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Abstract 

Developing effective treatment strategies for amyotrophic lateral sclerosis (ALS) 

that affect upper and lower motor neuron requires an understanding of the underlying 

cellular pathway that leads to motor neuron death and muscle atrophy. RNA 

dysregulation is a hypothesized disease mechanism in ALS. Studies have shown that 

pathological transactive response (TAR) DNA Binding Protein (TDP-43) binds 

irreversibly to RNA in stress granules and forms membraneless prion-like TDP-43 

aggregates in cytoplasmic motor neurons1. These membraneless compartments can form 

in cells through liquid-liquid phase separation (LLPS).   A recent study showed that 

mRNA secondary structure promotes LLPS to build membraneless compartments in 

cells.2 Based on a remodeling hypothesis by Coyne et al.,3 we hypothesized that 

remodeling the interactions between TDP-43 and RNA using small molecules would 

decrease motor neuron toxicity. Using in silico docking, we screened 50,000 compounds 

on the RNA recognition motifs 1 and 2 of TDP43 (RRM1 and RRM2). We identified 

rTRD001 that was able to bind to TDP-43 in the RRM1 domain, disrupt TDP-43 

interaction with RNA, reduce cytoplasmic aggregate and cytotoxicity in motor neuron 

cell line NSC-34, and mitigate TDP-43 dependent phenotypes in an ALS fly model 

based on the overexpression of mutant TDP-43. Further studies are necessary in order 

to assess the mechanism and mode of action for this neuroprotective effect for this 

compound.   
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Hypothesis 

Remodeling the interactions between TDP43 and RNA will decrease motor neuron 

toxicity in ALS models. 

 

 

Specific Aims 

� Determine the interactions between TDP-43, FMRP and RNA in vitro using 

Surface Plasmon Resonance (SPR), peptide arrays and Microscale Thermophoresis 

(MST). 

� Identify small molecules that mimic FMRP overexpression and inhibit TDP-

43/RNA interactions in vitro using in silico docking.   

� Validate the effect of candidate peptide or small molecules in vivo using NSC34 

cell line and ALS fly model. 
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1 CHAPTER 1: INTRODUCTION AND OVERVIEW 

Amyotrophic lateral sclerosis (ALS) is a heterogeneous neurodegenerative disorder 

described by the degeneration of the upper motor neurons that project from the cortex 

to the brainstem and the spinal cord, and lower motor neurons that project from the 

brainstem and spinal cord to muscle. Loss of these neurons leads to muscle atrophy and 

weakness.4  

ALS is also known as Charcot disease in honor of the first person who defined the 

disease, French neurologist Jean-Martin Charcot, in 1869. ALS became well known in 

the USA when Lou Gehrig, a baseball player, was diagnosed with the disease in 1939. 

ALS is one of the five motor neuron diseases (MNDs) that affect motor neuron cells. 

The other four MNDs are: Primary Lateral Sclerosis (PLS), Progressive Muscular 

Atrophy (PMA), pseudobulbar palsy, and Progressive Bulbar Palsy (PBP).5  

1.1 Clinical description  

1.1.1 Epidemiology 
 
The global incidence rate of ALS is approximately 1-2.6 cases per 100,000/year, while the 

prevalence is approximately 6 cases per 100,000. The average survival time from disease 

onset to death is 3-4 years6. In the USA alone, there were an estimated 12 thousand cases 

diagnosed with ALS from October 19, 2010 to December 31, 2017.6 According to the 

centers for disease control and prevention (CDC), a total of 12,187 persons were diagnosed 

with ALS across 4 national databases and through web portal registration.7  The lowest 

prevalence was among populations aged from 18-39 years old, and the highest was among 

populations aged 70-79 years old.7,8 From a gender perspective, prevalence in males was 

higher than in females. The prevalence in Caucasians were more than twice that in African 
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Americans8. Prevalence rates were also measured for the four U.S. Census regions: 

Northeast, South, Midwest, and West. Prevalence was highest in the Midwest, followed by 

the Northeast, the South, and the West (Table 1).8 

Table 1: Number and Percentage of Identified Cases of Amyotrophic Lateral 

Sclerosis. 

(N =15,927) and estimated prevalence, by age group, sex, race, and geographic region, 

National ALS Registry, United States, 2014  

Characteristics 
 
 
 

Population No. (%) ALS cases Prevalence estimate 
(cases per 100,000 
population), % (95% 
CI) 

Age group(years) 

18–39 94,902,312 506 (3.2) 0.5 (0.5–0.6) 
40–49 41,479,525 1,587 (10.0) 3.8 (3.5–4.2) 
50–59 44,082,258 3,492 (21.9) 7.9 (7.4–8.4) 
60–69 33,891,398 4,861 (30.5) 14.3 (13.7–15.0) 
70–79 18,995,348 3,807 (23.9) 20.0 (19.2–20.9) 
≥80 11,922,597 1,623 (10.2) 13.6 (13.1–14.2) 
Unknown - 51 (0.3)  
Sex  
Male 156,936,487 9,821 (18.6) 6.3 (6.1–6.4) 
Females 161,920,569 5,854 (36.8) 3.6 (3.5–3.7) 
Unknown - 252 (1.6) - 
Race  
Caucasians 233,963,128 12,660 (79.5) 5.4 (5.2–5.5) 
African Americans 40,379,066 988 (6.2) 2.4 (2.3–2.6) 
Other - 863 (5.4) - 
Unknown - 1,416 (8.9) 

 
- 

U.S. Census region  
Midwest 67,745,108 3,832 (24.1) 5.7 (5.4–5.9) 
Northeast 
South 

56,152,333 
119,771,934 

3,075 (19.3) 
5,682 (35.7) 

5.5 (5.2–5.8) 
4.7 (4.6–4.9) 

West 75,187,681 3,252 (20.4) 4.3 (4.1–4.5) 
Unknown - 86 (0.5) - 
Total 318,857,056 15,927 5.0 (4.9–5.1) 
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1.1.2 Causes of ALS  

1.1.2.1 Genetic  

ALS is considered a complex genetic disorder in some cases but with no genetic history 

in most cases. Large combined genome- wide association studies (GWAS) of sporadic ALS 

revealed that the genetic background is based on rare variants, in contrast to other 

neurodegenerative diseases such as schizophrenia that are associated with common 

variants. In ALS, GWAS are complicated because rare variants might be specific to 

families, individuals, or specific populations.4 Other projects, for example the Project MinE 

Consortium, which aims to undertake whole- genome sequencing of more than 15,000 ALS 

patients, are expected to provide more information about ALS genetic architecture.4 

Another complicating factor is that most of the monogenetic types of familial ALS (fALS) 

don’t cause ALS in childhood years or in utero, but rather ALS develops later in adult life.9 

1.1.2.2 Environmental and life style factors  

Ongoing research in environmental and life style factors of ALS have provided many 

possible connections. Many proposed factors are not covered well because of limited data 

or conflicting evidence.9 Until now, there are not any specific environmental or life style 

factors that are lead to cause ALS, but there are several factors that have been studied such 

as age, gender, smoking, military service, lead, pesticides, physical activity, head trauma, 

low body mass index, statin treatment, and β-N-methylamino-L-alanine (BMAA).9 (Figure 

1)    

Age is a known high-risk factor for ALS. The incidence of ALS is noticeably increasing 

with older age.  
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Male sex is considered as a risk factor that associated with a 1.5-time increased risk of 

ALS development compared to female sex. It is likely to be more than one factor associated 

with sex difference in ALS. Men are more likely to be exposed to environmental risk 

factors that include head trauma, physical activity, military service, high field 

electromagnetic exposure, heavy metal, and sex hormone testosterone.9 Interestingly, after 

menopause the ALS incidence becomes almost equal between male and female.9  

Smoking is associated with an increased risk in ALS, worse prognosis, and shorter 

survival according to a population-based study.10  

Military service has been confirmed as being a risk factor in a meta-analysis study.11 

Poor sleep, trauma, psychological stress, metal exposure, and physical exertion are 

common exposure in military service. Other occupations that have been proposed to have 

an increased risk of ALS include electricians (electromagnetic radiating worker), welders, 

agricultural workers and soccer players.9  

Lead is known to be neurotoxic and can cause neuropathies and motor neuron disorder. 

However, the connection between lead and ALS is unclear and unconfirmed. Metal 

exposure that includes lead, mercury, and selenium alone are insufficient for the 

development of ALS. An individual’s genetic makeup is required to produce epigenetic 

changes that lead to ALS development.12 

Pesticides, substances such as organophosphates, are known to be neurotoxic and have 

an effect on motor neurons.9 In a meta- analysis study, pesticide exposure was found to be 

a risk factor among ALS cases compared to control.13,14 

Physical activity has been suggested to be a risk factor for ALS in some studies, but 

not all.15 After the baseball player Lou Gehrig, it has been proposed that athletic phenotype 
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has an increased risk of ALS. There are several explanations for how physical activity 

could cause ALS including potentiation of environmental toxins and increased oxidative 

stress.9 

A strong relationship between number of trauma events and ALS severity has been 

proposed but other studies found that there is no relationship between trauma and ALS. 

Weakness from ALS most of the time result in traumatic falls and health care provider may 

interpret the trauma as the cause of ALS when they in fact occur prior to ALS dignosis.9,13 

It has been reported that ALS patients tend to be lean and exhibit hypermetabolism at 

diagnosis.16 In a cohort study it was found that there is an association between lower 

premorbid body mass index (BMI) and ALS.17 

Statin treatment has been suggested both to increase and decrease the risk of ALS.9,18 

However, a systemic review and meta-analysis found that no definite association between 

statin use and ALS incidence and progression.19  

The non-protein amino acid β-N-methylamino-L-alanine (BMAA) has been implicated 

as a potential risk factor in ALS and other neurodegenerative diseases. BMAA has a several 

toxic effects on motor neurons including induction of oxidative stress, direct agonist on 

glutamate receptors, and depletion of glutathione. BMMM is derived from cycad seeds and 

consumed through multiple dietary sources including cycad flour and other animals that 

fed on cycad seeds.20 

1.1.3 General symptoms  

General clinical manifestations of ALS are muscle cramps, muscle spasticity, muscle 

weakness, muscle atrophy, respiratory insufficiency, dysphagia (difficulty swallowing), 

dysarthria (difficulty with speech),  cognitive and behavioral impairment.4  Although motor 
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symptoms such as muscle atrophy, muscle weakness and dysphagia are the main symptoms 

of ALS, up to half of ALS patients have non-motor neuron symptoms such as cognitive 

and behavioral impairments.4  

The early presentation of ALS can vary between patients; some patients present 

with bulbar-onset disease, which is characterized by difficulty of swallowing 

(dysphagia) and  difficulty of speech (dysarthria), but other patients can present with 

spinal-onset disease which is characterized by muscle weakness of the limbs.4      (Figure 

2) 

1.1.4 Phenotypic variability 

Phenotypic variability depends on the site of onset, familial versus sporadic cause, 

age at onset, motor neuron involvement, non-motor neuron involvement and rate of 

progression.21  

1.1.4.1 Site of onset 

In most patients, ALS starts with asymmetric and painless weakness in a limb, 

referred to as spinal-onset ALS (Figure 3a).  Clinical examination usually shows 

atrophy and weakness of muscles, hyperreflexia, fasciculations, and hypertonia21. 

Weakness, muscle atrophy and fasciculations indicate lower motor neuron involvement, 

whereas hyperreflexia and hypertonia reveal upper motor neuron signs (Figure 4). In 

about 20% of ALS patients, this weakness starts in bulbar muscles (Figure 3b), with 

dysphagia, tongue fasciculations, jaw jerk and dysarthria signs (Figure 4). Patients with 

bulbar onset ALS have a worse prognosis than spinal onset patients. The poor prognosis 

is attributable to aspiration, respiratory dysfunction and nutritional problem with bulbar 
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onset ALS. ALS also is characterized by respiratory onset in about 3-5% of patients, 

dyspnea or orthopnea, and with or without spinal or bulbar signs.21  

1.1.4.2 Familial versus sporadic 

ALS is categorized in two forms; familial and sporadic. The most common form is 

sporadic, which represents 90-95 % of ALS patients, and has no genetically inherited 

component. The remaining cases are familial which represents 5-10 % and have genetic 

dominant factors.5 Mutation in superoxide dismutase 1 (SOD1), the gene that encodes TAR 

DNA-binding protein 43 (TDP-43), RNA-binding protein FUS (FUS), and chromosome 9 

open reading frame 72 (C9orf72) represent more than half of familial ALS cases.21 

1.1.4.3 Age at onset  

ALS usually starts in the 50-60 years old; however, juvenile ALS has been described 

in the literature21. Juvenile ALS is defined as ALS with age at onset before 25 years and 

the disease progression is usually slower than in older patients.22 Moreover, juvenile 

ALS had longer survival than the classic form of ALS.22  

1.1.4.4 Motor neuron involvement  

Both upper and lower motor neuron involvement is necessary for ALS diagnosis, 

and has been described in the so-called EL Escorial criteria.23 Assessing the involvement 

of upper or lower motor neuron relies on clinical judgment.  Lower motor neuron 

dominance occurs in four well described ALS phenotypes which are progressive muscle 

atrophy, flail arm syndrome, flail leg syndrome and pseudopolyneuritic.   Upper motor 

neuron dominance occurs in primary lateral sclerosis and hemiplegic forms.21  

Lower motor neuron dominance 
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Progressive muscular atrophy (PMA) PMA is usually asymmetric, arms and legs are 

involved, and can have proximal and/or distal onset, and progresses much faster than 

spinal muscular atrophy.21(Figure 3c) 

Flail arm syndrome  

Some ALS patients have lower motor neuron involvement that is restricted to the 

upper limbs (Figure 3g). Upper limbs are often affected without any involvement of 

lower limbs.21 

Flail leg syndrome  

Flail leg syndrome is less frequent than flail arm syndrome. It is characterized 

by lower motor neuron involvement in lower limbs for at least 12 months, and is often 

asymmetric.21 (Figure 3h). Both flail leg and flail arm syndrome have significantly 

longer survival time than other phenotypes of ALS.24   

Pseudopolyneuritic 

‘Pseudopolyneuritic’ is a type of flail leg syndrome with mainly distal and 

bilateral involvement, also is referred to ‘peroneal‘ or ‘Marie-Patrikios’ form of ALS.21 

(Figure 3e) 

Upper motor neuron dominance  

Primary lateral sclerosis (PLS) 

PLS constitutes 5 % of all cases of MND and is characterized by upper motor 

neuron findings only, slower progression, prolonged retention of functionality, less 

severe weight loss than other forms of ALS, and survival in PLS is significantly longer 

than that of all other MND phenotypes21, 25 (Figure 3d) 

Hemiplegic ALS   



 
 
 

23 

Upper motor neuron dominance can be asymmetric and begins with unilateral 

upper motor neuron involvement in the lower limb, followed by slow spread to the arm 

of the same side. This form called hemiplegic or Mills syndrome.21 (Figure 3f).  

