CA 6.138 CNP 3.601 CLU 2.218 

PARK7 100 ARF5+ 6.104 CANX 3.487 TUBA4A 2.171 

RACK1 100 VAMP2+ 5.869 DPYSL2 3.333 IGKC 2.015 

VDAC1 100 ADAM22+ 5.629 STXBP1 3.310 IGHG1 1.937 

ACLY 100 NRCAM+ 5.410 VIM 3.288 ATP1A2 1.910 

SH3GL1+ 100 SNAP25+ 5.406 GDI1+ 3.253 PTPRZ1 1.902 

DECR1+ 100 ATP6V1G2 5.361 NEFL 3.226 GAPDH 1.874 

PLCB1+ 100 GNAO1+ 5.338 ATP1B1 3.001 SPTAN1+ 1.714 

MAPK1+ 100 TUBB2A 5.085 MT3 2.991 SNCA 1.661 

EPB41L3+ 100 SYNJ1 4.648 APOC3 2.910 L1CAM+ 1.659 

CNTNAP1+ 100 MOG 4.447 ATP1A3 2.749   

VCP 100 TUBB4B 4.250 HSPA5 2.708   

+ Proteins included when ‘include disease/phenotype association’ is checked in IPA BioProfiler 

 

Table S2. Gene names of proteins identified in each sample with (AR)>1.5-100-fold in positively labeled 

samples associated with neurodegeneration. AR is determined as abundance between patient and control 

samples. ID numbers refer to the unique identifier for each donor in the South Australian Brain Bank.  

Patient 1  

(ID 82) 

AR Patient 2  

(ID 95) 

AR Patient 3 

(ID 105) 

AR  AR 

C3 100 C3 100 100 SNCA  100 SOD2  100 

FBXO2 100 SNCA 100 100 FTL  100 PARK7  100 

FTL 2.681 SPTAN1 2.850 2.850 MAG  100 CREBBP  14.844 

PRNP  2.535 DPYSL2 2.375 2.375 SH3GL1  100 C3 2.239 

CLU  1.955 FBXO2 2.202 2.202 SLC1A3  100 CLU 2.020 

PARK7 1.916   FBXO2  100 SPTAN1  

SNCA 1.868   PRNP  100 DPYSL2  

SNAP25 1.650       

CREBBP 1.639       
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Patient 4  

(ID 122) 

AR  AR Patient 5  

(ID 136) 

AR  AR 

FTL  100 STXBP1 2.025 PRNP 100 VIM 3.288 

PRNP  100 NEFH 2.011 SOD2 100 ATP1B1 3.001 

SOD2  100 DPYSL2 1.950 PARK7 100 GFAP 2.697 

PARK7  100 VIM 1.610 SH3GL1 100 RAB1A 2.682 

SH3GL1  8.925   UCHL1 100 CLU 2.218 

SCARB2 3.040   GPM6B 100 GAPDH 1.874 

GFAP 2.399   SNAP25 5.406 FBXO2 1.773 

MAG 2.385   SNCB 5.400 SPTAN1 1.714 

SPTAN1 2.381   CNP 3.601 SNCA 1.661 

ATP1B1 2.153   DPYSL2 3.333   

CNP 2.058   STXBP1 3.310   

+ Proteins included when ‘include disease/phenotype association’ is checked in IPA BioProfiler 
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CHAPTER 4 Biotinylation by Antibody Recognition to identify 

proteomic constituents of TDP-43 inclusions in patient-derived 

fibroblasts: Amyotrophic Lateral Sclerosis 
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Article II Establishing a Proximity-Ligation Method to Understand the 

Interactome of TDP-43 Aggregates in Amyotrophic Lateral Sclerosis 

This article has been prepared for journal submission at the time of thesis submission  

Chapter Introduction 

Various proximity-ligation techniques for cell culture have been established, such as BioID 

and APEX. However, establishing a proximity-ligation method that can be used on both 

tissue and cells enables consistency across different material studied (e.g. tissue and cell 

culture) of the same disease. The BAR technique has been optimized for cell culture use in 

this chapter by initial work-up in HEK293 cells, which was then translated to experiments 

using patient fibroblasts. This addresses the rest of aim 1 in this thesis.  

 

To be able to study ALS pathology in patient fibroblasts, they first need to be stressed to 

develop a consistent and inducible pathological response resembling the pathological 

inclusions that occur in motor neurons in patients i.e. cytoplasmic aggregation of pathological 

TDP-43. To do this, various concentrations of MG132 and sodium arsenite were tested to 

identify the best stressor to stimulate this pathology in cultured fibroblasts. Bringing about 

pathology in these cells could also be used clinically for diagnostic purposes. Limitations of 

working with fibroblasts are described in the article and include the fact that they are non-

neuronal cells, however, the benefits are significant.  

 

To address aim 3 of characterizing TDP-43 aggregates, a mass spectrometry workflow was 

implemented. Optimization of BAR in cell culture was conducted and implemented, followed 

with validation through confocal imaging and immunoblotting. Samples were gel purified 

before being processed through MS and the identified proteins lists were filtered and 

analysed with PD 2.4 and IPA. This is a proof-of-concept study that shows promising results 

for future investigation, as outlined in the article.  

 

Contributions 

Method Contributors Specific Contributions 

BAR optimization RR, PS, SR RR optimized the BAR protocol for tissue, which was 

used for reference. PS undertook additional 
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optimization for biotin cleavage, DAPI staining and 

optimizing for cell culture with the help and 

supervision of SR. 

BAR labeling PS All. 

Confocal imaging RR All. 

Immunoblotting PS, SR Primarily undertaken by PS under supervision and 

training of SR. 

Mass 

spectrometry 

PS, SR, FC PS and SR prepared the samples for mass 

spectrometry analysis. FC ran the samples through the 

mass spectrometer and uploaded raw data to Proteome 

Discoverer 2.4. 

Data analysis PS, SR, AL, 

RC 

Primarily undertaken by PS, with guidance and 

training from SR, AL and RC. 

Manuscript 

write-up 

PS, RC Written by PS with the intellectual guidance of RC. 
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Abstract 

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease 

pathologically characterized by insoluble TDP-43 inclusions in motor neurons. 

