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ABSTRACT 
 

The research focuses on two different approaches towards drug discovery for 

neurodegenerative diseases Multiple Sclerosis (MS) and Amyotrophic Lateral 

Sclerosis (ALS). Neurodegeneration is a progressive deterioration of neural 

structures leading to cognitive or motor impairment. There is still no effective 

therapy for any of the most common neurodegenerative diseases and the 

available therapies only lower the rate of the disease progression or manage 

the symptoms. Although neurodegenerative diseases exhibit distinct clinical 

characteristics, they usually present aggregation of specific protein(s) along 

with neuroinflammation among others. The first investigated approach towards 

discovering therapeutics is the use of small molecules targeting the N-terminal 

domain of transactive response (TAR) DNA binding protein-43 (TDP-43), a 

critical factor in neurodegenerative diseases including Amyotrophic Lateral 

Sclerosis (ALS) and Alzheimer’s disease (AD) to disrupt the aggregation of 

TDP-43. Targeting the N-terminal domain (NTD) of TDP-43 by in silico docking, 

a small molecule called nTRD022 have been discovered binding to the NTD of 

TDP-43 that allosterically affects the RNA binding of the protein leading to 

disruption of RNA binding to TDP-43 and improving the muscle strength, as an 

ALS related phenotype, in Drosophila fly MS models which could potentially be 

further developed as ALS therapeutic. The second approach focuses on 

developing a systematic evolution of ligands by exponential enrichment 

(SELEX) to generate therapeutic aptamers. Aptamers are short nucleic acid 

ligands that are able to specifically recognize a target with high specificity and 

high affinity. They have been widely used in therapeutic and diagnostic 

applications for neurodegenerative diseases over the last two decades. 

However, due to their relatively recent development, there are not as many 

aptamers in clinical trials as expected. In this study, aptamers have been 

developed against autoantibodies targeting myelin oligodendrocyte 

glycoprotein (MOG), a component of myelin sheath necessary for its structural 

integrity. The aptamer was developed to specifically target MOG antibody to 

disrupt the interaction between the antibody and MOG protein to protect the 

myelin sheath degeneration in motor neurons in MS patients. The developed 
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aptamer, NM02, showed binding affinity towards MOG antibody in low micro 

molar range.  
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INTRODUCTION 
 
Neurological disorders are diseases of the central and peripheral nervous 

system. Among neurological disorders are Amyotrophic Lateral Sclerosis (ALS) 

and Multiple Sclerosis (MS). MS is the most widespread disabling neurological 

condition of young adults striking people between ages 25-35. ALS, commonly 

known as Lou Gehrig's disease, is a progressive neuromuscular disease 

characterized by a progressive degeneration of motor neuron cells in the brain 

and spinal cord striking people between ages 40-70. To date, there is no cure 

for neither of the diseases and the treatments only lower the rate of the disease 

progression or manage the symptoms. Therefore, the research in the field of 

development of effective therapeutics and better understanding the mechanism 

underlying the disease symptoms is needed.  

 

This study focuses on two different approaches towards development of 

therapeutics for two neurological disorders, MS and ALS. The first part of the 

study is devoted to targeting a protein called Tar DNA-binding protein-43 (TDP-

43) which has been shown to have role in ALS (chapter 1 and appendix A). 

In ALS, through several different pathways, the normal function of the motor 

neurons is disrupted leading to synaptic failure and atrophied muscle. Among 

different involved pathways, aggregation of specific proteins is known as one 

of the main causes of ALS symptoms.  

 

Tar DNA-binding protein-43 (TDP-43) is one of the most studied proteins 

forming aggregation in affected neuron cells in ALS patients. TDP-43 is a 43 

kDa protein involved in many RNA metabolism pathways. It is normally 

localized in the nucleus of the cells, however, in response to cellular stress, 

TDP-43 is translocated into the stress granules in cytoplasm and regulates the 

translation of specific proteins. In injured neuron cells, TDP-43 is trapped in 

prion-like self-assembly structures in cytoplasm and its function is disrupted.  

 

As discussed in depth in chapter 1, TDP-43 has a N-terminal domain (NTD, aa 

1-100) that has role in dimerization and potentially aggregation of the protein, 

two RNA recognition motifs (RRM1 and RRM2, aa 102-269) and an 
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unstructured C-terminal domain (CTD, aa 269-357). The first investigated 

approach towards discovering therapeutics for neurological disorders in this 

study, is to target the aggregation of TDP-43, as one of the main known causes 

of ALS, by targeting its NTD by small molecules (chapter 2 and appendix B).  
 

The second part of the research focuses on developing aptamers. As 

thoroughly discussed in chapter 3 and appendix C, aptamers are short ssDNA 

or RNA sequences specifically targeting the protein of interest. They are 

developed by Systematic evolution of ligands by exponential enrichment 

(SELEX) through several rounds of selection against a specific protein. Among 

many advantages of using aptamers as therapeutics in the recent years 

compared to the antibody alternatives are their specificity towards their target, 

their simple large-scale production and easy application of chemical 

modifications on them. They are known not to triggers the immune system of 

the patients which further advances their therapeutic potential. The focus of the 

aptamer development was to develop specific ssDNA aptamer as therapeutics 

in MS diseases (chapter 4 and appendix D). MS is an autoimmune disease 

caused by the attack of the autoantibodies (antibodies already present in the 

patients’ body) to the myelin sheath of the motor neurons. The attack to the 

specific components of the myelin sheath leads to damage to the myelin sheath 

and disrupts the normal function of the motor neuron cells in MS patients. 

Therefore, the symptoms include muscle stiffness or spasms or paralysis in 

severe cases. The proposed approach is to develop aptamers against 

autoantibodies targeting myelin oligodendrocyte glycoprotein (MOG) protein, a 

component of the myelin sheath responsible for the integrity of the myelin 

sheath structure, to disrupt the interaction between MOG antibody and MOG 

protein.  
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CHAPTER 1: STRUCTURAL INSIGHTS INTO TDP-43 AND EFFECTS OF 
POST-TRANSLATIONAL MODIFICATIONS 
 

Transactive response DNA binding protein (TDP-43) is a 43kDa 

heteronuclear ribonucleotide binding protein (hnRNP) with 414 amino acids. It 

is predominantly localized in the nucleus; however, the accumulation of 

insoluble, TDP-43 inclusions in the cytoplasm has emerged as a hallmark of 

amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration 

(FTLD). Although in the vast majority of patients TDP-43 mutations are not 

present (sporadic cases), the presence of TDP-43-positive inclusions have 

been confirmed in ALS, FTLD and other neurodegenerative disorders. TDP-43 

is involved in nearly all aspects of RNA metabolism including regulation of its 

own mRNA and cryptic exon splicing of, the hexanucleotide GGGGCC repeat 

expansion known to be the most frequent genetic cause of ALS and FTLD.  

TDP-43 has a N-terminal domain (NTD, aa 1-100) (Appendix A, Figure 
1A, B) that has been shown to form dimers and higher order oligomers required 

for splicing activity of TDP-43 and phase separation through liquid-droplet 

formation. NTD also has a nuclear localization signal and is linked to two RNA 

recognition motifs (RRMs, aa 102-269) through a nuclear localization signal 

linker. The two RRMs are linked by a highly flexible loop allowing different 

orientations of the RRM domains. Although RRMs are capable of binding to 

single stranded RNA and DNAs cooperatively, RRM1 shows higher affinity 

towards binding to nucleic acid binding. TDP-43 also has an aggregation-prone 

C-terminal domain (CTD, aa 269-357) required for the splicing activity of the 

protein including autoregulation and interaction with several protein partners 

such as UBQLN2. In addition, CTD is required for liquid-liquid phase 

separation, a reversible self-association of TDP-43 thought to initiate the 

formation of stress granules (SGs) in cytoplasm. Also, CTD includes the most 

discovered TDP-43 mutations.  