1.1.4.5 Non-motor neuron involvement 

A spectrum of cognitive involvement has been increasingly addressed as a part 

of ALS symptoms over the past few decades.26,27 Up to a third of the patients with ALS 

showed evidence of cognitive impairment with frontotemporal lobar dementia (FLD), 

this cognitive impairment wasn’t related to survival or site of onset.27,28 Delusion, 

apathy, disinhibition and stereotypic behavior are the most common behavioral changes 

in ALS-FLD spectrum patients.29,30 It is now generally accepted that pure ALS and pure 

FTD are located at the opposite ends of an ALS-FLD spectrum.21 ALS patients are 

classified according to whether they have  mild behavioral impairment (ALSbi), or mild 

cognitive impairment, primarily executive and language dysfunction, (ALSci).29 

Patients with ALS who meet the FTD criteria are classified as having ALS-FTD.29 The 

prognosis of patients with ALSbi or ALS-FTD is worse than in ALS alone, but patients 

with ALSci have a similar prognosis to that in classic ALS patients.21 Also, 

extrapyramidal symptoms, sensory neuropathy, spinocerebral ataxia, autonomic nervous 

system involvement, ophthalmoplegia, and deafness can sometimes be observed in 

patients with ALS.21     

1.1.4.6 Rate of progression  

In general, the average survival in ALS is around 3 years from diagnosis. However, 

this can vary depending on the rate of disease progression.21 The rate of disease 

progression is usually measured using The Amyotrophic Lateral Sclerosis Functional 
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Rating Scale Revised (ALSFRS-R).31 ALSFRS-R is a questionnaire used to evaluate the 

functional status of patients with ALS.31,32 It is well-established and is based on 12 

items: speech, salivation, swallowing, handwriting, cutting food, dressing and hygiene, 

turning in bed, walking, the ability to climb stairs, dyspnea, orthopnea, and respiratory 

insufficiency (Figure 5). The questionnaire is structured on a 5 point scale ranging from 

4 to 0, where 4 indicates no loss of function and 0 indicates complete loss of function.32 

The minimum score of the ALSFRS is 0 and the maximum score is 40. The higher the 

score the more function is retained32.  

1.1.5 Diagnosis  

No single definitive diagnostic test for ALS exists. The combination of clinical signs, 

laboratory investigations and electromyography support the diagnosis.33 Routine 

laboratory investigation of apparently classic ALS patients should involve measurement of 

serum and urine protein electrophoresis, erythrocyte sedimentation rate, serum phosphate 

and calcium, cerebrospinal fluid test, liver function and β-hexosaminidase.33 β-

hexosaminidase deficiency can mimic ALS, and is common in some ethnic groups (Table 

2).33 Electrodiagnostic analysis is the most essential tool in ALS diagnosis as it can identify 

loss of lower motor neurons and unaffected regions.33 The most common abnormalities 

observed on electromyography are fibrillation potentials and positive sharp waves 

(spontaneous denervation discharges) indicative of ongoing loss of motor neurons, 

fasciculation, and polyphasic units suggestive of reinnervation.33 Advance magnetic 

resonance imaging (MRI), computed tomography (CT), and chest radiography might be 

useful to identify specific ALS- associated pathology (Table 2).33 Also, screening of 
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patients with familial ALS for mutation in known genes that associated with ALS such as 

SOD1, TARDBP, ANG, VCP and FUS might offer some benefit in ALS diagnosis.33 
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Table 2: Essential Investigation in ALS Patients. 

Blood tests • Erythrocyte sedimentation rate 
• C-reactive protein 
• Hematological screen: full blood count 
• Liver function tests: alanine transaminase and 

aspartate transaminase levels Creatine kinase 
• Creatine 
• Electrolytes: [Na+], [K+], [Cl-], [Ca 2+], [PO4] 
• Glucose 
• Lactate dehydrogenase 
• Thyroid function tests: free tri-iodothyronine, free 

thyroxine and thyroid stimulating hormone Vitamins: 
[B12], folate 

• Serum protein electrophoresis 
• Serum immunoelectrophoresis 
• β hexosaminidase subunits [alpha] and [beta] assay 

(where clinically indicated) 
• Ganglioside GM-1 antibodies (where clinically 

indicated) 
• Serum Borrelia titers and HIV tests (where clinically 

indicated) 
• Celiac serology (where clinically indicated) 
• Cerebrospinal fluid tests 
• Cell count 
• Protein 
• Glucose 
• Oligoclonal bands (where clinically indicated) 

Neurophysiology Nerve conduction velocities 
• Sensory and motor amplitudes 
• Presence of focal motor conduction block 
• Features of denervation on electromyography 
• Motor unit morphology 

Imaging studies 
 

• MRI and/or CT (head and neck, thoracic, lumbar) 
• Chest radiography 

 
 

1.1.6 Potential biomarkers identified in ALS patients  

No specific measurable biomarker has been identified for ALS disease. The lack of 

specific biomarkers and specific diagnostic tests delays the ALS diagnosis by an average 
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of 12 months after the onset of ALS symptomes.34 ALS pathology has provided insights 

into several potential biomarkers in ALS patients. Neurofilament proteins (Nfs) might be 

a promising biomarker in neurodegenerative disease.35 Nfs are composed of three 

polypeptide subunits; neurofilament light chain (NfL, 68 kDa), neurofilament medium 

chain (NfM, 150 kDa), and neurofilament heavy chain (NfH, 200 kDa).35 It has been 

suggested that NfL levels in cerebrospinal fluid (CSF) are increased in ALS patients 

compared to other neurodegenerative patients.36  

Coupled with NfL levels in CSF, other potential biomarkers have been identified, such 

as change in the expression levels and RNA editing of Cytoplasmic FMRP Interacting 

Protein (CyFIP2), Retinoblastoma Binding Protein 9 (RbBP9), increase in the abnormal 

level of Transglutamine enzymes activity (TGases) and Transactive response DNA-

binding protein 43 (TDP-43) in CSF.36–38  

1.1.7 Clinical management  

Currently, the 2 available drugs approved by FDA for ALS treatment are riluzole and 

edaravone. Riluzole, approved by FDA in 1995 through the orphan drug program, is an 

oral tablet with 50 mg twice daily dose.39 Chemically, it is 2-amino-6-(trifluoromethoxy) 

benzothiazole. The molecular formula is C8H5F3N2OS and the molecular weight is 234.2 

(Figure 6). It acts as a neuroprotective drug via inhibition of the sodium channel and 

subsequent block of exaggerated calcium influx. Riluzole also acts as an anti-glutamatergic 

agent via the inhibition of glutamate release in isoxazolepropionic acid receptors NMDA 

(N-methyl-D-aspartic acid receptor) and AMPA (Alpha-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid receptor) (Figure 6A and 6B).39,40 The findings of four placebo-

controlled randomized clinical trials revealed that  riluzole improves median survival by 2 
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to 3 months in ALS patients.40 The yearly cost can range from $1,800 to $ 8,400 for the 

drug.39  

Edaravone was approved by FDA in May 2017. The chemical name of edaravone is 

[3-methyl-1-phenyl-2-pyrazolin-5-one], the molecular formula is C10H10N2O and 

the molecular weight is 174.20 (Figure 6C).39 It is administered via intravenous infusion 

with 60 mg over 60 minutes daily dose for 14 days, followed by 14 days drug-free period.39 

It appears to exert a neuroprotective effect via scavenging of free radicals.39 In the open-

label 24 week study, ALS patients who received edaravone revealed less decline in 

function as measured by ALSFRS-R compared with the placebo group.41 The most 

commonly reported adverse events were dysphagia, constipation, and contusion.41 The 

yearly cost of edaravone is approximately $146,000 per patient per year without additional 

costs of administration.39  

 Management of ALS is otherwise focused on preservation of quality of patient life 

and symptom control. Most ALS patient die from respiratory failure and respiratory muscle 

weakness is associated with a poor prognosis. Assessment of respiratory insufficiency with 

ALS patients includes forced vital capacity, pulmonary function test, overnight pulse 

oximetry and early morning arterial blood gases.33 Weight loss and malnutrition are also 

associated with a poor prognosis and are common features of ALS patients.33 Management 

includes noninvasive positive pressure ventilation, modification of food and fluid 

consistencies, and enteral feeding by gastrostomy.33 

1.2 Molecular description  
 



 
 
 

29 

1.2.1 Common Molecular Pathway in ALS  

The mechanisms that underlie neurodegenerative development in ALS are 

multifactorial, with complex interaction between environmental, genetic mutations and 

molecular dysfunction.42 Moreover, mutation in several genes that have been implicated in 

ALS pathology can exaggerate motor neuron injury via more than one pathological 

mechanism. Glutamate-mediated excitotoxicity, oxidative stress, impaired protein 

hemostasis, mitochondrial dysfunction, aberrant RNA metabolism, impaired DNA repair, 

nuclear export dysfunction, dysregulated vesicle transport, axonopathy, and 

neuroinflammation are predominant molecular pathways in ALS.4,42 (Figure 7) 

1.2.1.1 Glutamate-mediated excitotoxicity 

Glutamate is the main excitatory neurotransmitter in the central nervous system. It is 

released from presynaptic neurons during axonal depolarization and then activates 

glutamate receptors, ionotropic and metabotropic, located on postsynaptic neurons.43 The 

excitatory signal is terminated by reuptake of glutamate from the synaptic cleft by a 

glutamate transporter called excitatory amino acid transporter 2 (EAAT2) located on 

neurons and astrocytes.42 Dysfunction of EAAT2 at the astrocyte level seems to be a 

preclinical cause in ALS and increased activity of EAAT2 appeared to be neuroprotective 

in the mouse model.44  

   On the basis of pharmacological studies, postsynaptic glutamate receptors are 

classified into three sub-groups: α amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA), N-methyl-d-aspartate (NMDA), and kainite receptors. Postsynaptic NMDA and 

AMPA receptors seem to be involved in ALS pathogenesis.42 Excessive activation of 
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glutamate receptors on the postsynaptic membrane leads to glutamate excitotoxicity and 

neuronal hyperexcitability via increased Na+ and Ca2+ ion influx.43 (Figure 7) 

1.2.1.2 Superoxide dismutase 1 mutations (SOD1) 

Superoxide dismutase is an enzyme involved in free radical scavenging. More than 

150 SOD1 mutations have been found to be pathogenic and most of them are dominant 

missense mutations. In normal regulatory process, mutant and modified misfolded SOD1 

are targeted for degradation through proteosomes and autophagosomes. However, the 

misfolded proteins seem to escape this normal process and have toxic effects on the 

degradation machinery. Mutant SOD1 accumulates as oligomers and aggregates which 

lead to a stress response and direct or indirect toxicity. Toxicity arises directly through the 

effects of the aggregates on cell process such as axonal transport and mitochondrial 

respiration. Toxicity may also arise indirectly by sequestering factors that are essential for 

cellular function and disrupting normal proteostasis.1,45 Then, either because of more 

accumulation of the misfolded protein or because of additional cell stressors such as aging, 

this stress response leads to an unfold protein response and microglial activation.1 In the 

mutant SOD1 mouse model, several biological functions have been found to consequently 

fail, such as mitochondrial function and axonal transport, resulting in axonal retraction, 

denervation, and neuron death.45     

1.2.1.3 Mitochondrial dysfunction  

Abnormal mitochondrial function and morphology have been observed in ALS.46,47 In 

mutant SOD1 mice, SOD1 aggregation causes mitochondrial vacuolation by inducing 

outer mitochondrial membrane leakage and expansion of intermembrane space. This could 

release pro-apoptotic molecules into the intermembrane space and potentiate motor neuron 
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death.48 Consistent with SOD1 aggregation effects on the mitochondrial function, wild-

type and mutant TAR DNA-binding protein 43 (TDP-43 also known as TARDBP) 

preferentially bind to mitochondria-transcribed mRNAs encoding respiratory complex 1, 

disrupt their expression, and cause complex 1 disassembly.49 The inhibition of TDP-43 

mitochondrial localization abolishes mitochondrial dysfunction and neuronal toxicity.49  

1.2.1.4 Impaired protein homeostasis 

Mutations in some genes results in misfolded proteins that have an abnormal cellular 

function and that can disrupt the proteasomal and/or autophagic machinery of the motor 

neuron. Several genes linked to familial ALS encode misfolded proteins that can directly 

or indirectly impair the ubiquitin-proteosome and autophagy systems. For example, mutant 

SOD1, valosin-containing protein (VCP), ubiquilin-2 (UBQLN2), and optineurin (OPTN) 

are disrupted in familial ALS and associated in the early step of autophagy or in substrate 

delivery to proteasome. In addition, mutation in vesicle-associated membrane protein-

associated protein B/C (VAPB) can interrupt activation of the unfolded protein response 

in an ALS model.4  

1.2.1.5 Aberrant RNA metabolism  

Altered mRNA processing is an important factor in ALS disease. mRNA passes 

through several steps as it translocates from the nucleus to the cytoplasm, where mRNA is 

translated. mRNA is also transported in neurons to allow local protein translation in 

different neuronal compartments.  

The discovery of TAR DNA-binding protein 43 (TDP-43) and RNA-binding protein 

FUS (FUS) mutations as molecular causes of ALS disease has established a critical 

proteinopathic role for RNA-binding proteins in ALS. Mutant FUS and TDP43 mislocalize 
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in motor neuron cells from the nucleus to the cytoplasm, where they are hypothesized to 

form toxic aggregates with mRNA and other RNA-binding proteins in the cytoplasm and 

loss of the normal processing of their target RNAs.4 Changes in alternative splicing of 

mRNA, transcription, axonal transport of mRNA and microRNA biogenesis have also been 

observed in relation to mutations in FUS, SOD1 and chromosome 9 open reading frame 72 

(C9orf72).4 

The GGGGCC repeat expansion in C9orf72 non-coding region forms stable parallel 

G-quadruplex structure, which preferentially interact with RNA processing factors. In 

addition, the repeat expansion leads to the formation of R-loops (DNA-RNA hybrid 

structures) that increase vulnerability to genome instability and DNA damage. The repeat 

expansion can also induce direct RNA toxicity through production of abnormal RNA 

species that can be recognized as nuclear RNA foci and might be toxic by sequestering 

RNA-binding proteins.50–52 

Mutation in SETX (senataxin, which has a role in the transcription of ribosomal RNA), 

ANG (angiogenin), ELP3(elongator complex protein 3), TAF15(TATA-binding protein-

association factor 2N), and EWSR1(RNA-binding protein EWS) are associated with ALS 

and might lead to disruptions in RNA metabolism.4   

1.2.1.6 Impaired DNA repair 

Disturbance in DNA repair was hypothesized to have a role in ALS disease. Mutation 

in NEK1 (NIMA related kinase 1) has been linked to several cellular functions, including 

DNA-damage response, microtubule stability, axonal polarity and neuronal morphology, 

and can cause ALS pathology. In total, NEK1 risk variant in about 3 % of ALS cases.53 
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1.2.1.7 Nucleocytoplasmic, endosomal and vesicle transport 

The GGGCC repeat expansion in C9orf72 can lead to the production of dipeptide repeat 

proteins and affect the intracellular localization of C9orf72. Dipeptide repeat proteins lead 

to neurotoxicity by several mechanisms. For example, disruption of  nucleocytoplasmic 

transport and induced phase separation of proteins that have roles in stress granule 

formation and RNA metabolism.54 

TDP-43 has a critical role in regulation of endosomal trafficking: loss of function of 

TDP-43 inhibits endosomal trafficking in dendrites, while TDP-43 overexpression has the 

opposite effect.55 Mutations in ALS2 (alsin, which is involved in endosome trafficking and 

fusion) and UNC13A (UNC-13 homologue A, which is involved in priming synaptic 

vesicle and in neurotransmitter release) can also affect endosomal and vesicle transport in 

neuronal cells.56,57 

1.2.1.8 Axonopathy 

The discovery of mutations in TUBA4A (Tubulin, Alpha 4A protein) and PFN1 

(Profilin1) in ALS patients suggests that malfunctions in proteins that are necessary for 

axonal structure and function, are involved in ALS disease.58,59 In addition, mutations in 

NEFH (neurofilament heavy polypeptide) have been identified in some ALS patients, 

although whether these mutations affect normal axonal transport and function remain to be 

demonstrated.60  

Oligodendrocyte degeneration has been also observed in ALS patients. 