Understanding the protein interactome of these inclusions may uncover important insight into 

the pathological mechanisms of ALS. Typical proximity-ligation methods require a fusion 

protein and may result in non-specific binding. Thus to limit these problems, an unbiased 

proteomic approach was taken to label co-aggregating proteins within fibroblasts derived 

from healthy and ALS-afflicted patients. This approach, termed biotinylation by antibody 

recognition (BAR), is a recently described method that makes use of a primary antibody 

binding to the protein of interest (POI) and, with the addition of a secondary antibody 

conjugated to horseradish peroxidase, hydrogen peroxide and biotin tyramide, facilitates 

biotinylation of proteins proximal to the POI. Then the proteins are biochemically isolated 

and identified using mass spectrometry. With this workflow and bioinformatic analysis, 

several proteins known to interact with TDP-43 directly and indirectly have been identified 

along with potentially novel interactors. The data here substantiates this unbiased approach of 

rapidly labeling and identifying components of aggregates within cultured cells with a broad 

application to other diseases and interaction studies.   

Key words: Amyotrophic lateral sclerosis; TDP-43 pathology, biotinylation, 

neurodegeneration, proximity ligation, mass spectrometry 
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive degenerative disease of the upper and 

lower motor neurons in the cerebral cortex and spinal cord respectively. ALS is characterized 

by muscular weakness and dystrophy, with eventual respiratory failure being the cause of 

death 3-5 years after diagnosis [19, 35]. Riluzole [7, 26] and edaravone [12, 24] are part of 

the few available treatments currently, which aim to treat symptoms. The majority of cases 

are sporadic (90%) with the other 10% due to familial inheritance of certain gene mutations 

[29]. Regardless of whether the disease is sporadic or familial in origin, all cases are 

indistinguishable on a clinical and molecular level [29]. Although there is a significant lack 

of understanding of disease pathogenesis in all cases, we understand the pathological 

hallmark to be aggregation of proteins in the cytoplasm of motor neurons [10]. In 97% of 

cases, the hyperphosphorylated and ubiquitinated transactive response DNA-binding protein 

43kDa (TDP-43) is the aggregating protein, encoded by the TARDBP gene [21, 29, 32]. TDP-

43 is typically located within the nucleus of healthy cells, but in ALS it mislocalizes into the 

cytoplasm where it aggregates to form insoluble inclusions [21]. Notably, mutations in 

TARDBP make up only 5% of familial cases [32], which suggests a dysfunction within TDP-

43 in particular, or proteins that interact with TDP-43 directly or indirectly, such as RNA-

binding proteins and nucleocytoplasmic transporter proteins, are crucial disease-modifiers 

that influence the pathogenesis of ALS. 

 

Protein-protein interactions (PPIs) have been studied in various ways, from biochemical 

extraction to affinity purification and proximity-ligation methods in recent years [6, 13-14, 

18, 20, 25, 27-28]. Around 50 years ago, affinity chromatography was developed to separate 

POIs from complex mixtures with reliance on highly specific interactions, such as antibody-

to-antigen binding [6]. This method has been improved upon over the years to improve 

reliability. A challenge with chromatography-based separation techniques include over-

loading with sample (which can clog the column), very long collection and flushing times, 

and difficult to control peak elution [2, 5, 27]. Over the years, this purification technique has 

been optimized by using magnetic beads, allowing easy “recapture” of the beads and 

therefore allows limitless sample loading and washing, thus becoming a popular and 

conventional method for protein interaction studies still used today. However, this method of 

protein extraction comes with notable shortcomings, including low abundance proteins being 

difficult to detect, nor can insoluble proteins or proteins with weak or transient interactions be 

easily captured. However, immunoprecipitation (IP) is still used in combination with newer 
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methods. To address IP limitations, proximity-ligation methods were developed [18, 25, 27].  

Proximity ligation assays were first described in 2002 by Fredriksson and colleagues [8], 

soon after becoming commercialized, established, and generally applicable for protein 

analysis, including protein-protein interactions (PPIs) with high specificity and sensitivity. 

This is especially important when looking at large protein samples to sample loss in the 

process. The overarching benefit of recent proximity-ligation methods is the use of biotin-

mediated isolation of proteins as biotinylation is chemically resistant to harsh lysis buffers 

such as SDS, radioimmunoprecipitation assay (RIPA) buffer and urea that are required to 

solubilize insoluble pathological protein aggregates [16, 31]. The reason for this is that the 

binding of biotin and streptavidin is very strong and specific. The proximity ligation method 

was improved upon over the years to yield BioID [28] and BioID2 [13], which incorporates a 

smaller biotin ligase, shorter biotinylation time and less biotin needed for maximum 

biotinylation (Fig. 1). Additionally, flexible linkers have been added to increase the amount 

of proteins able to be captured on the streptavidin bead (Fig. 2). However, these studies are 

limited to live cells and involve a long biotinylation time. To overcome such limitations, 

biotinylation by antibody recognition was devised in 2018.  

Fig. 1 The biotinylation process and extraction of biotinylated proteins by BioID/2. Created with biorender.com 
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 Fig. 2 Representation of biotin tyramide with and without linkers capturing proteins. A. Shows crowding of 

biotinylated proteins on a small surface, limiting how many proteins can be captured. B. Shows biotinylated 

proteins with a linker, increasing the surface area of protein capture. Created with biorender.com 

  

Biotinylation by antibody recognition (BAR) is a recently developed proximity-ligation 

method for use on fixed tissue and cells, which is well suited for protein aggregation studies 

[2]. After sample fixation, a primary antibody is used to recognize the POI. Then, a 

secondary antibody conjugated to horseradish peroxidase is attached to the primary antibody, 

which facilitates rapid biotinylation of proteins proximal to the POI in the presence of 

hydrogen peroxide and biotin phenol (Fig. 3). A flexible biotin tyramide linker is used to 

biotinylate more proximal proteins than regular biotin-tyramide. This approach in cell culture 

can save a lot of time in biotinylation compared to BioID and allows the study of aggregates 

directly without a fusion protein that may alter protein function and, therefore, the results.  

 

 

Fig. 3 The BAR labeling process at the molecular level. Created with biorender.com 
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This study reports the first use of BAR to characterize the interactome of TDP-43 in response 

to cellular stressors in fibroblasts taken from ALS patients. The main aims of this work is to 

optimize the BAR technique to cell culture and characterize TDP-43 aggregates within 

fibroblasts of ALS patients. This project employs the use of a mass spectrometer to identify 

proteins isolated from the complex samples using BAR with a workflow provided in Fig. 4. 