TDP-43 undergoes several post-translational modifications, most of 

them being associated with pathological TDP-43 and are a hallmark feature of 

TDP-43 proteinopathy including oxidation, acetylation, SUMOylation, 

phosphorylation and ubiquitination (Appendix A, Figure 6-9) Among all, 

phosphorylation and ubiquitination are specifically important in the case of 
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TDP-43 as TDP-43 is usually hyperphosphorylated and polyubiquitinated in 

disease causing inclusions.  

Despite intense research, there is still no clear consensus about what 

causes TDP-43 mislocalization and aggregation and how it contributes to 

neuronal toxicity. Thus, further targeted studies are required to better 

understand the mechanism of action of the protein, the exact role of each 

domain and more importantly the cooperation between different domains in 

functionality of the protein. Better understanding of the protein advances our 

knowledge regarding targeting the TDP-43 protein as one of the main leading 

cause of diseases such as ALS to develop therapies.  

 
AUTHOR CONTRIBUTIONS 
NM contributed to writing sections related to NTD of TDP-43 and all the other 

authors contributed equally to preparing the manuscript. LFM took the lead of 

the team. 
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CHAPTER 2: TARGETING THE N-TERMINAL DOMAIN OF TDP-43 YIELDS 
ALLOSTERIC MODULATORS OF THE RNA BINDING DOMAIN 
 

The accumulation of transactive response (TAR) DNA binding protein 

(TDP-43) in the cytoplasm of motor neurons is the shared pathophysiological 

hallmark of Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal lobar 

degeneration (FTLD), two neurodegenerative diseases. Therefore, TDP-43 has 

been the focus of our lab for therapeutic development for neurological disorders 

like ALS and FTLD. TDP-43 consists of an N-terminal domain (NTD), two RNA 

recognition motifs (RRM1 and RRM2) and an unstructured glycine-rich domain 

within its C terminus. One hypothesis based on the role of NTD in nuclear 

localization of TDP-43 and deletion leads to the mis-localization of TDP-43 to 

the cytoplasm where TDP-43 aggregation causes neuronal disfunction. 

 

In this study, we focus on targeting the N-terminal domain (NTD) of TDP-

43 that drives oligomeric formation or aggregates leading to loss of function of 

the protein. We started using in silico docking using a chemical library of small 

molecules against a druggable pocket that was identified by Sitemap on the 

NMR and crystal structures of the N-terminal domain of TDP-43. Among the 

total of 20 compounds chosen based on score and visual inspection, eight 

compounds showed binding in saturation-transfer difference (STD)-NMR 

experiments using two constructs available in our laboratory: 1) NTD with 

RRM1 and RRM2 named TDP-431-260 and 2) RRM1 and RRM2 named TDP-

43102-269. Using 2D 15N-HSQC-NMR on compounds plus 15N-labeled human 

TDP431-260, we were able to further confirm the binding pocket observed from 

the in-silico docking experiments. Using TDP-431-260, addition of one of the 

compounds, nTRD022, showed chemical shifts with no aggregation forming, 

and therefore, was further pursued. The chemical-shift perturbations (CSP) 

induced by nTRD022 were mapped onto the known structure of TDP-43102-269 

(PDB: 4bs2) and suggested the possible role of nTRD022 in modulating TDP-

43 RNA binding. To test that, ALPHA assay was used to measure TDP-431-260 

binding to its canonical RNA sequence (UG6) in the presence of nTRD022 

which showed 50% inhibition of the interaction with an IC50 of ~100 µM. Rodent 

primary cortical neurons expressing GFP tagged TDP-43 were used to test the 
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effect of nTRD022 in in cell experiments.  The treated cells with nTRD022 

showed the formation of intranuclear droplet-like structures and higher TDP-43 

protein turnover, consistent with the result of experiments done before by other 

groups on RNA binding deficient TDP-43. Therefore, experiments in cells 

further confirmed the inhibitory effect of nTRD022 on RNA binding function of 

TDP-43. We also tested nTRD22 in a Drosophila overexpressing TDP-43 line, 

a well-known model of ALS.  When flies are placed on a vial, they attempt to 

climb to the top of the vial. nTRD022 was significantly able to rescue climbing 

defects compared to DMSO treated or naive flies. 

 

In conclusion, nTRD022 has been discovered as a potential 

neuroprotective agent improving the muscle movement defects in a Drosophila 

model of ALS. nTRD022 also can be used as a tool to study the allosteric 

modulation of RNA binding to TDP-43 through still unknown mechanism. The 

unique property of allosteric modulation of nTRD022 can be used to target TDP-

43 with less off-targeting of other RNA-binding proteins. 

 

AUTHOR CONTRIBUTIONS 
 
NM and LFM designed the study in consultation with MK and performed the lab 

work.  DS, JC and BM performed NMR experiments. JT and HW performed fly 

experiments. YD, XL and WW synthesized nTRD022 compound. VM and VG 

performed in silico docking analysis. We collaborated with SB to perform 

experiments in neuron cells. MK secured funding for this work. NM, LFM, DS, 

and VM participated in manuscript preparation. 
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CHAPTER 3: APTAMERS AGAINST PROTEINS RELEVANT TO 
NEURODEGENERATION 
 

 Neurodegeneration refers to the progressive damage to the neurons 

specially the myelin sheath components leading to the loss of function and 

death of the neurons. It is present in neurodegenerative diseases (NDs) such 

as Alzheimer’s Disease (AD) and Multiple Sclerosis (MS). To date, the available 

therapies have only lowered the disease progression rate and their low 

effectiveness questions the drug discovery pipeline efficacy including the 

understanding the disease onset, diagnosis, models for NDs and identification 

of suitable targets. Neurodegenerative diseases each exhibits unique set of 

characteristics; however, they are all similar in the formation of accumulation of 

misfolded proteins observed in patients. The shared pathobiology among NDs, 

suggests therapies towards the components of the shared mechanisms 

between NDs.  

 

 One of the novel strategies to target different components of these 

biological pathways is development of aptamers as therapeutics. Aptamers are 

short random sequences of single stranded RNA or DNA or modified form of 

them capable of taking variety of three-dimensional structures to specifically 

interact with their target with high affinity. Aptamers are selected against their 

target using systematic evolution of ligands by exponential enrichment (SELEX) 

or one of its variants (capture-SELEX, cell-SELEX, etc). Briefly, a random 

sequence library of nucleic acids is used to bind to the target, non-bound 

sequences are washed away, and the binders are selected, amplified and used 

as the library for the next round. Through different rounds of selection, different 

negative selections are recommended to be used. Also, the stringency of the 

selection would increase by lowering the concentration of the target in 

subsequent rounds. The enrichment of the library by the binders can be 

evaluated using different binding assays to ensure the selectivity improvement.  

 

Over the last two decades aptamers have been used in many different 

applications including imaging, detection, or quantification of proteins as well 

as therapeutics and diagnosis for NDs by targeting the proteins forming 



15 
 

aggregation in patient cells such as prion proteins (PrP) and amyloid beta (Aβ), 

as well as cell-surface receptors and other cytoplasmic proteins. Despite the 

numerous advantages of aptamers making them potential powerful 

therapeutics, their development towards entering clinical trial phase has not 

been as fast as expected. The main reasons include comparatively more recent 

development of the technique compared to alternative approaches and the bias 

in industry’s financial investment in a well-established research like antibodies 

than aptamers; as well as our poor understanding of the mechanism underlying 

each disease and focusing on targets such as amyloid aggregates that appear 

to be the end result of the disease rather than the causative targets. In addition, 

the cell and animal models used in therapeutic studies mostly demonstrate one 

specific aspect of the disease that is not fully representative of it which can be 

misleading in therapeutic developments. Developed patient derived cells, when 

possible, as disease models in addition to systematic use of more than one 

animal model would help tremendously in covering different aspects of the 

disease. 