Oligodendrocytes provide important metabolic support to neuronal axons through lactate 

transport via monocarboxylate transporter 2. Therefore, abnormality in oligodendrocytes 

contributes to axonopathy in ALS pathology.61  
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1.2.1.9 Neuroinflammation 

Neuroinflammation can be observed in human post-mortem samples and a rodent 

model of ALS disease.62 Microglial and astrocytes cells release a number of 

neuroprotective and harmful factors. Microglia have activation phenotypes, toxic 

phenotype (M1 activation) or neuroprotective phenotype (M2 activation). Results from 

SOD-1 transgenic mice reveal that at disease onset, the phenotype of microglia evolves 

from neuroprotective activation at the start of ALS disease, while at end-stage of the ALS 

disease the phenotype of microglia evolves from toxic phenotype.63   

1.2.2 Genes implicated in ALS  

ALS disease is considered as genetic diseases with a family history in some cases but 

with no family history in the rest. According to mathematical models developed using 

population-based registers, all ALS patients are likely to carry some of what is called ‘at 

risk variant’ that interact with environmental factors through more than one step leading to 

disease development. One of these steps is suggested to be from birth. In transgenic mice, 

the phenotypic presentation of ALS can be altered by changing the genetic background, 

suggesting that ALS phenotypes in humans also have a genetic basis and that genetic 

fingerprinting could allow the grouping of different phenotypes into discrete underlying 

causes.4   

Table 3 Summary of the known genes that have a major influence on ALS 

development. Although, more than 30 genes confer a major effect of ALS, four genes 

account for more than 70% of familial cases:  TARDBP (TAR DNA-binding protein 43), 

C9orf72 (chromosome 9 open reading frame 72), SOD1(superoxide dismutase), and FUS 

(RNA-binding protein FUS).4,64 
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1.3 ALS model systems  

In order to discover new therapeutic targets for ALS, it is imperative that we have a 

more thorough understanding of the molecular mechanisms that lead to motor neuron 

death. To study these mechanisms, researchers have developed different model systems, 

from in vitro biochemical models, to cellular models (including patient-derived stem cell 

models), vertebrate and invertebrate models, and expand to vertebrates. Each of these 

model systems has its pros, as well as cons, as summarized in Table 4. Recently, ALS 

patient-derived stem cells have opened up new insights for ALS research and brought 

translational relevance to the field, especially when the translational value of other ALS 

models remains unclear. Human patient-derived stem cell samples have also a higher 

chance of translation to the clinic.89   
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Figure 1: Environmental and Life Style Factors Associated with ALS. 

Several factors have been associated with ALS including age, gender, smoking, military 

service, lead, pesticides, physical activity, head trauma, low body mass index, statin 

treatment, and β-N-methylamino-L-alanine (BMAA).  
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      Figure 2: General Symptoms of Amyotrophic Lateral Sclerosis (ALS). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

40 

 
 
Figure 3: The Phenotypic Variability of Amyotrophic Lateral Sclerosis (ALS). 
 
a. Spinal-onset ALS. b. Bulbar-onset ALS.  c. Progressive muscular atrophy. d. Primary 

lateral sclerosis.  e. Pseudopolyneuritic ALS.  f. hemiplegic ALS.  g. flail arm 

syndrome.  h. flail leg syndrome. Abbreviations: UMN, upper motor neurons; LMN, 

lower motor neurons.   
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Figure 4:  Signs of Upper Motor neuron UMN Signs vs Lower Motor Neuron LMN.  
 
UMN in primary motor cortex and bulbospinal LMNs are the mostly affected sites in 

ALS. Neurons in the frontotemporal cortex are frequently involved in the frontotemporal 

dementia–ALS spectrum. Ocular and vesicorectal motor neuron involvement is rare and 

affected in longstanding disease. Abbreviations: UMN, upper motor neurons; LMN, 

lower motor neurons.   
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Figure 5: The Amyotrophic Lateral Sclerosis Functional Rating Scale Revised 
(ALSFRS-R) example. 
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Figure 6: FDA Approved Drugs for ALS Disease.  

A. Mechanisms of riluzole. B. Riluzole chemical structure. C. Edaravone chemical 

structure. Abbreviations: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor; N-Methyl-D-aspartic acid or N-Methyl-D-aspartate.  
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Figure 7: Common Molecular Pathway in Amyotrophic Lateral Sclerosis (ALS).  
 
The pathophysiological mechanisms underlying neurodegeneration in ALS seem to be 

multifactorial with complex interaction between genetic and molecular pathways. 

Glutamate-mediated excitotoxicity, oxidative stress, impaired protein hemostasis, 

mitochondrial dysfunction, aberrant RNA metabolism, impaired DNA repair, nuclear 

export dysfunction, dysregulated vesicle transport, axonopathy, Activation of microglia 



 
 
 

45 

and glial dysfunction are predominant molecular pathways in ALS. Abbreviations: 

c9orf72, chromosome 9 open reading frame 72; FUS, fused in sarcoma; SOD-1, superoxide 

dismutase 1; TDP-43, TAR DNA-binding protein 43 (TARDBP); AMPA, α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor; N-Methyl-D-aspartic acid or N-

Methyl-D-aspartate; EAAT2, excitatory amino acid transporter 2; UBQLN2, ubiquitin-like 

protein 2; OPTN, optineurin; VCP, valosin-containing protein.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All the figures in this chapter were made with ChemDraw 18  
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CHAPTER 2: REVIEW ON TDP-43 STRUCTURE AND TARGETING 
2.1  Review on TDP-43 Structure  

TAR DNA-binding protein (TDP-43) is a 414 amino acid protein divided into three 

general subdomains: The N-terminus domain (aa 1-102) with a Nuclear Localization Signal 

(82-98); the RNA-binding domains (aa 102-269) consisting of two RNA Recognition 

Motifs (RRM1: aa 102-176 and RRM2: aa 191-269) with a Nuclear Export Signal (aa: 239-

250) and a highly disordered C-terminus glycine-rich domain. (Figure 8) Most of the 

described familial ALS- associated TDP-43 mutations are within the C-terminus domain, 

and most of them are missense mutations.90,91  

TDP-43 is highly conserved through evolution-from human beings, rodents, 

Drosophila, and Caenorhabditis elegans.92 Drosophila TDP-43 is comparable to human 

TDP-43 in exon splicing regulation, while TDP-43 from Caenorhabditis elegans has no 

effect on exon identification and lacks the glycine-rich domain found at the carboxy 

terminus of human and human Drosophila.92 Glycine-rich domain in TDP-43 is necessary 

for splicing regulation in human and Drosophila.92      

TDP-43 is involved in multiple cellular RNA functions, including RNA trafficking, 

stabilization, transcription, splicing regulation, messenger RNA (mRNA) turnover, and 

micro-RNA (miRNA) biogenesis. TDP-43 also interacts with DNA and single-strand DNA 

(ssDNA), and acts as a regulator of acrosomal protein SP10 gene expression throughout 

spermatogenesis stage.91 Indeed, TDP-43 acquired its name in 1995 when it was discovered 

and shown to interact with the HIV-1 TAR DNA sequences.93 Binding of TDP-43 to HIV-

1 DNA sequences results in the repression of gene expression by either blocking or altering 

the assembly of transcription complexes.93    
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Like other protein aggregates that cause neurodegenerative disease such as tau and 

α-synuclein, TDP-43 aggregate has also been associated with several neurodegenerative 

disorders. TDP43 is linked to neurodegeneration in Amyotrophic Lateral Sclerosis (ALS) 

and Frontotemporal Lobar Degeneration (FTLD), as well as in their overlaping syndromes 

and rare disorders such as Perry Syndrome.91,94 

 Pathological TDP-43 is a primary histopathological feature in ALS and FTLD, 

where the protein can be mutated and is often hyperphosphorylated, cleaved, 

ubiquitinylated, mislocalized and sequestered in stress granules as insoluble aggregates. 

TDP-43 inclusions were also detected in other neurodegenerative diseases such as 

Parkinson’s disease, Alzheimer disease, Huntington’s disease, and some rare disorders like 

Guam-ALS, as a secondary TDP-43 proteinopathy.95 A detailed knowledge of TDP-43 

structure would help in understanding of its mechanistic role in cellular function and would 

greatly enhance in the discovery of potential theraputics. 

2.1.1 N-terminus  

TDP-43 N-terminus is a 102 amino acid that has been identified to be composed of a 

nuclear localization signal domain (NLS) that regulates the trafficking of TDP-43 to the 

nucleus. It has been shown that TDP-43 N-terminus is thermodynamically stable, 

reversibly oligomerized, and well folded.96 Contradictory findings have been suggested 

about TDP-43 N-terminus physical properties. These conflicting observations may arise 

from sample pH, protein purification method, construct lengths, and protein’s tags effect.      

Due to the severe aggregation of TDP-43 N-terminus, its structure remains unknown 

until this aggregation is significantly minimized by reducing salt in aqueous solution.97 
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Biophysical studies were successfully conducted to determine the 3D structure of TDP-43 

N-terminus. This 3D study revealed that the N-terminus of TDP-43 encodes bi-coexisting 

conformations: a well folded form in equilibrium with its unfolded form. The well folded 

conformation assumes a novel ubiquitin-like fold. This ubiquitin-like fold is capable of 

directly binding to ssDNA. This binding to ssDNA shifted the equilibrium of the 

conformation toward reducing the unfolded conformational state.97  

The TDP-43 N-terminus forms a homodimer in solution in a concentration-dependent 

manner. Based on the Nuclear Magnetic Resonance (NMR) structure of the TDP-43 N-

terminus domain, the dimerization interface centered on Val72 and Leu71 around beta 7 

strand. Remarkably, this dimerization is necessary for TDP-43 splicing and plays a role in 

protecting TDP-43 against inclusion formation in cytoplasm.98  

The functional roles of the TDP-43 N-terminus remain largely unconsidered in TDP-

43 normal function. Recently, it has been found that the extreme N-terminus of TDP-43, 

specifically the first ten residues, regulates TDP-43 folding that is required for adequate 

homodimerization and TDP43 splicing.99,98 More specifically, the deletion of the first nine 

residues of TDP-43 is enough to disrupt the TDP-43-regulated RNA splicing and drives 

the aggregation of the TDP-43 full length.99  However, the N-terminus is essential to 

effectively recruit the monomer form of TDP-43 to this aggregate in neurodegenerative 

disease.99  In addition, point mutations in the TDP-43 N-terminus V31R and T32R abolish 

TDP-43 normal function, disrupt the splicing process, and enhance the aggregation 

formation of TDP-43 in cells.11 Even the rather mild mutation L28A severely destabilizes 

the N-terminus function.100  
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2.1.2 RRM Domains 

TDP-43 belongs to the heterogeneous nuclear ribonucleoproteins family (hnRNPs). 

HnRNPs are predominantly nuclear RNA-binding proteins (in some case DNA sequences) 

that bind to nucleotide binding domains RRM.92,101  TDP-43 binds to the single-stranded 

32-mer DNA of TAR sequence better than the double-stranded DNA, with a Kd of 

10.6±0.2 nM for single- stranded and 83.8±9.5 nM for double-stranded.102 

TDP-43 is a dimeric protein with two RNA recognition motifs, RRM1 and RRM2, 

located at the middle region (residues 102-269) with a Nuclear Export Signal (NES) 

(residues 239-250).103 RRM1 is sufficient and necessary for nucleotide binding.92,104 

Phe147 and Phe149 residues in RRM1 were specifically shown to be essential for RNA 

and DNA binding.92 The crystal structure reveals that the RRM2 domain has an atypical 

RRM-fold with an additional β strand that contributes in protein-protein interactions. This 

self-assembly of the RRM2 domain produced thermal stability for RRM2 association with 

a melting point greater than 85°C.102,103  

RRM domains play an important role in RNA processing, which regulates splicing 

of pre-messenger RNA (pre-mRNA) species, binds and affects mRNA stability and 

turnover, plays a part in mRNA trafficking and nucleo-cytoplasmic shuttling, regulates 

miRNA biogenesis, binds to ssDNA-promoter sequences, and acts as a transcriptional 

repressor. It also colocalizes with stress granules that are hypothesized to isolate and 

protect other mRNAs under stress conditions.91,105 TDP-43 has been found as a unique 

modifier for human low-molecular weight neurofilament (hNFL), hNFL is mRNA-binding 

protein that contributes to neurofilament aggregate formations in ALS through 

stoichiometric alteration of neurofilament.106  
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 TDP-43 binds to RNAs specifically to the UG repeats and prevents exon splicing 

in the presence of a high number of UG repeats (UG12).107 To identify specific RNAs that 

bind to TDP-43, in vitro systemic evolution of ligands by exponential enrichment (SELEX) 

screening has been performed.108 All the TDP-43-bound RNAs were recognized to contain 

G-quadruplex (G4).108 G4-containing RNAs were also identified to be transported with 

TDP-43 into the distal neurites in rat primary neuronal cells.108 It is unclear whether mutant 

forms of TDP-43 have different affinity profiles for specific RNAs. 

RNA binding is required for TDP-43-mediated toxicity. It has been found that 

mutations in TDP-43 that disrupt RNA binding for example, F142L and F149L in RRM1 

can disrupt TDP-43-mediated toxicity in vivo.109 As a part of the exploration of the 

proteinopathy of TDP-43 RRM domain mutations, a comparative analysis on the wild type 

and two mutant TDP-43 (D169G and K263E) and their complex with RNA has been 

studied using computational models.105 Both mutants revealed lesser binding affinity 

toward RNA compared to wild type of TDP-43.105 However, molecular dynamics 

simulations revealed that these mutants were susceptible to inducing conformational 

change in TDP-43 and to alter TDP-43-RNA complex in cytoplasmic aggregates.105 

Particularly, both mutants enhanced aggregation propensity of TDP-43 in cytoplasm.105   

Recent studies have begun to uncover a multitude of RNA effects on intracellular 

phase transition. Most of the time, RNA seems to promote phase separation. For example, 

RNA-binding protein undergoes liquid-liquid phase separation in the presence of 

RNA.110,111 Pathological TDP-43 binds irreversibly to RNA in stress granules and forms 

membraneless prion-like TDP-43 aggregates in cytoplasmic motor neurons.1 These 

membraneless compartments can form in cells through liquid-liquid phase separation 
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(LLPS). A recent study also showed that mRNA secondary structure promotes LLPS to 

build membraneless compartments in cells.2 Understanding the ability of LLPS phenomena 

to respond to biological functions and how their metastability may answer a lot of questions 

in protein aggregation diseases such as ALS.  

2.1.3 C-terminus 

 The C-terminus tail of TDP-43 is a typical glycine-rich domain which mediates 

protein-protein interactions, including interactions with other ribonucleoprotein family 

members-for example, hnRNP A1, hnRNP A2/B1, and hnRNP A3.112  

 It is not surprising that the C-terminus may be important in disease pathology, 

because this region contains several remarkable characteristics. The discovery of multiple 

ALS-associated TDP-43 mutations (most of them missense mutations) that are mapped in 

the C-terminus (Figure 1) potentiates the link between abnormal TDP-43 function and the 

pathogenesis of TDP-43 proteinopathy. Moreover, several of these mutations may create 

novel modifications such as new phosphorylation sites, through substitution to tyrosine or 

serine or threonine, which introduce abnormal features of mutated TDP-43.  

The C-terminus of TDP-43 is also critical for LLPS formation.113 Specifically, 

intermolecular interaction at a conserved α helix element in the TDP-43 C-terminus is 

essential  for LLPS.113 ALS-associated mutations interfere with normal TDP-43 

interactions and disrupt LLPS.113 For example, TDP-43 M337V monomers didn’t 

rearrange within the droplet in the same way as wild-type TDP-43. It is possible that M33V 

changes α helical structure and alters the liquid droplet feature of TDP-43.113 These finding 
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confirmed that small perturbation in the amino acid sequence of the TDP-43 C-terminus 

can result in dramatic changes in the phase transition properties of TDP-43.  

The low-complexity domain (LCD) in TDP-43 areas of proteins that have 

frequently no secondary structure and exhibit biased compositions of amino acid is 

believed to be involved in reversible and irreversible TDP-43 aggregation in stress 

granules.90 Five segments of LCDs have been identified.114  All of these segments 

displayed kinked β- sheet with labile interaction between them. It has been suggested that 

theses these low-complexity aromatic-rich kinked segments (LARKS) and act like Velcro 

to support adhesion interaction between LCDs to form membraneless organelle assemblies 

such as stress granules.90,114 Two mutation variants have been found within LARKS in C-

terminus of TDP-43, A315T and A315E, together with phosphorylation, strengthening the 

interaction between each of the sheets and making it irreversible.90 This study indicates 

that the pathogenetic mutations in C-terminus can drive the interaction to irreversible 

interaction toward pathogenic aggregation.    