 

  

Fig. 4 The BAR-MS workflow for this project. Created with biorender.com 

 

Materials and Methods 

Cell culture 

Human patient fibroblast cells were used for this project. The fibroblasts were collected from 

ALS patients at Macquarie University, under the approval of Macquarie University 

Neurodegenerative Diseases Biobank (5201600387). Fibroblasts were initially grown in T25 

flasks before being transferred into T75 flasks in Dulbecco’s Modified Eagle Medium 
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(DMEM) with 20% heat-inactivated foetal bovine serum (FBS), incubated at 37oC with 5% 

CO2 and 95% humidity. Cells were grown to ~80% confluency before subculture.  

For subculture, the media was aspirated and the cells were washed with phosphate buffered 

saline (PBS). Trypsin was used to detach cells from the flask before being split into two new 

T75 flasks or a 24-well plate. Reagents used for cell culture are summarized in table 1. 

 

Table 1 Reagents used in study 

Reagents Catalogue/Company  Concentration 

Normal Goat Serum G9023/Sigma-Aldrich 1% and 10% (v/v) 

Biotin-XX-tyramide SuperBoostTM 

Kit 

B40911/ Invitrogen N/A 

Biotin-SS-Tyramide LS-3570.0250/Iris Biotech 50nM 

DAPI D1306/Life Technologies 3 µM 

Prolong™ Glass P36984/Life Technologies N/A 

TDP-43 Rabbit Polyclonal antibody 10782-3-AP/ProteinTech 1:500 

Goat anti-rabbit Alexa Fluor® 488 A11008/Invitrogen 1:1000 

Goat anti-rabbit Alexa Fluor® 647 ab150087/Abcam 1:1000 

 

Drug treatments 

At 80% confluence, fibroblasts (table 2) were seeded into 100mm plates of 4 biological 

replicates at a density of 1 x 105 cells/mL and left to grow to 80% confluence again at 37 oC. 

The oxidative stressor sodium arsenite (SA) was added to 2 plates at a concentration of 

500µM for 1 hour along with 2 water control plates at 37 oC before cells were fixed with 4% 

paraformaldehyde. 

 

Table 2 Fibroblasts provided by the genetics team at the MND research centre, Macquarie University 

Fibroblast 

type 
Sample ID Sample source Note 

Used in final data 

collection 

Control MQPS15001 

Macquarie Plastic 

and Reconstructive 

Surgery 

Healthy Yes 

Control MQPS170001 

Macquarie Plastic 

and Reconstructive 

Surgery 

Healthy Yes 

Control MQPS16001 
Macquarie Plastic 

and Reconstructive 
Healthy No 
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Surgery 

CCNF 

patient 
ANZAC170057 

ANZAC Research 

Institute 

CCNF patient with S621G 

mutation, Collected in 2017 
No 

CCNF 

patient 
ANZAC160077 

ANZAC Research 

Institute 

CCNF patient with S621G 

mutation, Collected in 2016 
No 

CCNF 

patient 
23032 

ANZAC Research 

Institute 

CCNF patient with S621G 

mutation, Collected in 2013 
Yes 

CCNF 

carrier 
19006 

ANZAC Research 

Institute 

CCNF pre-symptomatic case 

with S621G mutation, 

collected in 2013 

Yes 

 

BAR labeling 

Fibroblasts 

To determine conditions that would induce TDP-43 translocation and aggregation in patient-

derived fibroblasts, healthy control and ALS mutant fibroblasts were treated with either 

500µM SA or a vehicle (water) control. Each experimental condition was repeated 2 times 

per patient cell line. Cells were permeabilized using 0.1% triton X-100 in PBS before being 

blocked with 1% bovine serum albumin (BSA) in glycine (Sigma-Alrich) and PBST for 

30mins. Primary antibody against TDP-43 (rabbit; ProteinTech) was diluted 1:500 and 

incubated overnight at 4oC in the appropriate samples in 1 SA treated sample and 1 vehicle 

(veh) control sample per patient cell line. Goat conjugated superboost HRP (anti-rabbit) was 

added for 1 hour at room temperature (RT) before being washed with PBST and the solution 

replaced with 100nM of biotin-SS-tyramide in H2O2 and blocking buffer made from the 

Superboost Kit (Thermo Scientific) for up to 5mins. The reaction was stopped using 500mM 

sodium ascorbate (Sigma-Aldrich) for 5mins and the cells were washed with PBST. The cells 

were then scraped from the plates and transferred into 1.5mL Eppendorf tubes ready for 

aggregate isolation 

 

Confocal Imaging 

Fluorescent streptavidin 647N (1:400) and secondary antibody (Alexa Fluor 488 goat anti-

mouse 1:250) were added to sections overnight at 4°C before counterstaining the next day 

with 3µM DAPI in TBS for 2 hours at RT. The sections were washed and mounted onto glass 

slides using ProLongTM Glass Antifade mountant (Invitrogen). Widefield fluorescence 

microscopy was conducted on the Leica SP5x with resonant scanner confocal microscope.  
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Western Blot Analysis 

Protein concentrations were determined with a Pierce™ BCA Protein assay kit. Equal protein 

amounts were aliquoted into the wells of 4-15% gradient SDS-PAGE gels (Invitrogen) in 1X 

loading buffer and separated by electrophoresis. Proteins were transferred onto a 

nitrocellulose membrane using the Trans-blot Turbo transfer system (Bio-Rad). Then, 

membranes were blocked for 30 min in Odyssey blocking buffer at RT. The membrane was 

then incubated in streptavidin conjugated to a fluorophore, diluted 1:1000 in the blocking 

buffer. Images were taken using the Li-Cor Odyssey CLx Imaging System, and the images 

were analysed with Image Studio Software. 

 

Isolation of biotinylated proteins 

Biotinylated fibroblasts were scraped into separate tubes twice in BAR lysis buffer (total 

750µL). The cells were then probe-sonicated at 40% power and 30% pulser 15 times before 

being reverse cross-linked in 95°C for 1 hour and 60°C for 2 hours. The samples were cooled 

to 4°C before adding 1X protease inhibitor cocktail (Roche) and centrifuged at 1000 rcf at 

4°C for 5 min. The samples were quantified using the bicinchoninic acid assay (BCA) kit.  