 

To conclude, neurodegenerative diseases affect millions of people and yet the 

efficacy of the available therapies are questionable. Many failures of clinical 

trials for ND therapeutics could be potentially due to defects in different drug 

discovery stages including understanding the disease mechanism and focusing 

on targets that were not as therapeutically potent as initially thought as well as 

use of models not appropriately representing the disease. Development of 

aptamers is a new strategy emerged in the last two decades with promising 

advantages towards specifically targeting the components of the shared 

mechanisms between NDs. However, due to the relatively recent development 

of aptamers, there is still space to further investigate the technique.  

 

AUTHOR CONTRIBUTIONS 
The review was written by NM and edited by LFM under supervision of MK. 
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CHAPTER 4: DEVELOPMENT OF APTAMERS AS THERAPEUTICS FOR 
MULTIPLE SCLEROSIS 
 

 Multiple Sclerosis (MS) is a neurodegenerative disease (ND) causing 

demyelination of the central nervous system and strikes ~2.3 million people 

worldwide. The most widely used treatments for MS consist of intravenous 

immune globulin, plasma exchange, and corticosteroids, all suppressing the 

immune system of the patients in a general way rather than having specific 

disease target making the patients more susceptible to higher risk of 

experiencing frequent infections such as pneumonia, meningitis, etc. They are 

also more likely to experience inflammation of the internal organs and blood 

disorders or abnormalities, such as anemia. However, the clinical benefit of 

plasma exchange to reduce antibodies and use of an antibody against B cells 

(Ritiximab) implicates an important contribution of autoantibodies to the 

pathogenesis of MS. Autoantibodies in MS patients induce conduction block 

and demyelination in neurons by attacking the myelin sheath components 

potentially through blocking epitopes that are functionally relevant for nerve 

conduction. One of the potential targets of the autoantibodies on myelin sheath, 

is myelin oligodendrocyte glycoprotein (MOG). MOG is a myelin protein 

expressed only at the external surface of myelin sheaths and oligodendrocyte 

membranes. 

 

 In this study, we targeted auto antibodies attacking MOG protein in order 

to disrupt their interaction and lower the MS symptoms. The method used was 

systematic evolution of ligands by exponential enrichment (SELEX) described 

in the previous chapter. For this study, SELEX was developed to select single 

stranded DNA (ssDNA) aptamers with 40 random sequence to target the MOG 

antibodies immobilized on the magnetic beads. The selection was performed 

in 1X PBS plus 10 mM MgCl2 at 37°C to simulate the body condition. After 16 

rounds of selection, aptamers were cloned and sequenced and the sequences 

with the highest occurrence were chosen for further studies. The binding affinity 

of the aptamers was measured using surface plasmon resonance (SPR) and 

one of the aptamers, NM02, showed the highest affinity at Kd=11 ± 24 µM. 
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   In conclusion, a single stranded DNA aptamer called NM02 has been 

developed using the optimized SELEX method that is capable of binding to the 

autoantibody targeting MOG protein in the myelin sheath of group of patients 

with MS. The aptamer is specific toward the antibody and has the affinity in low 

micro molar range towards it. The aptamer has been shown to disrupt the 

interaction between antibody and MOG protein that makes it potentially a good 

candidate for further studies in developing therapeutics for MS. 

 

AUTHOR CONTRIBUTIONS 
NM designed the study in consultation with MK and DHB and performed the lab 

work. Flow cytometry experiments were performed in collaboration with MS and 

KR. KDT and DP collaborated with NM with SELEX optimization. 
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CHAPTER 5: CONCLUDING REMARKS 
 

The focus of this research has been on therapeutic developments for 

two of the most important neurodegenerative diseases, amyotrophic sclerosis 

(ALS) and multiple sclerosis (MS) through two different approaches. In 

neurodegeneration diseases, the patient’s neurons are damaged by different 

pathways causing symptoms including upper and lower extremity disabilities, 

visual disturbances, balance and coordination problems leading to death in 

severe cases. The available therapeutics for ALS and MS although lowering 

the rate of the progress, are not a cure; and there is need for developing 

therapeutics with higher efficacy.  

The first approach discussed here is using in silico docking of small 

molecules to target a domain in TDP-43 protein known to be responsible for a 

variety of symptoms in ALS patients. The targeted domain, NTD, has role in 

dimerization, oligomerization and potentially aggregation of the protein leading 

to ALS symptoms. Thus, the developed small molecules were tested against 

the protein to first, confirm the binding efficiency and the binding pocket, 

secondly, finding the small molecule with highest binding affinity to further use 

in functional assays to show its role in RNA binding disruption in in vitro and in 

cell experiments and finally to investigate its capability in improving ALS 

symptom, such as muscle strength, in Drosophila fly ALS model. The future 

direction for the project would be to test the cytotoxicity of the small molecules 

in motor neuron cells as well as using more complex animal models like mice 

ALS models to investigate the small molecule’s efficiency in improving ALS 

symptom and its potential as a therapeutic. 

A different domain of TDP-43, RRM domains, have been targeted in a 

previous study by small molecules. A compound called rTRD01 was discovered 

that bound to TDP-43 and partially disrupted RNA binding and improved 

locomotor defects in the Drosophila model of ALS. The current study is distinct 

as it targets the N-terminal domain and identifies an indirect effect on the RNA-

binding domain allosterically. As a potential therapeutic, the two compounds 

with two different mechanism of action could be tested at the same time to be 

used as compound medication in ALS patients.  
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The second approach was developing aptamers, short ssDNAs, to target 

autoantibodies attacking MOG protein a component of myelin sheath in MS 

patients. The study was initiated by developing a SELEX method optimized for 

aptamer selection against MOG antibody at 37 °C. Magnetic beads were used 

to immobilize MOG antibody during the selection and the stringency was 

increased by lowering the concentration of the DNA, antibody and the ratio of 

the DNA over antibody concentration moving forward in selection rounds. The 

aptamers from round sixteenth were cloned and sequenced and the aptamer 

with the highest frequency was chosen for affinity measurement experiment 

and showed affinity in low micromolar range towards MOG antibody. As the 

next steps, the aptamer can be synthesized by 2′-fluoro pyrimidine nucleotides 

to stabilize them against nuclease degradation. Also, covalently label them with 

fluorescent labels to test its ability in detecting patients’ autoantibodies vs 

healthy patients. In addition, the affinity of the aptamer can potentially be 

improved using structural experiments to optimize the aptamer sequence 

keeping the same essential 3D structure of the aptamer. 

 

To compare the two approaches, developing small molecules and 

developing small molecules, small molecules play key roles in many biological 

processes due to their ability to diffuse across cell membranes and blood brain 

barrier unlike many aptamers that cannot be directly taken up by cells without 

chemical alterations. However, aptamers can easily go through sequence-

specific modifications to enhance their affinity, stability, or solubility.  