Pathological TDP-43 is ubiquitinated, hyperphosphorylated, and abnormally 

cleaved with C-terminal fragments (CTFs) that accumulate in cells of the central nervous 

system area.115 Specifically, insoluble TDP-34 CTFs are selectively enriched in cortical 

and hippocampal regions, but not in the spinal cord of both frontotemporal lobe 

degeneration and amyotrophic lateral sclerosis.116 These results suggest that TDP-43 is 

distributed and processed differently in the brain than in spinal cord.  Because the glycine-

rich domain in the CTFs of TDP-43, the accumulation of CTFs may influence other protein 

and mRNA interactions that are involved in the normal splicing process of affected 

neurons. Lee et al. identified Arg208 as one of the cleavage sites of endogenous CTFs.112 
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They showed that expressing TDP-43 CTFs in a cell system can recapitulate key 

pathological characters of diseased TDP-43 such as aggregation, ubiquitination, 

hyperphosphorylation, and insolubility.112 Lee et al. also showed that expression of CTFs 

of TDP-43 in cells is enough to create a partial loss of known biological function of TDP-

43, which is the regulation of cystic fibrosis transmembrane conductance regulator (CFTR) 

exon 9 splicing.112 This study supports the idea that generation of TDP-43 CTFs is a critical 

event in TDP-43 pathology and could be considered an important domain in the 

development of therapy for TDP-43 pathology-related disease.   

2.2 Targeting TDP-43 in Neurodegenerative Diseases  

TDP-43 pathology has been linked with several neurodegenerative disorders that are 

including Amyotrophic Lateral Sclerosis (ALS), Frontotemporal Lobar Degeneration 

(FTLD), ALS/FTLD overlapping syndromes,  and Perry Syndrome.91,94 Pathological TDP-

43 is a primary histopathological feature in ALS and FTLD, where the protein can be 

mutated and is often hyperphosphorylated, cleaved, ubiquitinylated, mislocalized and 

sequestered in stress granules as insoluble aggregates. TDP-43 inclusions were also 

detected in other neurodegenerative diseases such as Parkinson’s disease, Alzheimer 

disease, Huntington’s disease, and some rare disorders like Facial-onset sensory and motor 

neuropathy (FOSMN) and Guam-ALS, as a secondary TDP-43 proteinopathy.94,117  

TDP-43 is expressed in almost all cell types and tissues, including glia and 

neurons.118 TDP-43 also involves in a multi-process in cell survival such as pre-mRNA 

maturation, mRNA transcription, microRNA, alternative splicing, and interaction with 

noncoding RNA. Consequently, TDP-43 is critical during development and in adults for 

many cellular functions.118 Under disease condition,  TDP-43 pathology forms  
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cytoplasmic aggregates and studies have shown that pathological TDP-43 binds 

irreversibly to RNA in stress granules (SGs) and forms membraneless prion-like TDP-

43 aggregates in cytoplasmic motor neurons1. SGs are a cytoplasmic foci formed under 

stress conditions such as oxidative stress to protect the cell from non-required translation. 

The membraneless compartments can form in cells through liquid-liquid phase 

separation (LLPS).   A recent study showed that mRNA secondary structure promotes 

LLPS to build membraneless compartments in cells.2 TDP-43 aggregations are widely 

linked to TDP-43 toxicity.118 Targeting TDP-43 aggregation is not sufficient to mitigate 

motor neuron toxicity in vitro.119 However, remolding TDP-43 containing mRNA restores 

the translation of important mRNAs that are required for motor neuron function and 

alleviates TDP-43 toxicity in the Drosophila ALS model.3  

As previously described by Buratti et al “Targeting TDP-43 in neurodegenerative 

diseases should be considered both a challenge and an opportunity”.120 The challenges 

linked to the important role of TDP-43 in the need for normal cellular functions and 

developmental processes, and no reliable disease model can mimic all the disease features 

in human. The opportunities represented by new research findings of TDP-43 structure, 

biology, and functions contribute to effective therapy for neurodegenerative diseases such 

as ALS and Frontotemporal Dementia (FTD). Target identification based on TDP-43 

function can include the modulation of protein-protein interactions (PPIs), protein-RNA 

interactions, and TDP-43 aggregation.120 (Figure 9) 

2.2.1  Targeting protein-protein interactions  

Several proteins have been shown to interact with TDP-43 and may be quite important 

in disease development. Some of these proteins are already known to play a role in 



 
 
 

55 

neurodegenerative diseases such as FUS, hnRNPs A/B and SMN. Mapping the interacting 

regions of these proteins with TDP-43 may lead to finding peptides or small effector 

molecules that are able to stabilize TDP-43 in its normal condition. This mapping has 

already been accomplished for some of proteins such as hnRNP A1 and A2, and this 

mapping help to identify a short sequence that mediates TDP-43 interaction with hnRNP 

A1 and A2.121,122 (Figure 10)  

Interestingly, FMRP colocalizes with TDP-43 in neuronal cells and acts as co-repressor 

of many of the mRNAs in the brain, such as Rac1, Map1b and GluR1.3,123 The co-

repression happens through the recruitment of the inhibitory CYFIP1-FMRP complex after 

the binding of TDP-43 to a specific UG mRNA sequence.123 FMRP also acts as a modifier 

for TDP-43/mRNA interaction in SGs. Persistent SGs prevent translation of an important 

mRNA in neuronal development, and it is a hypothesized pathological condition in 

ALS.3,124 Overexpression of FMRP mitigates TDP-43-dependent locomotor defects and 

extends lifespan in the Drosophila ALS model.3 

2.2.2  Targeting RNA-protein interactions 

Several  methodologies were used to identify RNAs that are specific targets of 

TDP-43.125 It seems that TDP-43 binds to more than 6,000 RNA-targets in the brain and 

this represents about thirty percent of the total transcriptome.125 The site of binding of TDP-

43 on the RNA may produce different effects. For example, TDP-43 binding on the 

3′untranslated region (UTR) of mRNA may affect their transport or stability, whereas 

TDP-43 binding on long noncoding RNAs (ncRNAs) may affect regulatory roles.125 The 

most prominently affected classes of RNAs are pre-mRNAs with long introns (more than 
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100kb). These specific pre-mRNAs are enriched in brain and encoded proteins, and that 

are involved in synaptic functions and activity, including neuroligin 1 (NLGN1), parkin 2 

(PARK 2) and neurexin 1 and 3 (NRXN 1 and NRXN 3).125  

 In fact, there is really no indication of which target RNAs can be particularly active 

in the disease condition and which should be considered for therapeutic intervention.120 In 

addition, it has been very challenging to obtain high-resolution structure of the full length 

of TDP-43 because it is a very aggregation-prone protein. However, high-resolution 

structure has been published of TDP-43 bound to a UG-rich.126 Detailed information about 

TDP-43 and RNAs interaction will allow the design of specific inhibitors or modulators 

capable of modulating TDP-43 to the normal function.  

2.2.3 Targeting TDP-43 Aggregation  

 Like many other proteins that tend to aggregate, TDP-43 is subject to regulatory 

mechanisms that keep the equilibrium between soluble and insoluble TDP-43. This 

regulatory mechanism controls its folding, localization, trafficking, and degradation.120  

 Three most likely hypotheses might explain the role of TDP-43 aggregate 

formations.91 One is that aggregates may gain a new toxic function and be responsible for 

the pathology.91 Second, TDP-43 aggregates may lose their normal function.55,91 A third 

hypothesis, still under investigation, is that aggregates could be protective, at least at the 

beginning of the disease.120 Identification of molecules to modulate TDP-43 aggregate 

formations could be a promising target option. Compounds that activate autophagy, such 

as rapamycin or a ubiquitin proteasome system (UPS) like IU1 have been found to reduce 

TDP-43 aggregates.120 In a recent work on induced Pluripotent Stem cells (iPS) from ALS 
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patients, different compounds from high-content screening such as Triptolide, Cardiac 

glycoside, CDK and c-JNK inhibitors, were found capable of moderating TDP-43 

aggregates.127 The exact mechanisms of each of these compounds are still unknown. 
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Figure 8: Composite Structure of TDP-43.  

TDP-43 is a 414 amino acid divided into 3 subdomains: N-terminus domain (NTD), RNA 

recognition motifs 1 and 2 (RRM1 and RRM2), and C-terminus domain (CTD) where most 

of ALS mutations occur. Red box (aa:82-98) is a nuclear localization signaling region that 

drive TDP-43 to the nucleus. Yellow box (aa: 239-250) is a nuclear export signaling region 

that drive TDP-43 to the cytoplasm.  

* This figure made by Samantha Perez-Miller, Ph.D. 
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Figure 9: Targeting TDP-43 in neurodegenerative disease.  

Target identification based on TDP-43 function can include the modulation of a. protein-

protein interactions (PPIs) b. protein-RNA interactions, and c. TDP-43 aggregation.  

 

 

 



 
 
 

60 

 

 

Figure 10: TDP-43 interaction proteins.  

RNA-binding protein 14 (RBM14), bromodomain testis-specific protein (BRDT), fragile 

X mental retardation 1(FMRP), superoxide dismutase 1 (SOD1), fused in 

sarcoma/translocated in liposarcoma (FUS/TLS), heterogeneous nuclear ribonucleoprotein 

A/B and heterogeneous nuclear ribonucleoprotein H (hnRNP A/B) and (hnRNP H), TAR 

DNA-binding protein-43 (TDP-43), Parkin E3 ubiquitin ligase and Histone deacetylases 6 

(Parkin/HDAC6), Nucleus accumbens-associated protein 1 (NAC1), Polyadenylate-

binding protein 1 (PABPC1), sequestosome (p62/SQSTM1), Ubiquilin-2 (UBQLN2), 

methyl CpG binding protein 2 (MECP2), Phosphatase and tensin homolog 

(PTEN),  subunit of NF-kappa-B transcription complex P65 (P65 (NFκB)), Optineurin 

(OPTN) 

 

 

Figures 9 and 10 in this chapter were made with ChemDraw 18   
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3 CHAPTER 3: DETERMINE THE INTERACTIONS BETWEEN TDP-43, 
FMRP AND RNA 

 
3.1 Introduction 
 

Fragile X mental retardation protein (FMRP) belongs to RNA-binding protein and 

linked to fragile X syndrome (FXS).128 FXS is an inherited disease which causes mild to 

moderate intellectual disability. Cytosine-guanine-guanine (CGG) repeat expansion in 

fragile X mental retardation 1 gen (FMR1) is the most common cause of FXS. This 

expansion leads to FMR1 silencing and reduction of FMRP production. FMRP plays an 

important role in translation, localization, and transportation of neuronal mRNAs that are 

essential for neuronal development.128,129 Interestingly, FMRP colocalizes with TDP-43 in 

neuronal cells and acts as co-repressor of many of the mRNAs in the brain, such as Rac1, 

Map1b and GluR1.3,123 The co-repression happens through the recruitment of the inhibitory 

CYFIP1-FMRP complex after the binding of TDP-43 to a specific UG mRNA sequence.123 

FMRP also acts as a modifier for TDP-43/mRNA interaction in stress granules (SGs). SGs 

are a cytoplasmic foci formed under stress conditions such as oxidative stress to protect the 

cell from non-required translation. Persistent SGs prevent translation of an important 

mRNA in neuronal development, and it is a hypothesized pathological condition in 

ALS.3,124 Overexpression of FMRP mitigates TDP-43-dependent locomotor defects and 

extends lifespan in the Drosophila ALS model.3  

In this aim we sought to understand the mechanistic relationship between TDP-43 

and FMRP and where exactly this interaction happens. Using peptide array technology, 

several hot-spots have been identified between TDP-43 and FMRP and most of them were 

in RNA-binding domains. However, FMRP1 peptide treatment in NSC-34 cells did not 

alter mitochondrial respiration and aggregations. This maybe because this peptide has no 
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cell-penetrating TAT to facilitate peptide penetration. Also, this peptide has a very low 

affinity to TDP-43 (900 µM). This chapter result suggests that a higher affinity small 

molecule interactor could be more useful for therapy.  

3.2 Materials  

All reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA); 

Fisher Scientific (Hampton, NH, USA); Thermo Fisher Scientific Co. (Waltham, MA, 

USA); Corning Inc. (Corning, NY, USA); Santa Cruz Biotechnology Inc. (Dallas, TX, 

USA) unless otherwise indicated. Mouse Motor Neuron NSC-34 cell line (CLU140, 

CELLution Biosystems Inc., Ontario, Canada); TDP43wt-GFP, TDP43Q331K-GFP, and GFP 

(plasmids were kindly provided by Dr. Ross Buchan). FMRP1 plasmid was kindly 

provided by Dr. Daniela Zarnescu. 

Methods  

3.3 Methods 

3.3.1 Cloning of TDP-43 subdomains 

The coding sequence of human TDP-43 (1-260) and TDP-43 (102-269) was amplified by 

PCR using the following primers: TDP43 (1-260), Forward primer 5’ 

AATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACC 3’ total length:  40 nt  

(annealing length 24) OPC Tm using annealing nt only:  60.3°C (salt adjusted –halfway 

between nearest neighbor and stratagene). Reverse primer ends at location of amino acid 

260 (nt 780) 5' TCAGCGTTCATATATCCAATGCC 3' (GCC corresponds to A260) also 

need to add a stop codon TAG 3’ 

AGTCGCAAGTATATAGGTTACGGATCTTCGAACGCCGGCGTG 5’ Total length:  

42 nt (annealing length 26) OPC Tm using annealing nt only:  60.9°C (salt adjusted). 
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TDP43 (102-269) forward primer starts at amino acid 102 (nt 304) 5’ 

AATGGGTCGCGGATCCAAAACATCCGATTTAATAGTGTTGG total length:  41 nt  

(annealing length 25) OPC Tm using annealing nt only:  59.2°C Reverse primer ends at 

location of amino acid 269 (nt 807) 5' CTAAGCACAATAGCAATAGACAG 3' (CAG 

corresponds to Q269) also need to add a stop codon TAG 3’ 

GATTCGTGTTATCGTTATCTGTCATCTTCGAACGCCGGCGTG 5’ total length:  42 

nt (annealing length 23) OPC Tm using annealing nt only:  59.2°C (Eurofins Genomics, 

Louisville, KY, USA), and subcloned using the CloneTech in-Fusion kit into the pET28a 

(+) vector between BamHI and HindIII restriction sites, resulting in a construct with a N-

terminal 6xHis tag. Amplified sequences were verified by DNA sequencing.   

3.3.2 Expression and Purification of Recombinant TDP43 Subdomains 

TDP-43 subdomains were expressed and purified as described by Frédéric H-T 

Allain et al.126 Briefly,  human TDP-431-260 and TDP-43102–269 were expressed in E. coli 

BL21(DE3) cells (Novagen) in LB rich or M9 minimal media supplemented with 

15NH4Cl. Protein expression was induced at an OD600 of 0.8 by addition of 1 mM 

isopropyl β-D-thiogalactoside (IPTG) and further incubation overnight at 16°C. Cells were 

harvested by centrifugation at 4°C, 40 minuts at 4000xrpm, and the cell pellet was 

resuspended in lysis buffer (20 mM HEPES, pH 7.5, 1 M NaCl, 10% glycerol (w/v), 30 

mM imidazole and 5 mM 2-mercaptoethanol). After lysis with microfluidizer 

(Microfluidics LM10) and centrifugation at 4°C for one hour at 15,000 rpm, the supernatant 

was loaded onto a 5-mL HiTrap chelating column (HiTrap, GE Healthcare) and charged 

with nickel sulfate. After column loading, the column was washed with 50 mL of lysis 
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buffer, and protein was eluted with elution buffer (lysis buffer with 300 mM imidazole). 