 

Equal amounts of protein were aliquoted and streptavidin-coated magnetic beads (Pierce™) 

were washed with RIPA lysis buffer before 10uL was added to each sample. The samples 

were left on a rotating rack overnight at 4°C. Magnetic beads with the biotinylated proteins 

were isolated on a magnetic rack, and to reduce non-specific binding, these beads were 

washed twice with RIPA lysis buffer (1% NP-40, 0.1% SDS, 50mM Tris HCl, 150mM NaCl, 

0.5% Sodium Deoxycholate, 1mM EDTA and 0.01% sodium azide, pH of 7.4), once with 

1M KCl, 1M Na2CO3, 2M urea buffer (2M urea, 10mM Tris-HCl), and finally twice with 

RIPA buffer.  

 

Mass Spectrometry Preparation 

In-gel trypsin digest 

The biotinylated proteins were cleaved from the streptavidin beads using 100mM 

dithiothreitol (DTT) (Invitrogen). The samples were then loaded into a 4%-12% Bis-Tris 

NuPAGE 10 well protein gel (Invitrogen). The gels were run for 5 min at 180V before the 

gels were taken out and left in Coomassie stain (Thermo Scientific) for 1-2 hours (until 

banding was seen). The gels were then de-stained in 25% methanol, with 2 solution changes 

over the first 2 hours, the left in fresh de-stain solution overnight. The gels were imaged 
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using LiCor Odyssey CLx before the samples were cut from the gels into 1mm cubes and 

transferred into v-bottomed 96-well plates (Corning®). The gels were further destained until 

Coomassie blue banding was barely visible, then incubated in 10mM DTT in 50mM AmBic 

(ammonium bicarbonate) at 37°C for 40 min. Then the samples were alkylated with 20mM 

IAA (Sigma-Aldrich) in 50mM AmBic for 40 min at room temperature in the dark. Once the 

samples were dry, 10µg/mL of sequencing grade trypsin in 50mM AmBic was added to each 

and were incubated overnight at 37°C. The resulting peptides were transferred to new tubes 

and lyophilized in a Speedvac.  

 

Sample purification 

C18 OMIX tips (Agilent) were pre-washed and equilibrated to desalt peptides once 

suspended in 0.1% formic acid (FA). The peptides were lyophilized again in a Speedvac 

before being prepared for MS analysis.  

 

Mass Spectrometry 

The lyophilized peptides were again resuspended in 0.1% FA and centrifuged at 14,000 rcf 

for 15 minutes to remove insoluble debris. The clarified peptides were added to glass vials 

and analysed by LC-MS/MS. Peptides were separated with the Ultimate 2000 nanoLC 

(Thermo Scientific) fitted with an Acclaim PepMap RSLC column (Thermo Scientific) on a 

120 minute gradient with a flow rate of 300nL/min (2-95% v/v AcN, 0.1% v/v FA). Eluted 

peptides from nano LC column were ionized into the Q Exactive Plus mass spectrometer 

(Thermo Scientific). A 10µm emitter tip was fitted to the electrospray source with the 

electrospray voltage maintained at 1.5kV (New Objective, Woburn, MA). The capillary 

temperature was set to 25°C. The precursor ions for MS/MS fragmentation were selected 

using a data-dependent “top 15” method running in FT-FT acquisition mode with HCD 

fragmentation. The FT-MS analysis was performed at 70,000 resolution and a 1x106 ions 

AGC target in full MS. MS/MS scans were performed at 35,500 resolution and a 2x105 ions 

AGC target. Injection times were set to a maximum of 121 milliseconds. For triggering 

MS/MS fragmentation, the ion selection threshold was set to 25,000 counts, and a 1.4 m/z 

isolation width and normalized collision energy of 27 were employed to perform HCD 

fragmentation. 
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Bioinformatics and Statistics 

The MS data obtained from the fibroblast samples were first analysed in Proteome 

Discoverer (PD) 2.4 (Thermo Scientific). The peptides were searched against the Homo 

sapiens SwissProt database with the following parameters. Trypsin as the enzyme, with a 

maximum of three missed cleavage sites allowed. The precursor mass tolerance was set to 

20ppm and fragment mass tolerance set to 0.1 Da. The maximum equal modification was set 

at three per peptide, with dynamic modifications set to oxidation of methionine, biotinylation 

of K and N-terminus of protein, and acetylation of N-terminus. The static modification used 

was carbamidomethylation modification of cysteine, and normalization was set to none. Data 

was further process in a Label-Free Quantitation (LFQ) workflow using the Minora Feature 

node and percolator node. The latter node estimates false discovery rates at the protein level 

through an incorporated decoy database. Additionally, the percolator node was used for FDR 

estimations at the peptide-to-spectrum matches (PSMs) level. Results were adjusted for final 

global FDR to be less than 1% at both peptide and protein levels, and proteins were listed if 2 

or more unique peptides were identified. A requirement for validation of protein 

identifications was a q-value <0.01. 

 

The data generated here was exported into Microsoft Excel, where the data was further 

filtered using abundance ratios that had a fold change of >1.5 and <0.5. This data was then 

input to Ingenuity pathway analysis (IPA) (QIAGEN) to characterize and classify the 

identified proteins and their interaction partners according to molecular function. For this, a 

right-tailed Fischer’s Exact Test was used. Statistically significant results were considered to 

be at a p-value ≤0.05. 

 

Results 

Optimization of Drug Treatment for Fibroblasts 

Patient-derived fibroblasts were used to optimize drug treatment concentrations for the 

formation of TDP-43 aggregates and mislocalization of TDP-43 into the cytoplasm. Initial 

starting concentrations were determined based on previous papers in cultured cells with 

additional concentrations for comparison. MG132 was tested at 5µM, 10µM, 15µM and 

20uM. Sodium arsenite was tested at 0.5mM, 1mM, 1.5mM and 2mM. The primary 

antibodies used to observe pathological change were against TDP-43 and FK2 (ubiquitin) 

(Enzo). Although MG132 treatment produced some more TDP-43 and ubiquitin in the 
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fibroblasts compared to negative controls, there was no observable difference between all the 

MG132 concentrations (Fig. 4a), as well as no noticeable pathology was formed (either 

inclusions or cytoplasmic mislocalization of TDP-43). SA was observed to be optimal at 

0.5mM, with high cell death occurring at higher concentrations. TDP-43 and ubiquitin were 

observed at much higher concentrations than MG132 (Fig. 4b). The incubation time of the 

S.A. treatment at 3 hours, as done by Yang et al. [36], was reduced to 1 hour to decrease 

mass cell death observed, and then the samples were fixed, labeled and processed for MS as 

described above. Mislocalization of TDP-43 into the cytoplasm was observed in disease 

patient cells treated with SA, while none was observed in healthy patient cells treated with 

SA. Reduction of SA treatment to 1 hour still induced observable TDP-43 mislocalization in 

patient cells. 
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Fig. 4 Representative images of fibroblasts with the S621G mutation (patient 23032) treated with cell stressors. 