 

In conclusion, in this study, the two approaches have been developed 

and optimized as very powerful methods in drug discovery. The promising 

results and findings as well as difficulties we faced have been discussed to give 

a better understanding of the methods, diseases, targets, and different 

therapeutic development approach to be used in many other studies. 
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ABSTRACT 

 

Transactive response DNA binding protein (TDP-43) is a key player in 

neurodegenerative diseases. In this review, we have gathered and presented 

structural information on the different regions of TDP-43 with high resolution 

structures available. A thorough understanding of TDP-43 structure, effect of 

modifications, aggregation and sites of localization is necessary as we develop 

therapeutic strategies targeting TDP-43 for neurodegenerative diseases. We 

discuss how different domains as well as posttranslational modification may 

influence TDP-43 overall structure, aggregation and droplet formation. The 

primary aim of the review is to utilize structural insights as we develop an 

understanding of the deleterious behavior of TDP-43 and highlight locations of 

established and proposed post-translation modifications. TDP-43 structure and 

effect on localization is paralleled by many RNA-binding proteins and this 

review serves as an example of how structure may be modulated by numerous 

compounding elements. 
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INTRODUCTION 
 

Transactive response DNA binding protein (TDP-43), initially discovered 

in 1995 as a modulator of HIV-1 gene expression1, is a highly conserved 

member of the heteronuclear ribonucleotide binding protein (hnRNP) family2. 

The TARDBP gene is located at chromosomal locus 1p36.22 and is comprised 

of six exons and while several TDP-43 isoforms have been identified, these 

have not been well-studied3–5.  

Since its discovery, TDP-43 has been shown to be involved in nearly all 

aspects of RNA metabolism (reviewed in 6,7) and is thought to be associated 

with more than 6000 RNA species. Of particular interest, TDP-43 has been 

shown to regulate its own mRNA8, the alternative splicing of hnRNPA1 mRNA9, 

key cryptic exon splicing of C9orf7210 -the well-known hexanucleotide 

GGGGCC repeat expansion and the most frequent genetic cause of 

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Lobar Degeneration 

(FTLD)11, Tau splicing resulting in accumulation of disease-associated 

isoform12,13.   

Although predominantly in the nucleus, TDP-43 is also present at low 

levels throughout the cell, including cytoplasm14 and mitochondria15,16.  

Accumulation of insoluble, TDP-43-positive inclusions in the cytoplasm has 

emerged as a hallmark of ALS-FTLD. In these inclusions, TDP-43 is usually 

hyperphosphorylated, polyubiquitinated, and found as a mix of full-length and 

fragmented protein17–19.  Although it is generally accepted that TDP-43 

localization to the cytoplasm is a mechanism of pathology, Moss et al. were not 

able to reproduce cellular pathologies by simply delocalizing TDP-43 to the 

cytoplasm20. 

Although TDP-43 mutations are only associated with a small fraction of 

cases21, TDP-43-positive inclusions are found in the vast majority of 

postmortem neuronal tissue from confirmed ALS-FTLD patients18,22,23. 

Inclusions of similar histopathology are also found in other neurodegenerative 

disorders as well24–28. Additionally, both loss and excess of TDP-43 are toxic, 

confirming that this is an essential protein and suggesting tight regulation of 

expression and localization8,29–33.  However, despite intense research, there is 

no clear consensus about what causes TDP-43 mislocalization and 
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aggregation, nor how it contributes to neuronal toxicity. For potential pathways 

involved in the aberrant behavior of TDP-43 we refer the reader to several 

recent reviews34,35. 

Like other RNA binding proteins (RBPs), TDP-43 has a beads-on-a 

string architecture consisting of multiple, independent functional domains and 

many sites of post-translational modification.  Despite its relatively small size 

(43 kDa), structural determination of the full-length protein has been a 

challenge, likely due to the large portion of the protein that is intrinsically 

disordered.  Estimates of intrinsically disordered regions (IDR) range from 15-

30% of the total protein and 36-66% of the C-terminal domain36.  Nevertheless, 

3-dimensional structures of the N-terminal domain, the RNA-binding domains, 

and segments of the C-terminal domain have become available in recent years. 

The primary aim of this review is to consolidate the insights that these structures 

bring to our developing understanding of the functions and deleterious behavior 

of TDP-43 and to highlight the location of both established and proposed post-

translational modifications.  

I. Structure Overview 

TDP-43 is composed of a well folded N-terminal domain (NTD), two 

highly conserved RNA recognition motifs (RRM1 and RRM2), and a glycine-

rich C-terminal domain (Fig. 1).    

a. The N-terminal Domain and Nuclear Localization Signal 

 

i. Organization/oligomerization of the N-terminal Domain (NTD, 
amino acids 1-77) 

The TDP-43 N-terminal domain has been shown to form dimers and 

higher-order oligomers both in vitro and in the cell37–45 with a single dissociation 

constant of approximately 70 μM, indicating absence of cooperativity in binding 

of subunits45.  Unlike pathological aggregates, which are hyperphosphorylated 

and ubiquitinated23,46, reversible formation of TDP-43 polymers through the 

NTD has been shown to be required for splicing activity42–45 and to contribute 

to phase separation via liquid-droplet formation42,45, thought to contribute to 

formation of cytoplasmic stress granules47.  The NTD is also the site of one of 
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three predicted mitochondrial targeting sequences16, conserved phosphosite 

Ser 4845,48, as well as potential, albeit weak, nucleotide binding39,49–51. Thus far, 

five 3-dimensional structures of the NTD have been published, including three 

monomeric43,44,50 and two dimeric structures42,45.  Structural alignment shows 

that the overall folds are highly similar, with backbone root-mean-square 

deviations (RMSD) of 0.5 - 2.5 Å for individual subunits (Table 1). 

The NTD monomer consists of six β-strands and a single α-helix 

arranged in a ubiquitin-like β-grasp fold, similar to the DIX domain of Axin 150 

(Figure 2A). The DIX domain is known to facilitate both homo- and hetero-

oligomerization52.  Consistent with this, the dimeric NTD structures revealed a 

head-to-tail configuration of subunits42,45 (Figure 2B).  As noted by Wang et al., 

these two structures are very similar overall, differing by a moderate rotation 

and shift between subunits45, likely due to differences in experimental 

conditions. In both cases, the interface is formed mainly by charged and polar 

residues42,45.  Comparison with the monomeric structures shows that upon 

dimerization, a surface-accessible and mobile loop becomes more structured 

as it participates in the interface (Figure 2A, B). Phosphosite Ser 48 is also 

shifted toward the interface where it is involved in hydrogen bonding 

interactions (Figure 2C, D).  It has been shown that mimicking phosphorylation 

at this site disrupts self-association of the NTD and affects splicing function45.  

Additionally, one of three mitochondrial targeting sequences (F35 – L41) occurs 

in the loop following the α-helix (Figure 2A, B), discussed in more detail below 

(see section III, Mitochondrial Targeting) .  Finally, crystal-packing symmetry in 

the X-ray structure suggests that the NTD alone can form a superhelical 

structure42, but the relevance of this supra-assembly for higher-order 

oligomerization of the full-length protein is unclear.  

 

ii. The TDP-43 Linker and Nuclear Localization Signal (NLS, amino 
acids 78-100) 

The canonical, positively charged, bi-dentate nuclear localization signal 

(NLS, Fig. 1) occurs in the linker between the NTD and the RNA-binding 

domains.  The NLS is recognized by Importin-α for active transport of TDP-43 

into the nucleus53–56. However, the NLS can be disrupted by caspase cleavage 

at Asp 8957 or by initiation at the alternative start site, Met 8558,59 resulting in 
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accumulation of TDP-43 in the cytoplasm, an event generally agreed to result 

in formation of insoluble aggregates54,60. In one study, the SNP A90V was 

shown to result in mild disruption of the NLS and low-level mislocalization54.  