After purification, the protein was extensively dialyzed against 3×1L storage buffer (50 

mM potassium phosphate buffer, pH 6.8, 300 mM NaCl, and 5 mM 2-mercaptoethanol), 

concentrated to 4 mg/mL using Amicon ultra-15 centrifugal filters (Millipore, MA, USA) 

prior to flash freezing in liquid nitrogen, and stored at -80°C.  

3.3.3 FMRP Purification 

FMRP (full length-his tagged) was expressed in E. coli BL21(DE3) cells (Novagen) 

in LB rich. Protein expression was induced at an OD 600 of 0.8 by addition of 1 mM 

isopropyl β-D-thiogalactoside (IPTG) and further incubation overnight at 16°C. Cells were 

harvested by centrifugation at 4°C, 40 min at 4000RPM, and the cell pellet was re-

suspended in lysis buffer (10 mM HEPES, pH 7.5, 300 Mm NaCl, 5% glycerol (w/v), 30 

mM imidazole and 5 mM 2-mercaptoethanol). After lysis with microfluidizer 

(Microfluidics, LM10) and centrifugation at 4°C for one hour at 15,000 RPM, the 

supernatant was loaded onto 5-mL HiTrap chelating columns (HiTrap, GE Healthcare) 

charged with nickel sulfate. After column loading, the column was washed with 50 ml of 

lysis buffer, and protein was eluted with elution buffer (lysis buffer with 300 mM 

imidazole). After purification, the protein was extensively dialyzed against 3×2L storage 

buffer (5% glycerol, 300 mM NaCl, 1 Mm EDTA, 5 mMβ-mercaptoethanol 10 mM 

HEPES-free acid pH 7.5 fill to 2L with sterile water) and concentrated to 4 mg/mL using 

Amicon ultra-15 centrifugal filters (Millipore, MA, USA) prior to flash freezing in liquid 

nitrogen, and stored at -80°C.  

3.3.4 Surface Plasmon Resonance (SPR) Biosensor  
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SPR was performed using a fully automated Biacore 3000 (GE Healthcare) 

microfluidic system with precision liquid handling. Detection of a binding event was based 

on the change in SPR signals as a result of interaction between TDP-43 and FMRP1. TDP-

431-260 (200 nM) immobilized on the surface of the CM5 sensor chip. FMRP1 with different 

concentrations (0.001-35 mM) were injected over the sensor surface in a real-time assay 

format. The change in response is proportional to the change in mass at the surface and 

expressed as response unite (RU). Results were analyzed by nonlinear regression analysis 

using GraphPad Prism 5 (GraphPad, San Diego, CA, USA).  

3.3.5 TDP-43-His Pull-Down and Western blotting  

To study TDP-43/FMRP1 interaction, a pull-down experiment has been performed 

as described before.130 Briefly, TDP-43-His (1-260, 300 nM, protein concentrations were 

determined using the BCA protein assay) was prepared in RIPA buffer (0.5% sodium 

deoxycholate, 50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.1% SDS, 1% NP40, 2 mM MgCl2, 

protease inhibitors, phosphatase inhibitors, and benzonase). Nickel magnetic beads 

(HisPur™ Ni-NTA Magnetic Beads) preincubated with purified TDP-431-260 (300 nM) 

were incubated overnight with FMRP1 (Full length, 300 nM) at 4 ̊C with gentle rotation. 

Beads were washed 3 times with RIPA buffer before resuspension in Laemmli buffer and 

denaturation (5 minutes at 85 ̊C). Indicated samples were loaded on SDS gels.  Proteins 

were transferred for 1 h at 120 V using transfer buffer (TGS- 25 mM Tris, 192 mM glycine, 

0.1% SDS, pH=8.5 with 20% methanol) to polyvinylidene difluoride-membranes 

(membranes were pre-activated using 100% methanol). After transfer, the membranes were 

blocked with 5% non-fat dry milk in TBST (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% 

Tween 20 at room temperature for 1 hour. Then, incubated separately with anti-His primary 
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antibodies, for TDP-43 detection, and FMRP1 antibody in TBST with 5% BSA overnight 

at 4°C. Following incubation in horseradish peroxidase-conjugated secondary antibodies 

blots were incubated with chemiluminescent western blot detection (WBKLS0500, 

Millipore, Billerica, MA) before exposure to photographic film. Films were scanned using 

Un-Scan-It gel version 6.1. for analysis.  

3.3.6 Peptide Array Screening  

Peptide arrays of 15-mer peptides corresponding to each of the TDP-43 and FMRP1 

protein sequences were synthesized directly onto cellulose membranes according to the 

manufacturer's instructions (CelluSpotsTM peptide arrays, Intavis, Germany). Each 

peptide array started at the N- terminus and spanned the entire length of the protein 

sequence, with each successive spot containing 15 amino acids along the sequence shifted 

by 3 amino acids toward the C-terminus, i.e., each spot in the array had an eleven residue 

overlap with the previous spot. Cellulose membranes containing synthesized TDP-43 and 

FMRP1 peptide array were screened to identify peptides that bound to FMRP1 and TDP-

43 proteins respectively. Briefly, prepared cellulose membranes were washed three times 

for five minutes using Millipore H2O and blocked overnight at 4°C with 5% milk-PBS. 

Purified TDP-43 or FMRP1 protein (300 nM) was incubated with the cellulose membranes 

in TBST for three hours at room temperature with gentle agitation. After three hours, 

membranes were washed three times for five minutes each with TBST. The peptide-bound 

proteins were detected by incubating the membrane with anti-His tag (TDP-43) or anti-

FMRP1 primary antibodies (1:1000) in TBST for 2 hours at 4°C with gentle shaking. Then, 

the membranes were washed three times for five minutes each with TBST. Following 

incubation in fluorescent secondary antibodies (1:5000) (Goat Anti-Rabbit IgG, Alexa 
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Fluor 488, Excitation 495nm and Emission 519nm) for 30 minutes incubation blot scanned 

by LI-COR digital fluorescence using 800 or 600 channels based on the secondary 

antibody.    

3.3.7 FlowIT to Quantify TDP-43 Aggregation in NSC34 Cells  

 The Flow-IT assay was performed as previously described131. Briefly, NSC34 cells 

were transiently transfected to express TDP-43 constructs using Lipofectamine 2000. After 

24 hours post-transfection, cells were washed and treated with DMSO or FMRP1 with 

overnight incubation. The next day, the cells were harvested, washed 3 times with PBS, 

and then resuspended in phosphate buffer saline (PBS, 0.5 ml/sample). An aliquot of cells 

(1 x105 cells in 500 µl) was stained with DAPI (1:1000) and analyzed for transfection 

efficiency. The remaining cells (2 x105 cells in 0.45 ml) were lysed in 0.5% (v/v) Triton x-

100 in PBS and incubated with DAPI (1:1000) for nuclear staining at room temperature for 

two minutes. Events were collected using a MACSQuant Analyzer 10 (Miltenyi Biotec). 

Excitation laser lines and emission band pass filters used were, 488 and 525/50 for GFP 

and 405 and 450/50 nm for DAPI. All parameters collected were set to logarithmic 

acquisition for the aggregation event. Nuclei were identified based on DAPI and forward 

scatter. The non-nuclear particles were analyzed based on non-nuclear staining. The 

number of inclusions in the population of particles was normalized based on the percentage 

of transfection efficiency. Flowlogic (7.2.1) was used to analyze the data.   

3.3.8 Measurement of Cellular Mitochondrial Respiration 

 Mitochondrial respiration was measured using a Seahorse XF96 cell mito stress test kit 

(Agilent Technology, Wilmington, DE, USA). In brief, NSC34 was cultured in XF96 cell 
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culture microplate (2×104 cells per well) and transiently transfected to express TDP-43 

(TDP-43WT-GFP and TDP-43Q331K-GFP) using Lipofectamine 2000. After a 24 hours post-

transfection, cells were treated with DMSO or FMRP1 (50 µM) with overnight incubation. 

Then, cell culture growth medium was changed to warmed assay medium. Assay medium 

was prepared according to manufacturer instruction, supplementing seahorse XF96 base 

medium with 2 mM pyruvate, 2 mM glutamine, and 25 mM glucose with pH 7.4 and 

incubated in a 37°C non-CO2 incubator for 45 minutes. Oligomycin (4 µM), FCCP (2-[2-

[4-(trifluoromethoxy) phenyl] hydrazinylidene]- propanedinitrile) (1 µM), and rotenone (1 

µM) combined with antimycin (1 µM) were injected sequentially through ports in the 

seahorse cartridges according to manufacturer protocol. At the beginning of the 

experiment, the basal respiration was measured. Then, oligomycin inhibited ATP synthase 

activity, which accordingly, inhibited electron flux and provided the state of the coupling 

efficiency. FCCP uncoupled the respiratory chain and showed the highest capacity for 

reducing oxygen. The spare respiratory capacity was calculated indirectly by subtracting 

the basal respiration from the maximal respiration. Rotenone combined with antimycin A 

was injected to inhibit the flux of electrons from complexes I and III (the residual oxygen 

consumption rate was due to non-mitochondrial respiration). Data was normalized based 

on protein concentration.   

 
3.4 Results 
 

3.4.1 TDP-431-260 and TDP-43102-269 Purification 

Due to the full-length aggregation issues, two truncated forms of TDP-43 (TDP-43102-269 

and TDP-431-260) N-terminus-His-tagged were constructed to study the biophysical and 
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biochemical characteristics of TDP-43. The sequence alignment evaluation showed no 

mismatch and identical values for both truncated forms of TDP-43. The two recombinant 

proteins had high purity amounts as studied by SDS gel and HSQC-NMR. (Figure 12) The 

SDS-PAGE gave a molecular weight of approximately 20 kDa and 29 kDa for TDP-43102-

269 and TDP-431-260 respectively.   

 

3.4.2 FMRP 1 and TDP-43 Interaction  

 
FMRP1 proteins had high purity amounts as studied by SDS gel (Figure 13). The 

SDS-PAGE gave a molecular weight of approximately 70 kDa. FMRP is 632 amino acids 

with 6 domains including Age1, Age2, KH0, KH1, KH2, and RGG. It has been found that 

RGG box is only domain that requires for binding of FMRP to G-rich RNA. (Figure 14) 

From a previous study, Dr. Zarnescu’s lab showed that TDP-43 and FMRP1 form 

a complex in flies and in human cells.3 FMRP1 also modulates the solubility and molecular 

mobility of TDP-43.3 Here we asked which domains of TDP-43 are required for this 

interaction. A TDP-43-His pull-down experiment was performed with a truncated form of 

TDP-43 (TDP-431-260). Pull-down experiment results showed that TDP-431-260 was enough 

to interact with FMRP1. This result suggests that the C-terminus of TDP-43 is not 

necessary for this interaction. (Figure 15) 

Next, SPR was performed to study the affinity profile between TDP-43 and 

FMRP1. TDP-431-260 (200 nM) was immobilized on the surface of a CM5 sensor chip. In 

a concentration-dependent matter, FMRP1 was injected over the sensor surface in a real-

time assay format. Change in response was proportional to the change in FMRP1 



 
 
 

70 

concentration at the surface and expressed as response unite (RU). The affinity profile 

between TDP-431-260 and FMRP1 was measured with a Kd = 17µM. (Figure 15A and B) 

3.4.3 Mapping the Interaction Between TDP-43 and FMRP  

 In order to map the interaction between TDP-43 and FMRP1, cellulose membranes 

containing synthesized TDP-43 (Full length) and FMRP1 peptide arrays were synthesized 

to identify peptides that bound to FMRP1 and TDP-43 protein, respectively. Several hot 

spot peptides were identified, and most of them were in the RNA recognition domains. 

Eleven peptides were identified from mapping of FMRP protein binding to TDP-43 peptide 

array. Eight peptides were recognized in RNA recognition motifs (RRM1 and RRM2), and 

three peptides were identified in N-terminus of TDP-43. In the reverse experiment, six 

peptides were identified from mapping of TDP-431-260 protein binding to FMRP1 peptide 

array. Four of them were in RNA binding domains (KH1, KH2 and RGG), and two of them 

were recognized in Tudor1 and Tudor2. (Figure 16 and Figure 17)  

3.4.4 GGGGCC3 Disrupts the Interaction Between TDP-43 and FMRP  

 Because most of the interactions were in the RNA-binding domains, we 

asked whether using GGGGCC3 RNA can disrupt those interactions. GGGGCC3 RNA was 

incubated with purified FMRP1 protein (300 nM) for one hour. Then this mix was 

incubated with TDP-43 cellulose membranes in TBST for three hours at room temperature 

with gentle agitation. The peptide-bound proteins were detected by incubating the 

membranes with anti-his primary antibodies (1:1000) in TBST for two hours at 4°C with 

gentle shaking. Then, incubated with the fluorescent secondary antibodies (1:5000) before 

scanned by LI-COR digital fluorescence detector. The cellulose membranes show 
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reduction in FMRP1-bound TDP-43, suggesting that FMRP1 competes with RNA for 

binding to TDP-43. (Figure 18)  

3.4.5 Effect of FMRP1 Peptide Treatment on NSC-34 Cell Line  

 To assess the biological effect of FMRP1 peptide, a mouse motor neuron cell line 

(NSC34) was transfected with TDP-43WT-GFP and TDP-43Q331K-GFP to create a 

pathological model for ALS (this model will be described in detail in chapter 4). The 

preliminary results show that FMRP1 treatment did not alter mitochondrial respiration and 

aggregations, the most common pathological hallmarks in ALS model,49,132 suggesting that 

a higher affinity small molecule interactor could be more useful for therapy. (Figure 19) 
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Figure 11: TDP-43(1-260) and (102-269) Cloning and Protein Purification Procedure.  

The coding sequence of human TDP-431-260 and TDP-43102-269 were amplified by PCR 

using the indicated primers in the method. Plasmid transformed into BL21(DE3). TDP-

431-260 and TDP43102–269 were expressed in LB-rich or M9 minimal media supplemented 

with 15NH4Cl. Protein expression was induced at an OD600 of 0.8 by addition of 1 mM 

isopropyl β-D-thiogalactoside (IPTG) and further incubation overnight at 16°C. Cells were 

harvested and the cell pellet was resuspended in lysis buffer. After lysis with microfluidizer 

and centrifugation at 4°C for one hour at 15,000 rpm, the supernatant was loaded onto a 5-

mL HiTrap chelating column (HiTrap, GE Healthcare) followed by size Exclusion column. 

The recombinant proteins were analyzed by SDS-PAGE gel and HSQC-NMR.  
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Figure 12: TDP-431-260 and TDP-43102-269 Analysis using SDS Gels and HSQC-NMR. 

A.Expression Study: TDP-431-260 and TDP-43102-269 were expressed after 1 mM isopropyl 
β-D-thiogalactoside (IPTG). B. The SDS-PAGE gave approximately 20 kDa and 29 kDa 
for TDP-43102-269 and TDP-431-260, respectively. The two recombinant proteins had high 
purity amounts after size exclusion column. C.  Heteronuclear Single Quantum Correlation 
HSQC-NMR for TDP-43102-269 provides the correlation between the nitrogen and amide 
proton, and each amide yields a peak in the HSQC spectra 
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Figure 13: FMRP1 Purification 

A. FMRP1 protein expression after 1 mM isopropyl β-D-thiogalactoside (IPTG). B. 

FMRP1 purification: SDS-PAGE gave approximately 70 kDa. 
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Figure 14: FMRP structure  
 
FMRP is 632 amino acids with 6 domains including Age1, Age2, KH0, KH1, KH2, and 

RGG. It has been found that RGG box is only domain that requires for binding of FMRP 

to G-rich RNA.133 

 

*This figure made by Samantha Perez-Miller, Ph.D. 
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Figure 15: Biophysical and Biochemical Interaction Between FMRP1 and TDP-43 

A. and B. SPR shows that TDP-431-260 interacts with FMRP1 with a Kd= 17µM. C. 

Western-blot of TDP-431-260 and FMRP interaction. This result suggests that the C-

terminus is not required for TDP-43/FMRP binding 
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Figure 16: Mapping of FMRP-binding TDP-43  

A 
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A. Several peptides were identified from the mapping of FMRP protein binding to a 

TDP-43 peptide array, most of them in RNA recognition motifs 1 and 2 (RRM1 and 

RRM2). B. Mapping of TDP-43 peptides on TDP-43 structure.  