A. Fibroblasts treated with 1.5µM MG132 for 1h. B. Fibroblasts treated with 0.5mM SA for 3h. Image 

brightness and contrast was normalized (i.e. same conditions for image capture). Scale bars are 20µm 

 

Characterizing TDP-43 aggregates in ALS fibroblasts  

Following BAR labeling, fibroblasts were scraped into Eppendorf tubes and biotinylated 

proteins were isolated with streptavidin beads. These proteins were then cleaved off the beads 

using DTT and were separated using a 4-12% Bis-Tris NuPAGE gel before the gels were 

stained with Coomassie blue. Numerous protein bands were observed in the SA treated, BAR 

labeled samples whilst fewer bands were observed in the negative controls, demonstrating 

low background noise in the negative controls (Fig. S1). In total, 1244 proteins were 

identified in all samples generated through MS analysis, and IPA was used to characterize 

pathological TDP-43 aggregates in SA treated fibroblasts. The raw MS data was filtered 

through Microsoft Excel to include proteins with a standard abundance ratio (AR) of 1.5 to 

100. The proteins were further filtered using Bioprofiler in IPA to generate a list of proteins 

known to be involved in ALS pathology. These proteins were assessed against the raw data to 

determine the efficacy of this filtering method. Additionally, proteins were filtered to identify 

those involved in neurodegeneration. All the proteins are listed in tables 3–6. These final 
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protein lists provide insight into the altered TDP-43 interactome that occurs during stress in 

healthy and ALS patients.   

 

Table 3 A comparison of proteomic profiles of TDP-43 inclusions in fibroblasts compared between WT SA and 

WT veh conditions, with proteins that show up in Bioprofiler (IPA) under ALS related proteins and 

neurodegeneration related proteins 

ALS AR Neurodegeneration AR 

BCL-2-like protein 4  100 C-type natriuretic peptide 100 

Mitogen-activated protein kinase 1  100 Fibroblast growth factor 2 3.638 

Phosphoribulokinase  100 Protein-glutamine gamma-

glutamyltransferase 2 

2.429 

S100 calcium-binding protein A4 2.645 Ubiquitin carboxyl-terminal hydrolase 

isozyme L1 

2.354 

Annexin A1 2.119 Endophilin-A2 2.203 

Reticulon-4  -100 Laminin subunit gamma-1 -2.506 

TDP-43 -100 VPS35 endosomal protein sorting 

factor-like 

-2.611 

  Peroxisomal membrane protein PEX13 -5.128 

  Phosopholipid hydroperoxide 

glutathione peroxidase 

-100 

  Prolow-density lipoprotein receptor-

related protein 1 

-100 

  Protein NDRG1 -100 

 

Table 4 A comparison of proteomic profiles of TDP-43 inclusions in fibroblasts compared between S621G veh 

and WT veh conditions, with proteins that show up in Bioprofiler (IPA) under ALS related proteins and 

neurodegeneration related proteins 

ALS AR  AR Neurodegeneration AR 

Annexin A11  100 Collagen alpha-2(I) 

chain  

2.654 Signal transducer and activator of 

transcription 3 

100 

Melanoma-

associated 

antigen D1  

100 Tubulin alpha-4A 

chain  

2.595 Laminin subunit gamma-1 100 

Mitogen-

activated protein 

kinase 1  

100 Elongation factor 1-

alpha 1 

2.386 Stathmin 100 

Melanoma-

associated 

antigen D2  

21.81

1 

Fatty acid synthase 2.34 26S proteasome regulatory subunit 4 100 
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S100 calcium-

binding protein 

A4  

6.285 Sequestosome-1  2.151 Dihydropyrimidinase-related protein 

3 

100 

Dynactin subunit 

1 

6.278 Eukaryotic 

initiation factor 4A-

I 

2.06 C-type natriuretic peptide 100 

Heterogeneous 

nuclear 

ribonucleoprotein 

A1 

5.643 Neurofilament light 

polypeptide 

-2.681 Signal transducer and activator of 

transcription 1-alpha/beta 

4.227 

TDP-43 4.687 Reticulon-4 3.69 Spectrin alpha chain, non-

erythrocytic 1 

3.845 

Transitional 

endoplasmic 

reticulum ATPase  

3.345 S100 calcium-

binding protein A6 

-4.367 

-4.367 Cytoplasmic dynein 1 heavy chain 1 3.037 

Optineurin  3.291 Nicotinamide N-

methyltransferase  

-12.048 Protein-glutamine gamma-

glutamyltransferase 2 

2.845 

Transmembrane 

glycoprotein 

NMB  

3.102 Clusterin  -100 Mitochondrial antiviral-signaling 

protein 

2.391 

Annexin A1 3.093 Collagen-alpha 

1(III) chain  

-100 Lamin-B1 2.337 

T-complex 

protein 1 subunit 

beta 

3.043 Transferrin receptor 

protein 1  

-100 Phosopholipid hydroperoxide 

glutathione peroxidase 

-2.874 

    Prolow-density lipoprotein receptor-

related protein 1 

-8.130 

    Protein NDRG1 -100 

    Glutathione peroxidase-like 

peroxiredoxin gpx1 

-100 

    Ubiquitin carboxyl-terminal 

hydrolase isozyme L1 

-100 

    Serine/threonine-protein PINK1, 

mitochondrial 

-100 

    Peroxisomal membrane protein 

PEX13 

-100 
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Table 5 A comparison of proteomic profiles of TDP-43 inclusions in fibroblasts compared between S621G SA 