However, this SNP was also identified in one healthy control in the same study 

and two additional healthy persons in another study61, leaving the clinical 

significance of this substitution in doubt.  
Only one structure to date contains the entire linker and this structure 

shows that the NLS is quite mobile (Fig. 2E).  The flexibility of this linker leads 

us to speculate that the connection between the NTD and RNA-binding 

domains is dynamic, allowing the arrangement of these domains to change with 

NTD-self association, RNA binding, post-translational modifications, and/or 

interactions with other proteins. 

 
iii.  Nucleic acid binding by the NTD and Linker 

 Several studies have hinted at the ability of TDP-43 NTD to interact with 

nucleic acids39,50,51. While Chang et al. did not find a significant binding for TDP-

43-NTD1-105 to single stranded DNA (TG)6, the presence of TDP-43-NTD1-105 

did increase by three-fold the affinity of TDP-43 for this nucleic acid sequence 

compared to RRMs only39. An independent study proposed, using HSQC-NMR, 

the ability of the folded form to bind ssDNA (TG)6, RNA (UG)6 but not ss(TT)6, 

suggesting a specificity component in the binding51. While Qin et al. did not 

observe a binding event implicating the NLS (81–102), a third study showed a 

binding of this positively charged region to both ss(TG)6 and ss(TT)6 and report 

a Kd < 150 µM50. Even though the nucleotide binding interface of the NTD 

remains to be determined, it seems clear that the TDP-43 NTD and NLS serve 

as a structural support for nucleic acid binding and might contribute to specificity 

towards certain nucleic acid sequences.  

b. The RNA-Recognition Motifs (RRM1-RRM2) 

i. RRM-nucleic acid binding 
The RNA-recognition motifs of TDP-43 span amino acids 106-177 

(RRM1) and 192-259 (RRM2), each of which contain two highly conserved 

short sequence motifs known as RNP-1 (octameric sequence: KGFGFVRF in 

RRM1 and RAFAFVTF in RRM2) and RNP-2 (hexameric sequence: LIVLGL in 
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RRM1 and VFVGRC in RRM2) (Fig. 1) required for nucleic acid binding. To 

date, there are four structures of RRM1, two structures of RRM2 and one of the 

tandem RRM1-RRM2. These structures are highly similar, with RMSD ranging 

from 0.84 to 1.37 Å (Table 1). 

Both RRMs fold into a 5-stranded beta sheet stacked against two alpha 

helices with the conserved RNA-binding aromatic and hydrophobic residues 

located in the β-sheets, shown to form stacking interactions with the bases and 

the sugar rings of single-stranded RNA or DNA. These tandem RRM domains 

bind nucleic acid in the 5’ to 3’ direction, opposite to typical tandem RRMs62,63 

(Fig. 3A). Interestingly, compared to typical 4-stranded RRMs, the TDP-43 

RRM1 and RRM2 both contain a supplementary β-strand thought to be 

necessary for structure stability64.  

Studies have consistently shown preferential binding of TDP-43 to 

(TG)/(UG) sequences10,63,65–69. RRM1 is known to be sufficient and essential 

for proper nucleic acid binding as its affinity is in the low nanomolar range for 

the canonical UG-rich sequence, while RRM2 is not68,69.  RRM1 was shown to 

be able to bind other motifs, consistent with62,  A3(GG)4A3,  via a distinct 

binding site implicating Arg15165. R151A did not impact sequence recognition 

of the RRM1-RRM2 tandem construct while substitution of E246 or D24763 

were able to decrease the specificity for RNA sequences. The authors 

concluded that E246 and especially D247 were crucial in the structure of RRM2 

and the nucleic acid binding. Indeed, D247 is stabilizing the RRM1-RRM2 

orientation when RNA is bound to the protein by making a salt bridge with 

Arg151 of RRM163 (Fig. 3C).  

The recognition of nucleic acid sequences is achieved by an interaction 

between the two RRMs, which is typical of proteins that contain several RRMs, 

and RRM2 is being considered as a switch to regulate the sequence-specificity 

in the substrate binding of TDP-43 by hiding Arg15165. Cooperation between 

RRM1 and RRM2 also explains why TDP-43 affinity for nucleic acids increases 

with the length. Kuo et al. reported a large affinity increase between 4 and 6 

nucleotides long, which approximately corresponds to the distance between 

both nucleic acid binding sites (~22Å) 64 (Fig. 3A). Additionally, the RRMs are 

connected by a highly flexible loop (178-191), thought to confer adaptability to 
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different nucleic acid partners by allowing different orientations of the RRM 

domains68,70. 

Although it is believed that TDP-43 binds thousands of different 

transcripts, there are only co-structures with UG or TG repeat RNA and DNA. 

Given that RRM1 was suggested to bind non-UG/TG rich sequences via a site 

distinct from RNP sequences, structural characterization of TDP-43 with non-

canonical motifs might yield interesting novel data on TDP-43 binding to nucleic 

acid. 

  

ii. Amyloidogenic cores 
 Although RRM1-2 are structurally well-folded and mostly known for 

interaction with nucleic acids, several studies have now suggested the 

presence of amyloidogenic cores and the ability of these domains to misfold 

and participate in either nucleation or propagation of TDP-43 aggregation in 

ALS64,71. Two regions of interest have been identified in ALS patients but not in 

well-folded non-pathological TDP-43: residues 166–173 in RRM164 and 246–

255 in RRM271.  

 Residues 166–173 in RRM1 occur in a reasonably accessible loop (50% 

accessibility) (Fig. 3B). Intriguingly, one of the two disease linked mutation in 

the RRM domain is D169G. While this mutation had no effect on TDP-43 RNA 

binding, the mutation stabilized TDP-43 and induced a loss of hydrogen bond 

with T115 resulting in a local conformational change72. D169G seemed to have 

no impact on aggregate formation but rather increased caspase cleavage64,72. 

 Residues 246–255 in RRM2 lie between RRM1 and RRM2 and are not 

exposed in the folded state (27% accessibility) (Fig. 3C). In vitro experiments 

have shown the ability of peptides encompassing residues 246-255 to 

participate in the formation fibrillar structures73. The minimal sequence 

EDLIIKGISV is necessary and deletion of the first as well as the second 

residues resulted in reduced aggregation73. Moreover, substitution of E246 or 

D247 to glycine residues in the RRM2 protein induced the formation of fibrils71. 

A recent structural study showed the ability of 247-DLIIKGISVHI-257 peptide to 

present amyloid polymorphism characterized by different backbone 

conformations as well as seven distinct steric zipper arrangements, a common 

structural feature of amyloid proteins74 (Table 1).  
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Interestingly, those two regions, 166–173 and 246-255, are the target of 

several pathological modifications- caspase cleavage, oxidation, ubiquitination. 

Those post-translational modifications will be discussed later in the manuscript 

(see III. Post-translational modifications).  

 

iii. Former NES 
Until 2018, TDP-43 was thought to have a Nuclear Export Signal in 

RRM2: 239-IAQSLCGEDLI-249, that was predicted to be a substrate of the 

nuclear export factor exportin-1 (XPO1/CRM1)14,54. The lack of experimental 

validation, the poor fit of this sequence to the XPO1/CRM1 consensus 

sequence (Φ1-X2,3-Φ2-X2,3-Φ3-X-Φ4, where Φn represents Leu, Val, Ile, 

Phe, or Met and X can be any amino acid), the fact that most validated NES 

are found in unstructured regions contrary to the location within the well-folded 

RRM2, and the limited surface accessibility of some residues in TDP-43 NES 

sequence, led three independent groups to further investigate TDP-43 export 

to cytoplasm.  They all found that (i) inhibition of XPO1 either by siRNA or 

inhibitors (leptomycin B -LMB-, as well as selective inhibitors of nuclear export 

-SINE) or overexpression of XPO1 had no effect on TDP-43 localization to 

cytoplasm, (ii) TDP-43 NES fused to GFP or YFP did not induce a specific 

localization to cytoplasm of the constructs53,56,75. Moreover, Pinarbasi et al. 

showed weak affinity of TDP-43 “NES” for XPO1, in the micromolar range53. 