• Experiment performed by Razaz Felemban  

• Data processed by Liberty Francois Ep Moutal and figure made by Samantha Perez-

Miller 
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Figure 17: Mapping of TDP-43 Binding to FMRP 

A. Several peptides were identified from the mapping of TDP-431-260 protein binding to the 

FMRP1 peptide array. Most them were in RNA binding domains (KH1, KH2, and RGG), 

A 
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and two of them were recognized in Tudor1 and Tudor2. The highest signals were at 

Tudor1 and KH1 (indicated by arrows) B. Mapping FMRP1 peptides on FMRP structure.  

• Experiment performed by Razaz Felemban  

• Data processed by Liberty Francois Ep Moutal and figure made by Samantha Perez 
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Figure 18: Disruption of TDP-43/FMRP Interaction by RNA GGGGCC3.  

The solid bars show the reduction in signals in the presence of GGGGCC3 RNA. 4 colors 

bars represent the highest reduction  

• Experiment performed by Razaz Felemban  

• Data processed by Liberty Francois Ep Moutal 
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Figure 19: The Biological Effect of FMRP1 Peptide 

Using NSC-34, FMRP1 peptide treatment did not alter mitochondrial respirations A. and 

aggregations B.Data is represented as mean ± SEM, statistical differences assessed by one-

way ANOVA 
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4 CHAPTER 4: REMODELING THE INTERACTIONS BETWEEN TDP-43 
AND RNA USING A SMALL MOLECULE APPROACH FOR 
DEVELOPMENT OF THERAPEUTICS FOR ALS 

 
4.1 Introduction 

TDP-43 pathology is a common hallmark for ALS patients in almost all forms of 

sporadic and familial ALS. A clinical study on 57 patients (35 men and 22 women) with a 

mean age of 63 years, shows that TDP-43 pathological burden is associated with cognitive 

impairment.134 Specifically, the TDP-43 pathology limited group seems to have more 

cognitive contact compared to TDP-43 pathology moderate and severe subgroups.134 

Depletion of TDP-43 in the spinal cord motor neurons in mice exhibits progressive loss of 

motor neuron and muscle weakness.135 Overexpression of TDP-43 forms toxic cytoplasmic 

aggregates in a yeast TDP-43 proteinopathy model.136 Pathological mechanisms of TDP-

43 include loss of normal function of TDP-43 due to mislocalization from the nucleus to 

cytoplasm and gain of toxic function due to aggregation formation.91  

Interestingly, the upper and the lower somatic motor neurons are preferentially 

affected in ALS.137 A recent study on TDP-43 pathological aggregates shows that in a time-

dependent matter, TDP-43 pathology spreads throughout the brain via cell-to-cell 

transneuronal connectome.138  This pathological TDP-43 also has been shown to spread 

across axon terminal, horizontally (soma-to-soma) and vertically (intercellular 

transmission).139 Pathological TDP-43 has also been reported to have prion-like properties, 

including resistant against proteinases and heat, and propagation between neuronal cells 

via exosome and cell death.140,141 The host compatibility is an important factor for this 

propagation and transmission of pathological TDP-43 among motor neurons142 and this 

may answer the question of vulnerability of motor neuron death in ALS disease.  
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RNA is necessary for driving self-assembling of the TDP-43 into aggregates.2,143 

These aggregates have been shown to be facelifted by stress granules.144 Stress granules 

(SGs) are cytoplasmic foci that form in response to stress conditions such as oxidative 

stress to protect the cells following stress.145 TDP-43 modifies the dynamics of stress 

granules in primary motor neurons.145 Specifically, RNA recognition motif 1 (RRMI) and 

C-terminus domains were shown to be responsible for the localization of TDP-43 to stress 

granules.124,146  

TAR DNA-binding protein (TDP-43) is a 414 amino acid protein divided into three 

general subdomains: The N-terminus domain with a Nuclear Localization Signal; the 

RNA-binding domains consisting of two RNA Recognition Motifs (RRM1 and RRM2) 

with a Nuclear Export Signal and a highly disordered C-terminus glycine-rich domain. 

Most of the described familial ALS-associated TDP-43 mutations are within the C-

terminus domain, and most of them are missense mutations. Indeed, TDP-43 is involved 

in multiple cellular RNA functions, including RNA trafficking, stabilization, transcription, 

splicing regulation, messenger RNA (mRNA) turnover, and micro-RNA (miRNA) 

biogenesis. 

Mutations of nucleic acid-binding domains of TDP-43 have improved protein 

stability and are resistant to heat-induced aggregation.147  Interestingly, deletion or 

mutation of RRM1 mediates neurotoxicity in the TDP-43 Drosophila model.148 

Furthermore, TDP-43 mitochondrial localization depends on 3 major internal motifs that 

include RRM1.49 Taking all these facts together, remolding TDP-43/RNA interaction using 

small molecules that target RRM1 could be a promising strategy to mitigate TDP-43 

toxicity in ALS disease.  
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In this project, several small molecules have been screened using different 

biophysical and biochemical approaches that including in silico docking, in vitro, and in 

vivo screening. rTRD01 was identified to bind TDP-43 in the RRM1 domain, disrupt 

TDP43 interaction with RNA, reduce cytoplasmic aggregation and cytotoxicity in motor 

neuron cell line NSC-34, and mitigate TDP-43 dependent phenotypes in an ALS fly 

model based on the overexpression of mutant TDP-43. 

4.2 Materials  

All reagents were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA); 

Fisher Scientific (Hampton, NH, USA), Thermo-Fisher (New York, USA); Corning 

(Corning, NY, USA), Santa Cruz Biotechnology Inc. (Dallas, TX, USA) unless otherwise 

indicated. Mouse Motor Neuron NSC-34 cell line (CLU140, CELLution Biosystems Inc., 

Ontario, Canada); TDP43WT-GFP, TDP43Q331K-GFP, and GFP (plasmids were kindly 

provided by Dr. Ross Buchan) 

4.3 Methods  

4.3.1 In silico Docking using Schrodinger  

Molecular docking studies were performed by Dr. Vijay Gokhale and Dr. May 

Khanna using the Schrodinger suite of programs, including Glide docking. X-ray structures 

of the human TDP-43 RRM1 (PDB code: 4iuf102) were used for virtual screening of small 

molecule libraries. Docking grids were generated using RNA-TDP-43 active sites. We 

focused our docking on a 10Å3 pocket on Leu109, Gly110, Pro112, Trp113, and Arg171 

in the RRM1 domain. Virtual screening was performed using a stepwise virtual screening 

protocol in the Glide program. DIVERSet-CL library, a small molecule library of 50,000 

compounds from ChemBridge Corp. (San Diego, CA, USA) was used for as an input for 
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virtual screening. Resulting docking poses were analyzed using docking score, and the top 

seventeen compounds were selected for further screening. The resulting complexes were 

ranked using the glide score and other energy related terms. (Figure 20 and Figure 21) 

4.3.2 Saturation Transfer Difference of Nuclear Magnetic Resonance (STD-NMR) 

Spectroscopy 

Experiments were conducted on a Bruker AVANCE 400 MHz NMR spectrometer 

equipped with a TXI probe head. Samples were dissolved in phosphate buffer, pH 7.4, 

containing 10% D2O. Sample concentrations were 500–1000 µM ligand and 5-10 µM 

protein. STD difference spectra were obtained by subtracting the reference spectrum from 

the protein-proton saturated spectrum to yield the STD spectrum containing only signals 

of the binding ligands. Spectral width of 12 ppm was collected for analysis.  

4.3.3 Heteronuclear Single Quantum Correlation (HSQC-NMR) Spectroscopy  

 All NMR data were collected on a Bruker Avance NEO 800 MHz spectrometer with 

TCI-H&F/C/N probe at 25⁰C. A transverse relaxation optimized spectroscopy (TROSY) 

with a solvent suppression pulse sequence was used to acquire all HSQC data. 15N labelled 

TDP43102-269 (150µM) was incubated with ranging concentrations of small molecules. The 

percentage of DMSO was kept constant (less than 3%). NMR data processing and analysis 

was performed using programs NMRPipe and Sparky (Goddard and Kneller, Sparky 3, 

University of California, San Francisco, CA, USA).  

4.3.4 Microscale Thermophoresis (MST) 

Purified TDP43102-269 was labelled using the Monolith Protein Labeling Kit RED-
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NTA (NanoTemper, Cambridge, MA) according to the manufacturer’s instructions. 

Briefly, 50 nM of labeled protein was mixed with a ranging concentration of small 

molecules in PBST. The thermographs were recorded using MST premium capillaries at 

20% LED and medium MST power. Data analysis was performed with the MO Affinity 

Analysis software (NanoTemper) using the Kd model (standard fitting model derived from 

the law of mass action). Data were represented as a fraction bound and were analyzed by 

nonlinear regression analysis using GraphPad Prism 5 (GraphPad, San Diego, CA, USA). 

4.3.5 Surface Plasmon Resonance (SPR) Biosensor  

SPR was performed using a fully automated Biacore 3000 (GE Healthcare) 

microfluidic system with precision liquid handling. Detection of a binding event was based 

on change in SPR signals as result of interaction between TDP-43 and RNA. TDP-431-260 

(200 nM) immobilized on the surface of the CM5 sensor chip. RNA GGGGCC3 folded or 

RNA control (G-rich) (5-1000 nM), with or without small molecule (20 µM), were injected 

over the sensor surface in real-time assay format. The change in response is proportional 

to the change in mass at the surface and expressed as response unite (RU). Results were 

analyzed by nonlinear regression analysis using GraphPad Prism 5 (GraphPad, San Diego, 

CA, USA).  

4.3.6 Phase-Separated Liquid Droplet  

Droplet assembly was initiated by mixing TDP-43Full length (300 nM) with G-

quadruplex RNA (50 nM) in 100 mM NaCl, 20 mM imidazole (pH 7.0), 1 mM DTT, and 

10% glycerol. Reactions were performed in a flat-bottom 96 well plates. Imaging were 

taken at different time points (1, 2, and 3 hours) using x20 objective.  
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4.3.7 ELISA-based Determination of TDP-43 Binding to RNA and RNA Inhibition 
Profile  

 Ninety-six well plates (Corning, Sigma Aldrich, USA) were coated with anti-His 

antibody (10 ng per well, Sigma) and incubated at room temperature overnight. The next 

day the plates were washed and blocked with 3% BSA to minimize nonspecific adsorptive 

binding to the plates. 300 nM of TDP43-102-269-His was then added to the plates. The 

plates were incubated at room temperature with shaking for one hour and then washed with 

PBS containing 0.1% Tween-20. Escalating concentrations of biotinylated RNA with or 

without the small molecules was added to the plates. The plates were incubated at room 

temperature with shaking for one hour and then washed with PBS containing 0.5% Tween-

20. The bound RNA was detected by streptavidin-HRP (150 ng/mL, Sigma). 

Tetramethylbenzidine (R&D Systems) was used as the colorimetric substrate. The optical 

density of each well was determined immediately, using a microplate reader set to 450nm 

with a correction wavelength of 570nm. Data were analyzed by nonlinear regression 

analysis using GraphPad Prism 5 (GraphPad, San Diego, CA, USA).  

4.3.8 Mouse Motor Neuron (NSC-34)  

 NSC-34 is a hybrid cell line, constructed by fusion of mouse neuroblastoma with 

embryonic mouse spinal cord motor neuron cells. There are two population in culture cells: 

undifferentiated small cells and differentiated cells with multi nucleus.  According to the 

cell manufacturer (CELLution Biosystems Inc., Ontario, Canada), these cells express many 

properties of motor neurons, such as acetylcholine synthesis, storage and release. Cells 

were cultured as described by CELLution Biosystems Inc. Briefly, the cells grow in the 

high glucose formulation of DMEM (4500 mg/L glucose, L-glutamine (0.584 g/L), and 
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sodium bicarbonate (3.7 g/L) without sodium pyruvate) supplemented with 10% FBS and 

1% Pep/Strep. The medium changed every 2-3 days, depending on rate of growth. Cells 

should be split at ~80% confluency 1:3-1:4. 0.25% trypsin-EDTA solution was used to de-

attached the cells from plate or flask. For differentiation, medium (DMEM plus 10% FCS) 

was exchanged for fresh differentiation medium149 (1:1 DMEM/Ham’s F12 plus 1% FCS, 

1% P/S and 1% MEM-NEAA) every 2 days. Cells were allowed to differentiate for 1-2 

days. No cell passage (sub-culturing) was performed for differentiated NSC-34.  

Cytotoxicity Assay 

Pierce LDH Cytotoxicity Assay was used per manufacturer’s protocol (Pierce 

Biotechnology, Rockford, IL, USA). Mouse motor neuron cells (NCS-34) were seeded in 

a 96 well plate in a DMEM medium supplemented with 10% FBS and 1% penicillin-

streptomycin antibiotics at 37°C with 5% 4 CO2, at a density of 2x10 cells/well and were 

incubated for 24 hours. The cells (transfected with TDP-43 or non-transfected) were treated 

with 20-50 µM rTRD01 and incubated for four hours to measure the cytotoxicity of the 

compound or overnight to measure the cytoprotective effect after transfection. Additional 

cells were plated in triplicate wells for Spontaneous LDH Activity Controls (water) and 

Maximum LDH Activity Controls (10X Lysis Buffer). The LDH released into the medium 

is transferred to a new plate and mixed with Reaction Mixture. After a 30-minute room 

temperature incubation, reactions are stopped by adding Stop Solution. Absorbances at 

490nm and 680nm were measured using a plate-reading spectrophotometer (Synergy HT 

Multi-Mode Microplate Reader) to determine LDH activity. The cytotoxicity of the test 

compounds is calculated as follows:  
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% Cytotoxicity = ((Compound-treated LDH activity – Spontaneous LDH activity)/ 

(Maximum LDH activity – Spontaneous LDH activity)) × 100 

4.3.9 FlowIT to Quantify TDP43 Aggregation in NSC34 Cells  

 The Flow-IT assay was performed as previously described.131 Briefly, NSC34 cells 

were transiently transfected to express TDP-43 constructs using Lipofectamine 2000. After 

24 hours post-transfection, cells were washed and treated with DMSO or rTRD001 with 

overnight incubation. The next day, the cells were harvested, washed 3 times with PBS, 

and then resuspended in phosphate buffer saline (PBS, 0.5 ml/sample). An aliquot of cells 

(1 x105 cells in 500 µl) was stained with DAPI (1:1000) and analyzed for transfection 

efficiency. The remaining cells (2 x105 cells in 0.45 ml) were lysed in 0.5% (v/v) Triton x-

100 in PBS and incubated with DAPI (1:1000) for nuclear staining at room temperature for 

two minutes. Events were collected using a MACSQuant Analyzer 10 (Miltenyi Biotec). 

Excitation laser lines and emission band pass filters used were, respectively, 488 and 

525/50 for GFP and 405 and 450/50 nm for DAPI. All parameters collected were set to 

logarithmic acquisition for the aggregation event. Nuclei were identified based on DAPI 

and forward scatter. The non-nuclear particles were analyzed based on non-nuclear 

staining. The number of inclusions in the population of particles was normalized based on 

the percentage of transfection efficiency. Flowlogic (7.2.1) was used to analyze the data.   

4.3.10 Measurement of Cellular Mitochondrial Respiration 

 Mitochondrial respiration was measured using a Seahorse XF96 cell mito stress test kit 

(Agilent Technology, Wilmington, DE, USA). In brief, NSC34 was cultured in XF96 cell 

culture microplate (2×104 cells per well) and transiently transfected to express TDP-43 



 
 
 

92 

(TDP-43WT-GFP and TDP-43Q331K-GFP) using Lipofectamine 2000. After a 24 hours 

post-transfection, cells were treated with DMSO or rTRD001 (50 µM) with overnight 

incubation. Then, cell culture growth medium was changed to warmed assay medium. 