and WT SA conditions, with proteins that show up in Bioprofiler (IPA) under ALS related proteins and 

neurodegeneration related proteins  

ALS AR Neurodegeneration AR 

Annexin A11 100 Zinc finger protein ZPR1 100 

Melanoma-associated antigen D1  100 Phosopholipid hydroperoxide glutathione 

peroxidase 

100 

TDP-43  100 Prolow-density lipoprotein receptor-related 

protein 1 

100 

Transmembrane glycoprotein NMB  9.837 Signal transducer and activator of 

transcription 3 

100 

Dynactin subunit 1 4.206 Laminin subunit gamma-1 100 

Melanoma-associated antigen D2  3.48 Stathmin 100 

Transitional endoplasmic reticulum 

ATPase 

2.493 26S proteasome regulatory subunit 4 100 

Matrin-3  2.419 Mitochondrial antiviral-signaling protein 5.331 

Heterogeneous nuclear 

ribonucleoprotein A1  

2.254 Caveolin-1 3.455 

Actin, alpha cardiac muscle 1 -2.924 Lamin-B1 3.124 

Neurofilament light polypeptide -7.576 Edophilin-A2 2.960 

Clusterin  -100 Signal transducer and activator of 

transcription 1-alpha/beta 

2.277 

Collagen-alpha 1(III) chain -100 Dihydropyrimidinase-related protein 2 -2.033 

Mitogen-activated protein kinase 1  -100 Protein-glutamine gamma-

glutamyltransferase 2 

-4.762 

Nicotinamide N-methyltransferase  -100 Fibroblast growth factor 2 -100 

Transferrin receptor protein 1  -100 Microtubule –associated protein 1A -100 

  Glutathione peroxidase-like peroxiredoxin 

gpx1 

-100 

  Ubiquitin carboxyl-terminal hydrolase 

isozyme L1 

-100 

  Serine/threonine-protein PINK1, 

mitochondrial 

-100 

 

 

 

 

 



 73 

Table 6 A comparison of proteomic profiles of TDP-43 inclusions in fibroblasts compared between S621G SA 

and S621G veh conditions, with proteins that show up in Bioprofiler (IPA) under ALS related proteins and 

neurodegeneration related proteins  

ALS AR Neurodegeneration  AR 

Collagen-alpha 1(III) chain  100 Zinc finger protein ZPR1 100 

S100 calcium-binding protein A6 9.433 Peroxisomal membrane protein PEX13 100 

BCL-2-like protein 4  -2.004 Syntaxin-binding protein 1 3.619 

TDP-43 -2.141 Spectrin alpha chain, non-erythrocytic 1 -2.114 

Matrin-3  -2.146 Signal transducer and activator of 

transcription 3 

-2.740 

S100 calcium-binding protein A4  -4.976 Prolow-density lipoprotein receptor-related 

protein 1 

-2.915 

Optineurin  -5.405   

Mitogen-activated protein kinase 1  -100   

Reticulon-4 -100   

 

Discussion 

The BAR method enabled us to identify proteins closely associated with TDP-43 aggregation 

and nucleocytoplasmic mislocalization following stress-induced conditions in cultured 

human fibroblasts. This provides direct insight into some of the proteins that may be involved 

in the development of disease pathology in ALS patients. What is most interesting is the 

difference between WT and S621G samples. It should be noted that TDP-43 levels were 

observed to be consistent across all samples within each respective condition.  

 

First, we analysed the proteins identified in the WT SA and WT vehicle-treated samples. The 

list includes a mixture of upregulated proteins in the WT SA sample that are involved in 

increased neurodegeneration and decreased neurodegeneration. This may suggest these 

proteins are involved in the stress response and try to bring the cell back to balance. TDP-43 

was found solely in the WT vehicle control, which may signify the fact that TDP-43 became 

insoluble after oxidative stress and will need to be validated by analysing the insoluble 

fractions that were not analysed in this study.  

 

In comparing the SA treated WT cells to SA treated S621G cells there is a clear difference in 

the proteins that appear and their relative fold change. Whereas in the WT SA condition 

many proteins involved in ALS are downregulated, they appear upregulated in the S621G SA 
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sample. This suggests the proteins’ involvement in the stress response or role in 

neurotoxicity. Many of these proteins appear in the S621G vehicle-treated sample, which 

may imply that the mutation itself is what drives these proteins across to be drivers of 

pathology, but additional stress (i.e. SA treatment) would rapidly accelerate this damaging 

process. HnRNPA1 and matrin-3 are interesting (increased 2.254 and 2.149 fold respectively 

in association with TDP-43 when comparing S621G SA treated cell to WT, SA treated cell) 

as they are usually involved in stress-responses and form stress granules and paraspeckles 

respectively [9, 15, 22, 30]. They control gene regulation during the stress period by holding 

mRNA. Dynactin [17] is also interesting (increased 4.206 fold in association with TDP-43 

when comparing S621G, SA treated cells to WT, SA treated cells) as it is involved in protein 

translocation and may play a role in TDP-43 translocation during oxidative stress from SA 

treatment. Furthermore, some proteins such as FGF2 [11, 34], that are associated with 

reduction of neurodegeneration, are upregulated in WT SA but not found in S621G SA. This 

further supports a dysregulation in the stress response in someone with ALS, leading to 

degeneration of motor neurons. 

 

There are some clear limitations in taking this approach to analysing data in IPA as many 

proteins known to be associated with ALS did not appear with the selected parameters (such 

as other RNA binding proteins and heat shock proteins). A functional analysis of the proteins 

that do appear may absolve this issue as the molecular pathways affected will shed insight 

into the other proteins involved in the pathway that were isolated from the samples.  

 

A limitation of using fibroblasts is that they are dividing cells and will therefore contain 

proteins that the non-dividing neuronal cells would lack. As a result, it is pertinent that the 

data obtained be looked to as a guide for future studies in primary neurons, such as induced 

pluripotent stem cells derived from patients. Another limitation is the number of patient cell 

lines we were able to use. Only one mutant and two healthy control cell lines were used in 

this study. This was due to the cells growing at different rates, with many not growing to 80% 

confluence in time for biotinylation and MS preparation, limited by the closure of PC2 

laboratories due to COVID-19. However, all of the patient cells will be utilized in future 

experiments. Using patient fibroblasts serves a great purpose in studying ALS, as they are 

endogenous regulators of TDP-43. Other studies may often artificially overexpress TDP-43 

in cells, however they are much easier to study, as there is more expression of TDP-43 [14]. 
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Nevertheless, this proof of concept study illustrates promising results for further investigation 

and validation.  