While Archbold et al., suggested, with limited effect, a redundant mechanism of 

active nuclear export, implicating XPO7 (Exportin 7) and NXF1 (Nuclear RNA 

export factor 1), both Pinarbasi et al. and Ederle et al. showed a passive 

diffusion mechanism, slowed down by size and inhibited by newly synthesized 

RNA binding.  

Interestingly, mutations in TDP-43 NTD, L27A and L28A, both leading to 

monomeric TDP-43, decreased and abolished TDP-43 splicing function 

respectively and induced a partial or complete cytoplasm localization43. Foglieni 

et al. also showed, using split-GFP technology which allows detection of weak 

and/or transient species, that dimeric TDP-43 was only nuclear76. Since passive 

retention in the nucleus was recently suggested as the preferred way to retain 

proteins in the nucleus77, it is likely that dimeric species of TDP-43 bound to 

RNA and other RNA related machineries will be nuclear and the free 
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monomeric protein will be able to diffuse out to the cytoplasm. This may explain 

how TDP-43 shuttles between nucleus and cytoplasm in a transcription-

dependent manner14. 

In light of this, results showing that the TDP-43-”ΔNES” 

(I239A/L243A,L248A/I249A/I250A) did not induce TDP-43-related toxicity in 

Drosophila and cell lines54,78 remain puzzling. Pinarbasi et al. suggested that 

contrary to early hypothesis stipulating that TDP-43-ΔNES inhibited TDP-43 

cytoplasmic distribution, the neuroprotective effect of TDP-43-ΔNES arises 

from the disruption of TDP-43 splicing function53. The authors compared TDP-

43-ΔNES to the F147/149 L mutation, also able to disrupt splicing function and 

to alleviate overexpressed TDP-43 toxicity in D. melanogaster. This might seem 

surprising at first, since, contrary to F147 and F149, I239, L243, L248, I249 and 

I250 are not localized at the RNA interface (Fig. 3C). But, those residues are 

localized at the interface between RRM1 and RRM2 and any modification of 

those contacts seems to lead to loss of RNA binding, similar to D247 mutations. 

However, E246 and D247 mutations resulted in a misfolded TDP-43 protein, 

reduced TDP-43 solubility and induced protein aggregation71.  

Since part of the “NES” overlaps with the amyloidogenic core 2 (residues 

246–255, Fig. 3C), we hypothesized those mutations would modify the 

amyloidogenicity of this sequence. We used Aggrescan, an online software that 

predicts amyloidogenic cores and was previously used on TDP-4379. The 

comparison of TDP-43-WT versus TDP-43-”ΔNES” shows a suppression of the 

known amyloidogenic core at residues 244-255 (Fig. 4), exposed in ALS 

patients71,73. Nevertheless, without thorough structural analysis of the effects of 

those mutations on TDP-43, no clear conclusions can be drawn. 

c. The Aggregation-Prone C-terminal Domain (CTD, amino acids 260-414) 

 

TDP-43 CTD is the site of about 50 disease-linked mutations80 as well 

as most of the phosphorylation sites (Fig. 1), and has thus been examined 

extensively, but due to its disordered nature, all structural studies of the CTD 

have been of fragments. The TDP-43 CTD has been shown to be required for 

TDP-43 splicing activity81–83, including autoregulation8, and is the site of 
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interaction with several protein partners such as UBQLN284, FMRP85 and 

hnRNP86,87. 

 

i. Organization of the CTD 
The CTD is able to form secondary structural elements that have been 

observed by crystallography and electron microscopy (Table 1) and distinct 

subdomains have been established: two Gly-aromatic-Ser-rich (GaroS) 

regions, and an amyloidogenic core divided into a hydrophobic region, and 

Q/N-rich region88 (Fig. 1). 

The GaroS regions (residues 273-317 and 368-414) are similar to 

regions in FUS proposed to interact within RNA granules88 and contributing to 

the formation of hydrogels89, also termed LLPS (liquid-liquid phase separation, 

see below).  

The hydrophobic region (residues 318-340) can adopt both helical and 

Thioflavin-T-positive filaments consistent with β-amyloid90–93. The first structure 

determined in a lipid-like environment showed an omega-loop-helix structure 

(Ω-loop-helix, residues 320-343)92.  This was confirmed with a slightly longer 

construct determined under non-lipid conditions that showed a helix-turn-helix 

(Fig. 5) that was disrupted by G335D and Q343R mutations93.   

Likewise, Q/N rich regions (residues 341-369) were observed to form 

amyloid and amyloid-like aggregates91.  More recent structural studies 

identified 6 segments that form classic steric zippers and contribute to 

pathogenic aggregation94 (Fig. 10), confirming the helix-to-sheet transition of 

the hydrophobic region and identifying additional aggregation-prone segments.  

This study also showed that the Omega-loop region, required for neurotoxicity95 

can form Low complexity Aromatic-Rick Kinked Structures (LARKS) which can 

be affected by mutation and phosphorylation74,94.  These segments stack into 

kinked beta sheets, forming reversible (Velcro-like) associations thought to play 

a role in protein interactions and were hypothesized to play a role in reversible 

association of the CTD as well as pathogenic aggregation by bringing adjacent 

amyloid-forming segments together94.  Finally, multiple lines of evidence 

strongly suggest that the Q/N region also forms extended β-hairpin 

structures88,91,96. 
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ii. Liquid-liquid phase separation and aggregation 
Conflicting data exists for the contribution of the CTD to TDP-43 

aggregation. Multiple studies point to the C-terminus essential to aggregation 

and pathology90,91,93,97–100. Others have shown that the CTD is not sufficient, 

but rather that the CTD combined with the RRM2 is required for significant 

accumulation of aggregates in cellular models41,101–103.  And indeed, as 

discussed above, the RRM domains contain amylogenic sequence elements 

that contribute to aggregation64,71,72,74 and constructs lacking the CTD have 

been shown to aggregate as well104.   

Further complicating the picture is the recent identification of the role of 

reversible self-association, generally termed LLPS (liquid-liquid phase 

separation) which is thought to initiate formation of SGs and to which both the 

NTD and CTD seem to contribute42,45,49,81,105–107.  The conditions under which 

TDP-43 undergoes LLPS are highly sensitive to the conditions of the 

experiment49,81,106. Moreover, interaction between the CTD and charged 

nucleic acids, specifically ssDNA, can increase the CTD’s ability to undergo 

LLPS, thought to occur via the many aromatic and pi interactions49. Despite a 

lack of direct modulation of LLPS formation by charged residues, it was found 

that arginine residues played an integral role in changing the material properties 

and dynamics of the droplets formed by TDP-43. Interestingly, Mompean et al. 

suggested that electrostatic repulsion modulates the formation of TDP-43 

aggregation108. 

The link between LLPS and aggregation is unclear, but several studies 

provide compelling evidence that time is a key factor:  LLPS is important for 

formation of membraneless organelles, including stress granules (SGs, 

recently reviewed in109). As SGs age, they tend to lose their dynamic nature, as 

a result of formation of protein fibrils thought to result in  development of 

irreversible granules45,107,110,111. In addition, some mutations within the CTD 

were shown to alter propensity for LLPS93, in addition to altering splicing 

function112. 