Assay medium was prepared according to manufacturer instruction, supplementing 

seahorse XF96 base medium with 2 mM pyruvate, 2 mM glutamine, and 25 mM glucose 

with pH 7.4 and incubated in a 37°C non-CO2 incubator for 45 minutes. Oligomycin (4 

µM), FCCP (2-[2-[4-(trifluoromethoxy) phenyl] hydrazinylidene]- propanedinitrile) (1 

µM), and rotenone (1 µM) combined with antimycin (1 µM) were injected sequentially 

through ports in the seahorse cartridges according to manufacturer protocol. At the 

beginning of the experiment, the basal respiration was measured. Then, oligomycin 

inhibited ATP synthase activity, which, accordingly, inhibited electron flux and provided 

the state of the coupling efficiency. FCCP uncoupled the respiratory chain and showed the 

highest capacity for reducing oxygen. The spare respiratory capacity was calculated 

indirectly by subtracting the basal respiration from the maximal respiration. Rotenone 

combined with antimycin A was injected to inhibit the flux of electrons from complexes I 

and III (the residual oxygen consumption rate was due to non-mitochondrial respiration). 

Data was normalized based on protein concentration.   

4.3.11 Imaging of NSC-34 Cells 

 Confocal imaging was performed on Mouse motor neuron NSC-34 cell line 

(CELLutions Biosystems Inc, Ontario, Canada) that grew on 15-mm coverslips and were 

transfected by TDP43WT-GFP, TDP43Q331K-GFP, and GFP using Lipofectamine 2000 

transfection reagent in 24 well plates (500 ng of DNA and 1 µl of lipofectamine 2000 

reagent per well) overnight at 37°C. The next day cells were washed by phosphate buffer 
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saline (PBS) and incubated with 50 mM of rTRD001 or DMSO in DMEM complete media 

(DMEM, 10% FBS and 1% Pen/Strep) overnight at 37°C. Cells were then washed three 

times in PBS and fixed using 4% paraformaldehyde for 20 minutes at room temperature. 

Permeabilization and nuclear staining were achieved by a 30 min incubation in PBS 

containing 0.1% triton x-100, followed by DAPI staining 1 µg/ml for 20 minutes at room 

temperature. Confocal images were acquired on Zeiss, LSM 880 Airyscan microscope 

using x63 oil immersion objective. Zen 2.3 software was used to acquire raw images.   

4.3.12 Larval Turning Assay 

 Assays were performed in Dr. Daniela Zarnescu’s laboratory. The screening of rTRDs 

compounds was performed by Melissa Sayegh and of the Ataxin1 compound by Razaz 

Felemban. Assays were performed as previously described.150 Briefly, crosses were made 

at 22°C. Larvae were placed on a grape juice plates at room temperature. After 30 seconds 

acclimation period, crawling larvae were gently turned ventral side up and timely 

monitored until they were able to turn back (dorsal side up) and continue their forward 

movement. The amount of time that it took each larva to complete this task was recorded 

as larvae turning time. N=20-30 and a student’s t-test was performed to determine 

statistical significance.  

4.4 Results  
 

4.4.1 Biophysical and Biochemical Characterization of the Top 17 Compounds 

 The top 17 compounds from In Silico docking were selected and ordered from the 

ChemBridge library for further screening, and we called them rTRD compounds that stand 
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for RRM TDP-43 RNA Disruptors. Based on docking score, eight compounds were 

selected for RRM1 (rTRD01-rTRD08), and nine compounds were selected for RRM2 

(rTRD09-rTRD017). An STD-NMR screening study was performed to study the 

interaction of these compounds with recombinant TDP-43102-269. STD-NMR showed that 

several compounds were able to bind TDP-43102-269. Most of these compounds were docked 

against the RRM1 domain, thus confirming the predication by docking study (RRM1 

compounds showed deep interaction with the RRM1 domain, while RRM2 compounds 

showed shallow interaction with the RRM2 domain). Several positive peaks were found in 

the STD-NMR spectrum for RRM1 compounds (rTRD01-05 and rTRD08) (Figure 22A). 

While only three compounds that are targeting the RRM2 domain showed positives peaks 

(rTRD010, rTRD012, and rTRD015) (Figure 22B), those peaks showed between 6.5-8.2 

ppm, which represent the benzyl derivative groups such as fluorobenzyls and the 

pyrazinamide group. 

 To map rTRDs binding onto TDP-43102-269, 15N-labeled TDP-43102-269 was 

produced by expressing the protein in E. coli BL21(DE3) cells grown in 15N-labelled 

media. Then, HSQC-NMR experiments were performed. The HSQC shows the correlation 

between the labeled nitrogen and the amide proton of each amino acid, and each amide 

provides a single peak in the HSQC-NMR spectra (proton shift), although in a real 

experiment not all the peaks appear in the HSQC-NMR spectra for several reasons, the 

solvent effect and influence of the sidechains with labeled nitrogen. 15N-1H HSQC-NMR 

experiments were performed for all of the top 17 compounds. 15N-1H HSQC-NMR spectra 

of TDP-43102-269 (with the control and with the compound) was compared to study the 

proton shift. Specific chemical shifts were observed in the spectra for RRM1 and RRM2 
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targeting compounds. Gly110, Lysin145, and Cys173 peaks were shifted for most of the 

RRM1 compounds, while Phe194 and Asn259 were shifted in some of RRM2 targeting 

compounds. Noticeably, those amino acids were identified as being part of RRM1 and 

RRM2 binding pocket. (Figure 23, Figure 24, and Figure 25) 

4.4.2 TDP-43 Binds RNA with Preference for GGGGCC3 and GU6 repeat 
sequences  

To study the RNA-binding affinity of the truncated form of TDP-43, TDP-431-260 

and TDP-43102-269 proteins were incubated with different forms of RNAs, GGGGCC3 

folded from C9orf72 gen, GGGGCC3 unfolded, GU6, and G rich (control), with different 

concentrations. Enzyme-Linked Immunosorbent Assay (ELISA), Microscale 

Thermophoresis (MST), and Surface Plasmon Resonance (SPR) biosensors were used to 

assess the binding affinity of RNAs for the truncated forms of TDP-43. ELISA showed 

that TDP-431-260-bound GGGGCC3 folded slightly better than the unfolded form, while 

TDP-43102-269 bound both forms of GGGGCC3 with the same affinity profile. (Figure 26A 

and B). MST was also used to confirm the binding affinity of GGGGCC3 to TDP-43. Both 

forms of GGGGCC3 have the same affinity to TDP-43102-269 with a Kd of 0.1µM. GU6 also 

bound TDP-43102-269 better than GGGGCC3 with a Kd 2 nM. (Figure 26C and D). SPR 

was also used as another confirmation technique for the binding affinity of GGGGCC3 

compared to G-rich RNA.  TDP-43102-269 bound GGGGCC3 folded much better than G-

rich. (Figure 26E and F). 

4.4.3 TDP-43/RNA Interactions Inhibition by Small Molecules   

To assess the inhibition profile of the top 17 compounds from In Silico docking, an 

ELISA screening study and SPR were performed with GGGGCC3 RNA. rTRD01 and 
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rTRD02 showed significant inhibition of GGGGCC3 folded to TDP-43102-269 with around a 

50% and 20% inhibition profile for rTRD01 and rTRD02, respectively. (Figure 27A and 

B). rTRD04 also shows a specific inhibition of GGGGCC3 folded RNA compared to G-

rich with a 28% inhibition profile for rTRD04 against GGGGCC3-folded. (Figure 27C 

and D) Due to the inhibition profile of rTRD01 being the highest among the top 17 

compounds, we decided to continue to assess rTRD01 in vitro and in vivo in terms of 

biophysical binding and biological effectiveness.    

4.4.4 Biophysical and Biochemical Assessment of rTRD01 in vitro  

 To assess the biophysical interaction between TDP-43102-269 and rTRD01, an STD-

NMR experiment was performed. The STD-NMR spectra for rTRD01 reveal several 

positive peaks that are sitting between 6.9-8.2 ppm, which represent the fluorobenzyls 

group and the pyrazinamide group. (Figure 22A) Next, HSQC-NMR experiments with 

different ratios (1:2 and 1:4 TDP-43102-269: rTRD01) were performed to map rTRD01 

binding on TDP-43-labeled protein. The chemical shift assignment of TDP-43102-269 has 

been solved (Biological Magnetic Resonance Bank (BMRB ID: 27613)).151 Specific 

chemical shifts were observed in the spectra that include Gly110, Gly148, Cys173, and 

Thr116. Other peaks, such as Lys145 and Lys160, are almost disappeared. Remarkably, 

those residues were part of the RRM1 binding pocket. (Figure 29) 

 Next, MST was used to assess the binding affinity of rTRD01 for TDP-43102-269. 

The thermograph of fraction-bound shows no aggregation with a Kd around 90 µM. (Figure 

28A and B) To study the inhibition profile of rTRD01, escalating concentrations of 

rTRD01 with GGGGCC3 folded RNA were used in an ELISA plate precoated with 300 

nM of TDP-43102-269. The maximum inhibition for rTRD01 was 45% with IC50 around 12 
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µM. (Figure 28C) In time-dependent matter, rTRD01 in a 50 µM concentration was also 

able to reduce the droplet assemble that was initiated by mixing TDP-43 (Full length, 300 

nM) with GGGGCC3 RNA (50 nM). (data not shown) 

4.4.5 Motor Neuron Cell Line NSC34 as an ALS Model  

 To study the biological effect of rTRD001, a mouse motor neuron cell line (NSC-

34) has been used as an in vivo model. This cell line expresses many properties of motor 

neurons and is commonly used in ALS model.152,153 An LDH cytotoxicity measurement 

shows low cytotoxicity for rTRD001 with 50 µM concentration in NSC-34 cell line, but 

no cytotoxicity has been observed in a human embryonic kidney (HEK) cell line. (Figure 

30A and B) In order to further create a valid ALS model system to investigate the 

cytoprotective effect of rTRD01, NSC34 were differentiated and transfected with TDP-43 

GFP. Several pathological hallmarks have been observed after TDP-43 GFP transfection, 

such as aggregate formation, decrease in neurite outgrowth, and motor neuron death. 

Remarkably, the same features have been observed in ALS patients.117 (Figure 30C and 

D)  

 Interestingly, rTRD01 was able to reduce TDP-43 pathology hallmarks such as 

motor neuron cytotoxicity and positive inclusion in the cytoplasm that are hypothesized to 

arise from stress conditions such as oxidative stress. (Figure 30E and Figure 31). 

However, a flowcytometry method to quantify TDP-43-positive aggregate has been used 

and non-nuclear TDP-43-positive particles were quantified. The percentage of aggregate 

was increased significantly only in TDP-43 Q331K but not in TDP-43 wild type. (Figure 

32E) 
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  TDP-43 was shown to accumulate in the mitochondria of ALS motor neurons.49 

Preferentially, TDP-43 (wild and mutant form) bound mitochondrial messenger RNAs 

(mRNAs) that are encoding for subunits ND3 and ND6 of respiratory complex I, 

suppressed their expression, and disassembled complex I.49 Wang et. al., showed that 

suppression of this accumulation of TDP-43 in the mitochondria eliminate TDP-43-

induced mitochondrial dysfunction and motor neuron death.49 In this project we wanted to 

assess the effect of rTRD01 on mitochondrial function, since rTRD01 is able to reduce 

TDP-43/RNA interaction. A mitochondrial respiration experiment shows that rTRD01 is 

able to improve mitochondrial function significantly. (Figure 33) These results confirm 

that remodeling of TDP-43/RNA interaction may rescue TDP-43-induced motor neuron 

death in the NSC-34 ALS model.  

4.4.6  rTRD01 rescues ALS Symptoms in a Familial Model of ALS in Drosophila 
Melanogaster 

 
 In a collaboration with Dr. Daniela Zarnescu’s laboratory, we used a Drosophila 

model of ALS to assess the effectiveness of rTRD01 to mitigate ALS symptoms. Dr. 

Zarnescu’s laboratory has previously shown that overexpression of human TDP-43WT or 

TDP-43G298S results in age-dependent neurodegeneration, as indicated by neuromuscular 

weakness (increased in larval turning time) and eye depigmentation phenotype.3,150,154 Both 

phenotype TDP-43WT or TDP-43G298S show  increase in larvae turning time compared to 

control larvae w1118. (Figure 34A). rTRD01 treatment was able to significantly decrease 

larval turning time in the mutant form but not in the wild type overexpression. (Figure 34B 

and C)  
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4.4.7 Improvement the Effectiveness of rTRD01 and Screening other Small 
Molecules  

In order to improve the effectiveness of rTRD01, 12 derivatives were ordered from 

the ChemBridge library for further screening.  Using MST, two compounds bound TDP-

43102-269 with a better affinity compared to the parent compound rTRD01. Different 

concentrations were used to define the affinity profile of these two compounds. 

Thermograph shows that one of them has a Kd 30µM and the second one has a Kd 20 nM. 

(Figure 35A and B). To assess the inhibition profile of those derivatives, ELISA studies 

were performed with GGGGCC3 RNA (0.1µM) for rTRD01 derivatives (50µM), and GU6 

RNA (2 nM) for rTRD02 and rTRD012 derivatives. The preliminary results showed that 

several derivatives can be considered to be a promising inhibitor such as rTRD035 and 

rTRD1202. (Figure 35C and D) 

776 compound is another small molecule that targets and modulates TDP-43 

function.155 An ELISA study was performed with GGGGCC3 RNA (0.1µM) to assess the 

specificity of the TDP-43 truncated forms TDP-431-260 and TDP-43 102-269 . The preliminary 

results showed that 776 shows a better inhibition profile with TDP-431-260 and fewer 

changes in HSQC-NMR and STD-NMR with TDP-43102-269. (Figure 35E and Figure 37).  

Using TDP-43 1-269 truncated form, we noticed more positives peaks on STD-NMR and 

more proton shifts on HSQC-NMR spectra (data not showed). These results indicate that 

N-terminus is required for 776 to bind TDP-43. 

Ataxin 2 is an RNA-binding protein, and it has been shown that reduction of Ataxin 

2 reduces TDP-43-induced pathology and extends lifespan in mice.156 Several small 

molecules have been found from in silico docking by Dr. May Khanna and Dr. Vijay 
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Gokhale that target TDP-43/Ataxin 2 interaction. One of those compounds has been tested 

in a Larvae turning assay. This small molecule treatment was able to significantly decrease 

larval turning time in the mutant form but not in the wild type overexpression. (Figure 

35F) 
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Figure 22: STD-NMR Screening 

A.  rTRD compounds that are targeting RRM1, several positive picks were detected in the 

STD-NMR spectrum (TRD01-05 and rTRD08) between 6.5-8.2 ppm B. rTRD compounds 

that are targeting RRM2, only three compounds show low affinity to TDP-43102-269 in the 

STD-NMR spectrum (rTRD010, rTRD012, and rTRD015) between 7-8.5 ppm.    
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Figure 23: 15N-1H HSQC-NMR Spectra for RRM1 Compounds 

 Gly110, Lysin145, and Cys173 peaks were shifted for most of RRM1 compounds 
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Figure 24: 15N-1H HSQC-NMR Spectra for RRM2 Compounds 

 Phe194 and Asn259 were shifted in some of RRM2 targeting compounds. 
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Figure 25: 15N-1H HSQC-NMR Spectra for the Top Three Compounds Targeting 
RRM1 (rTRD001, rTRD04 and rTRD08) 
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 Gly110, Lysin145, and Cys173 peaks were shifted for most of them. Remarkably, those 

residue parts of RRM1 and were predicated in silico docking as binding pocket.   
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Figure 26: TDP-43-RNA Binding Profile 

ELISA shows that TDP-431-260-bound GGGGCC3 folded slightly better than unfolded form 

(A), while TDP-43102-269 bound both forms of GGGGCC3 with same affinity (B). MST 

confirmed that both forms of GGGGCC3 have the same affinity to TDP-43102-269 with a Kd 

of 0.1µM. GU6 also bound TDP-43102-269 better than GGGGCC3 with a Kd 2 nM (C and 

D). SPR also confirmed that TDP-43102-269 bound GGGGCC3 folded much better than G-

rich (E and F). Nonlinear regression was fit to the data, using a two-site specific binding 

equation with an R-squared value of 0.98. Data is presented as mean ± SEM (n=6).  
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Figure 27: TDP-43-RNA Inhibition Profile of Small Molecules 
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(A and B) rTRD01 and rTRD02 show a significant inhibition of GGGGCC3 folded to TDP-

43102-269. (C and D) rTRD04 also show a specific inhibition of GGGGCC3-folded RNA 

compared to G-rich. 
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Figure 28: Biophysical and Biochemical Characterization of rTRD01 

 A. rTRD01 shows no aggregation in MST thermograph. B. The binding affinity of 

rTRD01 was 90µM using MST. C. The maximum inhibition profile for rTRD01 was a 

50% with IC50 around 12 µM. D. Superposition of 1H-15N heteronuclear single quantum 

correlation spectroscopy (HSQC) spectra of 15N-labeled human TDP43102-269 (150 µM), 

free (blue), and in a complex with rTRD01 in a TDP43102-269: rTRD01 ratio of 1:2 (purple) 

or 1:4 (red).    
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Figure 29: Docking Poses of DNA and rTRD01  

A. RRM1 Crystal Structure with DNA B. RRM1 Crystal Structure with rTRD01 C. 

Prediction of rTRD01 bound-RRM1 amino acids including ARG 171, TRP 172, ASP 174, 

and GLY 146. 