 

Additional studies are needed to identify and validate known and novel protein interaction 

partners using standard IHC approaches. Furthermore, more rigorous optimization in cell 

drug treatment is needed such as concentration and timing to produce a higher amount of 

pathological TDP-43 with minimal cell death, as well as increase sample amount used. In 

addition, it will be important to quantify how much TDP-43 is mislocalized in disease patient 

cells compared to healthy patient cells before and after SA treatment for better data 

interpretation. There is, however, concern of how much primary antibody will be used (i.e. 

the cost will be quite large). This may be rectified with optimization of the primary antibody 

labeling step in the BAR method. Moreover, various antibodies will be tested to assess which 

ones are optimal to answer different questions (i.e. antibodies that specifically bind to 

pathological, hyperphosphorylated TDP-43 compared against antibodies that bind to all TDP-

43). The results from the patient-derived fibroblasts used here may be compared with 

fibroblasts containing other ALS-causing mutations. Overall, BAR is a promising method to 

further develop our insight into ALS pathology with a widespread application to other 

diseases. 
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Supplementary material 

 

 

 

Fig S1 Images of MS gels containing fibroblast samples with (+) and without (-) primary antibody. Images 

taken with LiCor Odyssey CLx. A. Gel of WT samples MQPS170001 and MQPS15001. B. Gel of S621G 

carrier (19006) and S621G ALS patient (23032). Blank wells are labeled with (-). 
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5.1 Discussion 

In this proof-of-concept study, we were able to demonstrate the efficacy of BAR labeling as 

an unbiased approach to studying pathological inclusions in neurodegenerative diseases. The 

labeling worked well in both the fixed tissue and cultured fibroblasts with many known 

disease-related proteins being identified using the BAR-MS workflow. There are, however, a 

few obstacles to overcome to further develop this method in both the tissue and fibroblast 

studies with many questions coming up still needing answers. Furthermore, due to the impact 

of COVID-19, many planned experiments and more in-depth data analysis were not feasible 

and will be conducted over the next few months prior to submission of articles.  

 

5.1.1 Postmortem tissue considerations 

Some major point of consideration when working with BAR for aggregate studies is the 

tissue quality, antibody quality and how prevalent the aggregates are. Tissue with a high 

amount of inclusions would provide more insight into their composition, as the data would be 

more robust and could therefore provide reliable results to draw significant conclusions. 

Additionally, a quality primary antibody is crucial for specific binding to the target of interest 

to obtain data that are more accurate [3]. This point is further described in future directions. 

This brought up another issue within the process of isolating proteins and preparing them for 

analyses. Due to variability in overall protein concentration, between 120µg and 200µg of 

protein lysate in BAR lysis buffer was used for the pull-down for PSP tissue experiments. 

This meant there was less consistency across the samples, and many proteins (especially low 

abundance proteins) may have been missed due to this and a variety of other reasons that are 

covered in future directions.  

 

5.1.2 Understanding stress-induced TDP-43 pathology in fibroblasts  

A goal of the second half of the project was to understand under what conditions would 

fibroblasts show TDP-43 pathology. We found that 500µM SA provided the best results for 

overall TDP-43 compared to MG132, so this was used for the rest of the project. After the 

proteins were isolated and identified with MS, the datasets were compared between the 

samples. The first question we asked is if WT fibroblasts develop TDP-43 pathology with SA 

treatment. Through IPA analysis, TDP-43 is not in the SA treated sample, but rather 

completely in the vehicle control (-100 AR). With comparative IHC under the confocal 

microscope, it was observed that mutant S621G cells have much more TDP-43 showing up 
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than WT cells when treated with SA and the vehicle control. This led to the next question, to 

see if the S621G mutation itself causes increased TDP-43 pathology compared to WT, just 

the vehicle controls for both conditions were compared against each other. The data 

illustrates a 4.687 fold change in TDP-43 in the mutant control compared to WT control, 

which alludes to the fact that the hypothesis may be true. Then, the SA treated S621G and SA 

treated WT were compared to see how much the cell stressor treatment of SA increased TDP-

43 pathology. We found that TDP-43 was increased by 100-fold in the mutant (S621G) 

sample suggesting that both the ALS mutation and the stressor combined result in high TDP-

43 in the cell. Further, we asked how the S621G cells treated with SA compare to a S621G 

vehicle control.  Interestingly, TDP-43 was found to be at a -2.141 fold change, meaning the 

vehicle control has more TDP-43 here. This contradicts what is observed on the confocal 

images comparing the conditions. However, mass cell death was typically observed in SA 

treated cells, which may account for a lower amount of TDP-43 due to a slightly lower 

density of cells. Another reason for this may be that we have only studied the soluble fraction 

and it is known that TDP-43 aggregates in ALS are insoluble and so TDP-43 may remain in 

the insoluble fraction of the S621G SA sample that had not yet been studied. This will need 

to be investigated further and optimized in future experiments. Nevertheless, the data shows 

TDP-43 levels are still much higher in the S621G SA treated sample compared to the WT SA 

treated samples.  

 

5.1.3 IPA and functional analysis 

IPA is an excellent tool to quickly analyze and categorize large protein datasets. In this thesis, 

all datasets were analysed with the protein abundance threshold set at >1.5 fold change and 

the Bioprofiler function was used to categorize these proteins further into being involved in 

tauopathies and PSP, or ALS, as well as neurodegeneration. Although this came up with 

many proteins, some proteins such as heat shock proteins [40], 14-3-3 family proteins [2], 

and RNA-binding proteins [16] did not appear although they are in the raw datasets. Many 

times, these proteins were in low abundance, not meeting the AR threshold, and therefore did 

not show in IPA at all, however many samples did show these proteins with an AR of >1.5. 