II. Post-translational Modifications of TDP-43 
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TDP-43 undergoes a significant number of post-translational 

modifications (Fig. 1). Most of them are associated with pathological TDP-43 

and are a hallmark feature of TDP-43 proteinopathy. Another recent review that 

focuses on a mechanistic perspective has described several post-translational 

modification of TDP-43 in a context of health and disease113. Our goal is to 

bring a structural point of view on those modifications. 

 

i. Oxidation 
Oxidative stress is a hallmark feature of neurodegenerative diseases 

and ALS was suggested as a cysteninopathia, an aberration of cysteine 

residues modifications114. It has been hypothesized that the generation of ROS 

could trigger some TDP-43 pathology115. The authors treated cells with various 

stressors that generate ROS using different pathways, i.e. H2O2, arsenite, heat 

shock and cadmium, and found a dramatic shift in TDP-43 solubility, attributed 

to a direct modification of TDP-43 via cysteine oxidation. All TDP-43 cysteine 

residues were suggested as targets: Cys173, Cys175, Cys198, and Cys244 as 

the major redox-regulated cysteine residues and Cys39 and Cys50 to a much 

lesser extent. The authors further reported intramolecular and intermolecular 

disulfide bonding implicating Cys173, Cys175, Cys198, and Cys244. Since 

Cys39 and Cys50 are about 22-24 Å apart (Fig. 6A), intramolecular disulfide 

bonding between those two residues is very challenging and a study on NTD 

oxidation did not describe any aggregation116. Cys39 and Cys50 are known to 

be in the dimeric interface of TDP-43 NTD and mutations of those residues into 

Serine induced a weaker oligomerization compared to wild-type, suggesting 

those cysteines to have contribution into assembly45.  
The distance between Cys173 and Cys175 is 5.1 Å and between 

Cys198 and Cys244 is 15.5 Å, intramolecular disulfide bond formation seems 

unlikely on a native TDP-43 structure (Fig. 6B and C). An independent study 

demonstrated the sequential oxidation of RRM1, with Cys173 being 

preferentially oxidized and leading to a conformational change allowing Cys175 

to be modified and a subsequent formation of cross-linked dimers116. It is worth 

noting that Cys173 is the least accessible of the six cysteine residues and the 

less likely to be oxidized in the full-length protein, based on predictions by RSC 

oxidation prediction, an online web server able to predict the occurrence of 
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redox-sensitive cysteine within the protein sequence 

(https://biocomputer.bio.cuhk.edu.hk/RSCP/download.html)117 (Fig. 6D). 
Analysis of the tandem RRM1-RRM2 structure63 shows that Cys173 and 

Cys175 make contacts with residues in the RRM1. Loss of those contacts by 

oxidation could explain the exposure of amyloidogenic residues 166-173, since 

Cys173 and 175 were shown to control both correct and aberrant folding of 

TDP-43 in ALS depending on the freedom of their thiol group64.  

Given the proximity between oxidation sites and the disease-exposed 

regions of TDP-43 retrieved in ALS patients (166-173 and 246-255) as well as 

cleavage sites, the early misfolding of TDP-43 by oxidation, upstream of 

ubiquitination, phosphorylation, and fragmentation, as suggested in Cohen, 

2012115, is an attractive hypothesis. Moreover, disease-linked mutations 

G348C and S379C, which introduce a new cysteine residue in TDP-43, were 

shown to undergo oxidation, generating cross-linked TDP-43 species, further 

supporting the role of early oxidation in TDP-43 misfunction115. 

 

ii. Acetylation  
Lysine acetylation is a post-translational modification associated with 

various pathways including RNA  processing, cytoskeleton association, and 

cellular signaling among others (see118 for an exhaustive list). Recently, 

acetylation has been associated with aggregating proteins such as Tau119, 

Huntingtin120, and SOD1121. 

A recent study identified two main sites of acetylation in TDP-43, Lys145 

and Lys192 (Fig. 7A-B)122. Generating acetylation mimics (K145Q and/or 

K192Q) led to the formation of nuclear speckles, and cytoplasmic aggregates 

when the TDP-43-nuclear localization signal was impaired (TDP-43 ΔNLS). 

The acetylation-null mutant (TDP43-2KR) was diffuse, even when TDP-43 NLS 

was impaired, supporting acetylation of TDP-43 as a pathological modification 

of the protein. TDP-43 K145Q mutant exhibited decreased nucleic acid binding 

that translated into decreased splicing function122. This is not surprising, K145 

is part of RRM1 RNP-1 motif and K192 of RRM2 RNP-2, they are both 

moderately accessible in the free protein (Fig. 7C), and acetylation is a PTM 

known to modulate protein-nucleic acid binding123,124 by neutralizing the 

electrostatic interface.  
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Nevertheless, residues K145 and K192 were not found acetylated in a 

recent study using mass spectrometry on TDP-43 inclusions in ALS brains of 

two different patients125. The authors describe instead Lys82 as being modified, 

hence suggesting heterogeneity between patients. Acetylation at Lys82, found 

in TDP-43 NLS, could impair proper shuttling to the nucleus and act as a 

pathological event. Prediction of acetylation sites using ASEB (A Web Server 

for KAT-specific Acetylation Site Prediction, 

http://bioinfo.bjmu.edu.cn/huac/)126–128 shows a high potential of Lys82 as well 

as Lys192 (Fig. 7D), while K145 were less likely to be modified. The implication 

of those two Lysines in disease remains to be further examined. We also 

probed for mutations that could enhance acetylation, Q331K and N345K, and 

found that they both are predicted as possible sites of acetylation. It would be 

intriguing to look for these acetylation sites in the brain of patients with these 

acetylation enhancing mutations. 

 

iii. Zinc binding 
A recent study described the ability of zinc ions to bind TDP-43 with an 

affinity in the micromolar range. Binding of Zinc was shown to increase TDP-

43 thermostability and formed Thioflavin-T-positive aggregates, reminiscent of 

amyloid nuclei79. Zinc treated SY5Y neuronal-like cells recapitulated several 

hallmarks of TDP-43 proteinopathy including reduced expression, formation of 

small nuclear inclusions, and diffuse cytosolic localization. The treatment 

however, did not cause formation of CTD fragments, ubiquitination or 

phosphorylation of TDP-43129. Although an indirect route was not ruled out, 

especially via the generation of ROS through NMDA- or mitochondrial-

mediated pathways by Zn2+, zinc ions are also known to bind and promote in 

vitro aggregation of Tau130, alpha-synuclein (αSyn)131 and Amyloid-β 

Peptide(Aβ)132. Altered zinc homeostasis is also suggested as a risk factor for 

several neurodegenerative disorders such as ALS or Alzheimer’s disease (see 

review133). Even though this is still a matter of debate given the relatively poor 

affinity of zinc for those proteins (in the micromolar range), direct contribution 

of zinc to TDP-43 aggregation could lead to complexes actively producing ROS 

similar to Aβ and αSyn134, and further amplifying toxicity.  
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The predicted binding sites of Zn2+ in TDP-43 RRM domains79 contains 

Cys residues, modified upon oxidative stress115, and especially Cys173 and 

Cys175 in RRM1116 (Fig. 6B) that govern aberrant self-assembly at 

amyloidogenic cores64. Even though Zn2+ binding is well-known to protect 

cysteine residues from oxidation, it has been suggested that some metal-

binding cysteines could undergo redox modifications135. Complexing those Cys 

residues by zinc ions might have an effect similar to oxidation and might lead 

to misfolding of the protein.  