 Figure made by Victor Gerardo 
H 

A 
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Figure 30: Motor Neuron Cell Line NSC34 as ALS Model  
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A. rTRD01 shows no toxic effect on HEK cell line. B. rTRD01 shows low toxic profile on 

NSC-34. C. NSC-34 cells were transfected with TDP-43-GFP D. A confocal image shows 

the aggregate formation.  Merged images include DAPI-staining of nuclei (blue) and TDP-

43 GFP expression (green). This image was acquired on a Zeiss LSM 880 Airyscan 

microscope using x63 oil immersion objective. E. rTRD01 was able to reduce TDP-43-

induced motor neuron cytotoxicity. *p<0.05 
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Figure 31: Confocal Images of NSC-34 

Cells were transfected with TDP43WT-GFP or TDP-43Q331K-GFP (green) and treated with 

DMSO (top panel) or rTRD01 (bottom panel). Merged images, including DAPI-staining 

of nuclei (blue) are shown in the right panels. This figure is representative of n= 3 for each 

condition. Confocal images were acquired on a Zeiss LSM 880 Airyscan microscope using 

x63 oil immersion objective. Zen 2.3 software was used to acquire raw images.   

 

• Experiment performed by Razaz Felemban  

• Data processed by Liberty Francois Ep Moutal 
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Figure 32: Quantification of TDP-43 Aggregation in NSC-34 Cells using FlowIT7 

A. non-nuclear part was gated based non-DAPI staining populations. B. Quantify the % of 

TDP-43 GFP +ve in non-nuclear population. C. Cells transfected with TDP-43 GFP were 

lysed using Triton X-100, and nuclei were stained with DAPI before flow-cytometric 

analysis. D. TDP-43 wild and mutant-form aggregates were increased over time. E. The 

percentage of aggregate was increased significantly only in TDP-43 mutant form but not 

in TDP-43 wild type. *p<0.05. Statistical differences assessed by one-way ANOVA. 
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Figure 33: Mitochondrial Respiration Kinetic OCR Response of NSC-34 Cells 

Overexpressing TDP-43wt (A and B) or TDP-43Q331K (C and D). Using an oligomycin (4 

µM) inhibitor to determine ATP coupled respiration, FCCP (1 µM) to establish maximal 

respiratory capacity, and antimycin (1 µM) and rotenone (1 µM) cocktail to define 

mitochondrial respiration, in presence of rTRD01 (50 µM) or DMSO. ATP-coupled 

respiration, proton leak-linked respiration, and maximal mitochondrial respiratory capacity 

were calculated. Data is represented as mean ± SEM, n = 24. *p<0.05, **p<0.01, 

****p<0.0001. 

• Experiment performed by Razaz Felemban  

• Data processed by Liberty Francois Ep Moutal 
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Figure 34: rTRD01 mitigates ALS Symptoms in an ALS Model in Drosophila 
Melanogaster 

A. Larvae expressing D42-driven human wild-type TDP-43wt or TDP-43G298S takes 

significantly longer time to turn over following a ventral-up inversion. Larvae expressing 

w1118, which encodes a mutated version of the ATP- binding cassette transporter called 

White and leading to white pigmentation of the fly eye, was used as control. B. rTRD01 

with 20 µM has no significant effect on the turning time of larvae expressing TDP-43WT. 

C. rTRD01 reduced significantly the turning time of larvae expressing TDP-43G298S from 

19s to less than 13s on average. Asterisks indicate statistical differences assessed by one-

way ANOVA (p <0.05, n≥20). 
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• Experiment performed by Melissa Sayegh 

• Data processed by Liberty Francois Ep Moutal 
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Figure 35: rTRDs Derivatives and Different Small Molecules 

(A and B) rTRD01 derivatives, (A) rTRD035 and (B) rTRD032, show better binding 

compared to the parent compound using MST. (C and D) some promising derivatives 
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reveal a good inhibition profile for TDP-43/RNA interaction. (E) 776 compound shows 

specificity to TDP-431-260. (F) Ataxin1 compound reduced significantly the turning time of 

larvae expressing TDP-43G298S but not the wild type. A student’s t-test was performed to 

determine statistical significance. (p <0.05, n≥20) 
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Figure 36: Docking Poses of rTRD01 Derivatives.  

A. rTRD01 binds RRM1 domain. On the right side, the amino acids predication in the 

binding pocket from in silico docking. B. rTRD032, rTRD01 derivative, binding pocket 

predication from in silico docking. C. rTRD035, rTRD01 derivative, binding pocket 

predication from in silico docking. Figure made by Victor Gerardo 
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A.  

 

 
 

Figure 37: 776 HSQC-NMR and STD-NMR 

Fewer changes for 776 compound have been noticed in TDP-43102-269 on HSQC-NMR(A) 

and STD-NMR(B) compared to TDP-431-260 
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5 DISCUSSION  

 Several studies show that TDP-43 pathology plays an important role in 

ALS.74,117,157 Critical questions have arisen: What are the causes of TDP-43 pathology? 

What are the consequences of TDP-43 pathology in ALS? How do their influence on 

normal motor neuron function lead to cell death? How can we target TDP-43 pathology in 

ALS? Stress granules (SGs) are one of the well-studied factors that connect TDP-43 to 

aggregation and pathology.124,145 SGs, in response to stress stimuli, promote or induce 

nuclear TDP-43 translocation to motor neuron cytoplasm where the aggregate is formed. 

This aggregate has a dynamic movement and spreads throughout the brain.138,142,158 

Phagocytosis, endocytosis, and exosome secretion are the most common critical pathways 

for clearance of TDP-43 pathological aggregate.159–161 Impaired or depleted microglia in 

zebrafish spinal cord leads to axonal spreading of pathological TDP-43. Impaired 

endocytosis in a TDP-43 ALS fly model was also shown to increased TDP-43 aggregation 

and exacerbated locomotor dysfunction. Inhibition of exosome secretion stimulates the 

formation of TDP-43 aggregate in Neuro2a cells. So, we can see several causes that lead 

to TDP-43 pathology, aggregate formation, and spreading through the brain and spinal 

cord.  

 The consequences of TDP-43 pathology are very serious and lead to motor neuron 

death. These consequences include induced p53-mediated cell death, impaired dendritic 

growth and repair, misregulation of normal mitochondrial function, disrupted 

nucleocytoplasmic transport and nuclear pore complexes, and, most importantly, altered 

RNA-ribostasis.154,162–166 RNA-ribostasis or homeostasis has been defined by Parker et 

al., as “the appropriate production and regulation of the cellular transcriptome.”166 
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Formation of TDP-43 aggregate could alter RNA-ribostasis by four suggested 

mechanisms that lead to motor neuron death in ALS-first by changing the number of 

functional TDP-43 required for RNA normal function including RNA trafficking, RNA 

stability, RNA transcription, and microRNA biogenesis; second, by sequestering some 

important mRNAs that are required for normal motor neuron function and altering the 

available mRNAs for translation; third, by sequestering mRNA-binding regulatory 

factors, which include splicing factors, micro-RNA (miRNA), and other RNA-binding 

protein (sequestration of these regulatory factors results in alteration of splicing 

machinery in the cells);104,167,168 and fourth, by influencing the mitochondrial-mRNA of 

the motor neurons and interacting and sequestering mitochondrial proteins that are 

important for normal mitochondrial function.49,165,169 Consequently, all of these 

consequences of TDP-43 pathology could potentially lead to motor neuron death and ALS 

pathology.  

 Decreasing TDP-43 aggregation shows no significant prevention in cell death.119 

However, remolding TDP-43 containing mRNA restores the translation of important 

mRNAs that are required for motor neuron function and alleviates TDP-43 toxicity in the 

Drosophila ALS model.3 Several studies have found that fragile x mental retardation 

protein (FMRP) colocalizes with TDP-43 in neuronal RNA granules and acts as a robust 

modifier of TDP-43 pathology.3,144,170 FMRP overexpression mitigates TDP-43-induced 

locomotor defects and restores futsch translation in the Drosophila ALS model.3 

Restoration of futsch translation improves morphological phenotype including the 

presence of satellite buttons and synaptic size at the neuromuscular junction.3 In this 

project, we were interested in understanding the mechanistic relationship between TDP-43 
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and FMRP. Using peptide array technology, several hot-spots have been identified between 

TDP-43 and FMRP, and most of them were in RNA-binding domains. Since most of the 

interactions were in the RNA-binding domains, we asked whether using a specific form of 

RNA called G-quadruplex can disrupt those interaction because the most common genetic 

cause of ALS and FTD is an expansion of hexanucleotide GGGGCC repeats in C9ORF72 

gene. TDP-43 binds and transports GGGGCC repeats for local translation.52,108,171 A recent 

study shows that GGGGCC repeat promotes phase separation of membraneless 

compartments in cells, and it depends on RNA structure that assumes a G-quadruplex and 

on GGGGCC repeat length.171 The peptides array inhibition experiment shows a reduction 

in FMRP-bound TDP-43, suggesting that FMRP competes with RNA in the same pocket. 

However, FMRP1 peptide treatment in NSC-34 cells did not alter mitochondrial respiration 

and aggregations. This maybe because this peptide has no cell-penetrating TAT to facilitate 

peptide penetration. Also, this peptide has very low affinity to TDP-43 (900 µM). This 

result suggests that a higher affinity small molecule interactor could be more useful for 

therapy.  

We used rational design to target RNA domains. First, FMRP bound TDP-43 

mostly at the RNA binding domain. Second, mutations of nucleic acid-binding domains 

of TDP-43 have improved protein stability and are resistant to heat-induced aggregation.147 

Third, deletion or mutation of the RNA recognition motif 1 (RRM1) mediates neurotoxicity 

in the TDP-43 Drosophila model.148 Taking all these facts together, remolding TDP-

43/RNA interaction using small molecules that target nucleic acid domains could be a 

promising strategy to mitigate TDP-43 toxicity in ALS disease.  In this study, we used in 
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silico docking to screen fifty thousand compounds against RNA recognition motifs 1 and 

2 of TDP43 (RRM1 and RRM2).  

The top 17 compounds were selected and ordered from the ChemBridge Library 

for further screening, and we called them rTRD compounds that stand for RRM TDP-43 

RNA Disruptors. Eight compounds were selected for RRM1 (rTRD01-rTRD08), and nine 

compounds were selected for RRM2 (rTRD09-rTRD017). Several positive peaks were 

found in the STD-NMR spectrum for RRM1 compounds (rTRD01-05 and rTRD08), while 

only three compounds that are targeting the RRM2 domain showed positive peaks 

(rTRD010, rTRD012, and rTRD015). Furthermore, specific chemical shifts were observed 

in the spectra for RRM1 and RRM2 targeting compounds. Gly110, Lys145, and Cys173 

peaks were shifted for most of the RRM1 compounds, while Phe194 and Asn259 were 

shifted in some of the RRM2 targeting compounds. Noticeably, those amino acids were 

identified as being part of the RRM1 and RRM2 binding pocket. Next, the top 17 

compounds from in silico docking were assessed in term of the TDP-43/RNA inhibition 

profile. rTRD01 shows the best inhibition profile among the top 17 compounds. We 

decided to continue to assess rTRD01 in vitro and in vivo in terms of biophysical binding 

and biological effectiveness. rTRD001 was able to bind to TDP-43 in the RRM1 domain 

with a 90 µM with partial GGGGCC3 inhibition. Specific chemical shifts also were 

observed in the HSQC spectra that include Gly110, Gly148, Cys173, and Thr116. Other 

peaks, such as Lys145 and Lys160, almost disappeared. Remarkably, those residues were 

part of the RRM1 binding pocket. Although the rTRD01 wasn’t able to reduce the 

cytoplasmic aggregate amount, it was able to mitigate the cytotoxicity and improve 

mitochondrial function significantly in motor neuron cell line NSC-34. This result 
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confirms the previous reference to decreasing TDP-43 aggregation and doesn’t 

necessarily prevent cell death and vice versa. In addition, rTRD01 was able to mitigate 

TDP-43 dependent phenotypes in an ALS fly model based on the overexpression of 

mutant TDP-43, but not in the wild type. Several factors could influence TDP-43 

structure and function including mutation and post-translation modification, which 

modify protein dimerization and RNA binding, all of which may lead to the 

effectiveness of rTRD01 on the mutant phenotype, but not the wild type.  In summary, 

rTRD01 seems a novel discovery in remolding theory of TDP-43/RNA interaction.  

As the future direction of this project, we tried to enhance the binding profile of 

rTRD01 to improve the biological effectiveness of this compound. 12-rTRD01 derivatives 

were ordered from the ChemBridge library for further screening.  Using MS, two 

compounds bound TDP-43102-269 with a better affinity compared to the parent compound 

rTRD01 with a Kd 30µM and 20 nM. It seems that more binding bonds buildup between 

those small molecules and RRM1 such as π-π-bonds between the aromatic ring and the 

RNA binding pocket. Molecule 776 is another small molecule that targets and modulates 

TDP-43 function. The preliminary results showed that 776 shows a better inhibition profile 

with TDP-431-260 and fewer changes in HSQC-NMR and STD-NMR with TDP-43102-269. 

Using TDP-431-269 truncated form, we noticed more positives peaks on STD-NMR and 

more proton shifts on HSQC-NMR spectra. These results suggest that N-terminus might 

be required for 776 to bind TDP-43. Further studies are necessary in order to assess the 

mechanism and mode of action for all of the compounds which have been the object of 

this study as proof of concept of the remolding hypothesis of TDP-43 and RNA 

interaction in ALS, including translation restoration of some important mRNA that is 
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required for normal motor neuron function, motor neuron assessment in terms of 

morphology and size, and most importantly the effectiveness of those compounds on 

reliable models such as ALS human IPSC cells.  
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6 URL list of Web Resources Used 
 

• SIB Swiss Institute of Bioinformatics. “SIB Swiss Institute of 

Bioinformatics.” Alignment Tool - Protein Sequences, web.expasy.org/sim/ 

• “Protein BLAST: Align Two or More Sequences Using BLAST.” National Center 

for Biotechnology Information, U.S. National Library of Medicine, 2019, 

blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch

&BLAST_SPEC=blast2seq&LINK_LOC=blasttab. 

• “Vector Database.” Addgene, 2018, www.addgene.org/vector-database/2929/. 
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