This is a significant limitation found in IPA as data analysis still requires a fair amount of 

manual analysis. Addressing and rectifying this problem is a goal over the next few months 

to get the most out of the data using IPA software. 
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5.2 Future Directions 

5.2.1 Antibodies illustrate pathology at various stages of disease 

BAR relies on high quality and precise antibodies that label the protein of interest and reduce 

non-specific binding [3]. There is a large volume of antibodies to chose from and attach to 

different parts of the protein or different forms of the protein. Here it was shown that the tau 

antibody used (AT180) bonded to tau in its mature stage of PSP pathology, whereas the AT8 

antibody binds to tau of all stages of pathology. A comparison between these, and other, tau 

antibodies may elucidate the differences between different stages of pathology providing 

insight into the disease mechanisms at play from early stage to end stage of the disease. 

Moreover, this will be taken into consideration with TDP-43 antibodies that label all TDP-43 

versus pathological TDP-43. With this, we can do a statistical analysis of how much TDP-43 

pathology there is in each imaged sample, and compare this to the proteomic analysis 

conducted later. Additionally, it would be beneficial to study tau pathology across various 

diseases and identify the similarities and differences in how tau acts between diseases. In 

particular, sections of post-mortem brain tissue from patients that were afflicted with 

Alzheimer’s Disease are available for the Chung lab to use and will be compared to the 

findings of tau pathology in PSP. The same concept can be applied to TDP-43 pathology in 

ALS and frontotemporal dementia using cultured fibroblasts and postmortem brain sections 

of ALS patients recently collected in our lab. 

 

5.2.2 Overcoming the challenge of insoluble proteins 

A major hallmark of neurodegenerative pathologies is that of insoluble aggregates forming 

within neurons. These insoluble fractions require additional steps to be solubilized for study. 

Solubilizing these aggregates for study is difficult and may result in sample loss however it is 

important to still look into the insoluble fractions to identify any important proteins that form 

p-Tau and TDP-43 aggregates. It is expected that the major aggregating proteins are left in 

the insoluble fraction and hence do not appear in the raw data as very abundant. The amount 

of protein that does show up may be regular soluble protein that is typically inside their 

respective cells, whether healthy or diseased. Therefore, a sequential extraction will be 

performed to isolate soluble then insoluble proteins from each sample.  
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5.2.3 How a pre-symptomatic carrier of an ALS mutation can provide insight into the 

beginning stages of disease formation 

Although important to look at the healthy and pathological interactomes of aggregates within 

fibroblasts, it would be an interesting comparison to also analyse the interactome of a pre-

symptomatic case of ALS with the S621G mutation. In theory, a pre-symptomatic carrier 

should have an interactome comparable to that of a healthy patient. However, this may not 

necessarily be the case and can start to resemble a pathological interactome. This can be used 

to distinguish different stages of diseases and to unravel the pathogenesis of TDP-43 

aggregation in ALS from upstream effects, which can reveal the mechanisms at play at 

different stages of disease that can then be targeted therapeutically. The same workflow 

explained in article II will be employed along with proteomic validation explained in section 

5.2.4. Additionally, it would be interesting to compare the interactome of a variety of patients 

with different ALS-causing mutations (e.g. SOD1 mutations, C9orf72 variants, as well as 

other variants) to understand the differences and similarities are between them, adding it to 

the big picture and hopefully finding a therapeutic target that works for most, if not all, cases. 

In addition, the mutations for each patient will be validated using polymerase chain reaction 

and next generation sequencing. 

 

5.2.4 Validation of protein interactome data 

To validate the findings of known and potential co-aggregators of p-Tau and TDP-43, 

standard IHC and co-immunoprecipitation will be conducted. Additionally, to address the 

limitation of sample amount, fibroblasts will be grown in multiple larger flasks and repeat 

experiments will be conducted for more robust and reliable data. Although this comes with 

concern surrounding antibody cost, this section of the protocol will be further optimized to 

limit the amount of primary antibody needed to appropriately label TDP-43. Furthermore, the 

BAR method will be compared to the conventional biochemical extraction method with MS 

for protein identification to see how the results differ, with subsequent validation using the 

techniques described above. This is to maintain consistent methodology and not relying on 

papers, as protocols may differ and therefore produce varying results. Lastly, it would be 

important to conduct statistical analysis of fibroblast images using Imaris to identify how 

much TDP-43 is found within the nucleus and how much TDP-43 has mislocalized to the 

cytoplasm. Doing so would provide a better understanding of the data that comes from the 

MS and if aggregates are actually forming. 
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5.2.5 Optimization 

Although the method had been optimized early in the project, after analysing the results and 

reviewing the limitations, it would be a good idea to optimize some protocols further to 

ensure clean results. Some considerations for optimization include biotin cleavage and 

fibroblast drug treatments.  

 

As many of the proteins thought to be more abundant (i.e. p-Tau and TDP-43) showed low 

abundance in the data not meeting the AR threshold, it could be worthwhile to revisit the 

streptavidin beads used for this study that were saved and left in the -80°C freezer. Here, we 

will try to cleave off any proteins still attached to the beads and analyse what proteins appear 

after MS protein identification. If it appears that many crucial proteins remained on the 

beads, this protocol will need to be optimized with DTT concentration and boiling of the 

beads, as the boiling process has been used by SR and RR with their use of biotin-XX-

tyramide to remove all the proteins from the beads. If this does not yield any extra protein, 

then the insoluble fractions would be more useful to study, as described in section 5.2.2.  

 

Although the study showed an observable increase of TDP-43 in SA treated fibroblasts and 

the data presented proteins involved in ALS, neurodegeneration and the stress response, there 

have been limitations to the drug treatment protocol that need to be addressed. In particular, 

we want to create more pathology within the cells while minimizing cell death associated 

with SA exposure. A starting point is to lower the concentration of SA and leave it on for a 

longer period, observe what happens, and then reassess. 

 

5.3 Conclusion and significance  

Overall, the BAR-MS approach taken in this project has shed some light onto potential novel 

proteins and mechanisms that play a role in PSP and ALS aggregate formation, along with 

proteins known to be involved in these diseases. Future validation of the above findings and 

repeated experiments will show some conclusive insight into the interactome of p-Tau and 

TDP-43 aggregates described here. Identification of the molecular composition of aggregates 

will lead to targeted therapeutic approaches for formation prevention and findings of 

common biomarkers that are cell specific may become clinical diagnostic tools in early 

stages, rather than validation on postmortem examination. This proof-of-concept study 
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reveals that there is a lot of potential for the BAR-MS approach with broad research 

applications, allowing this study to be taken to the next stage as described above.  
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