 

iv. SUMOylation 
 SUMOylation is a post-translational modification where a small ubiquitin-

like modifier (SUMO) sequence is added to a Lysine residue within a SUMO-

interaction motif, CKXE/D, C being a large hydrophobic amino acid. 

SUMOylation was suggested to be a pathological event in ALS, since 

superoxide dismustase 1 (SOD1), Fused in Sarcoma (FUS) and TDP-43 were 

found SUMOylated136,137  which resulted in an increase aggregation of those 

proteins. In addition, TDP-43 aggregated in inclusions was found SUMO 

positive following overexpression in mouse primary neurons138.  

To date, there is still no confirmation on where the modification occurs 

on TDP-43, all the SUMOylated sites described in Fig. 8A were found in two 

high-throughput studies139,140. Prediction site SUMOPlot confirmed K136 as 

being the most likely to be SUMOylated (Fig. 8B) which is consistent with the 

suggestion in136. But given the poor surface accessibility of K136 SUMO motif 

(30% in the free protein and 27% when TDP-43 is in complex with RNA), 

SUMOylation at this site is unlikely on a native structure and SUMOylation at 

residues K84 or K140 seem more likely to occur on a folded TDP-43. While 

experimental data is necessary to validate the SUMOylation sites, we can 

speculate that SUMOylation of K84 would disrupt TDP-43 NLS and active 

transport from cytoplasm to nucleus and SUMOylation at K136 would be the 

most detrimental by affecting interactions between RRM1 and RRM2 domains 

as well as RNA binding (Fig. 8C, D). 
 

v. Phosphorylation 
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 Abnormal phosphorylation of TDP-43 in ALS has been described as a 

hallmark feature of cytoplasmic aggregates in ALS/FTLD23,46. Indeed, 

phosphorylation on serine residues 403/404 and/or 409/410 is considered a 

consistent reference marker of disease18. Most pathological phosphorylations 

that occur in the CTD of the protein46 (Fig.1), are thought to happen as a later 

event, and to accumulate on the protein as it is trapped in the cytoplasm over 

time, depicting attempt from the cellular machinery to trigger degradation125,141.  

The effect of those phosphorylation events on TDP-43 remains unclear 

but might be correlated with (i) the site of phosphorylation, (ii) the 

phosphorylation machinery and (iii) the cellular environment, i.e. health vs 

stress vs disease. Several studies point out the propensity of phospho-null 

mutant to increase aggregation while phospho-mimic mutant had the opposite 

effect142,143. On the contrary, another group have reported increased 

accumulation of TDP-43 following phosphorylation by truncated Casein Kinase 

1δ144. Phosphorylation at T153 and Y155 by MAPK/ERK Kinase was not 

associated with protein accumulation and TDP-43 remained soluble but its 

capacity to bind nucleic acid was reduced, which could be consistent with a 

second RNA binding site on RRM1145 (see section I.b.i).  

 Finally, about half of the known disease-linked mutations in TDP-43 will 

either create potential phosphorylated sites (new Ser or Thr residues), remove 

phoshorylation sites (elimination of Ser or Thr residues) or introduce a 

phosphomimic residue (Asp and Glu) (Fig. 1), arguing that pathogenesis based 

on phosphorylation alone may be unlikely. 

 
vi. Ubiquitination 

 Ubiquitination was one of the first pathological modifications of TDP-43 

that was discovered17,23,146. This post-translational modification results in the 

covalent attachment of a small regulatory protein (8.6 kDa) -ubiquitin- catalyzed 

by a sequential cascade of enzymes, similarly to SUMOylation, and is well-

known for its role into protein degradation. 

 A recent mutagenesis study coupled with mass spectrometry was able 

to find several ubiquitinated sites and suggested a proteasome and 

autophagosome targeting function of TDP-43 ubiquitination147. The authors 

validated K84 and K95 as being modified and showed only K84 to affect nuclear 
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import while K95 seemed to impact CTD phosphorylation. To note, those two 

modifications seemed to have no effect on TDP-43 solubility. Residues K160, 

K181 and K263 in the RRM domains, were also validated, but the authors did 

not pursue further those sites. Mapping of those residues as well as surface 

accessibility calculations (Fig. 9) indicate that (i) K263 is the most accessible 

to modification (which is consistent with predictions using UbPred 

(http://www.ubpred.org)148, and modification of this residue could result in direct 

RNA binding reduction, (ii) K181 modification would be detrimental to TDP-43 

structure possibly by modifying interactions between RRM1 and RRM2 

especially via loss of contact with the critical residue D247 (see RRM domains 

section for discussion of this residue) or by affecting RRM-NTD interactions 

since it is close to the linker and (iii) K160 modification would be the less 

detrimental,  even though it has potential contacts with F127 and T157. The 

authors further noticed a lack of ubiquitination localized in the CTD when 

considering the full-length TDP-43, which was surprising at first since they 

previously observed major ubiquitination in a CTF fragment of TDP-43 

(residues 193-414)149. Thus, this observation suggests CTD ubiquitination 

might only occur post TDP-43 cleavage. While ALS-linked mutations Q331K 

and N345K did not induce further ubiquitination, K263E, very surprisingly led to 

enhanced ubiquitination that was attributed to ubiquitination to redundant 

sites149. Interestingly, K263 exhibits higher propensity to form aggregates150. 

 

vii. Cleavage  
 An additional consistently observed aberration is the accumulation of 

fragmented TDP-43 in cytoplasmic aggregates17,151–154. These fragments appear to be 

the result of caspase cleavage at several sites (Fig. 1).  Cleavage at D89-A90 results 

in a 35 kDa fragment (TDP-35) that lacks the NTD and disrupts the NLS but is correctly 

folded152.  Sites at D169-G170 and D174-C175 are both associated with the 25 kDa 

fragment (TDP-25) which lacks the NTD, NLS and most of RRM1155,156 (Fig. 
3B).  Additional sites occur at M218-D219 and E246-D24719,157 (Fig. 3C). All of these 

cleavage events lead to disruption or elimination of TDP-43 NLS, trapping the protein 

in the cytoplasm158 and enhancing protein aggregation159.  Notably, D169-G170, D174-

C175, and E246-D247 are located at or in the amyloidogenic cores and as such, 

cleavage might help in exposing those sequences. Alternatively, early unfolding 

initiated by other PTMs, for example oxidation of Cys 173 or Cys 244, might result in 
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exposure of those regions, increasing cleavage activity. Further, disease-linked 

mutations, A90V and D169G156, link those cleavage sites to pathological forms of TDP-

43. 
 

viii. PARylation 
PAR is a post translational modification that conjugates several ADP-

ribosyl units by members of the poly(ADP-ribose) polymerase (PARP) family, 

to generate long and highly negatively charged linear or branched polymers160, 

in PAR-binding modules. One of the PAR-binding modules is the PAR-binding 

motif (PBM, typically HKR]1-X2-X3-[AIQVY]4-[KR]5-[KR]6-[AILV]7-[FILPV]8) 

where Lys, Asp and Glu can be modified (see 160 for full review, and 161 for 

structural insight). Multiple PBMs can be found in the same protein and can 

increase interaction of target protein with PAR conjugation system162. 

PARylation has been linked to DNA damage repair, unfolded protein response 

and cellular stress response among other (see163 for a full list and description). 

Interestingly, mammalian stress granules have been shown to contain PAR164. 

In a search for genetic modifier of TDP-43 toxicity, McGurk et al. found 

that downregulation of tankyrase (a PAR catalase) reduced degeneration of the 

Drosophila eye linked to expression of human TDP-43165. Sequence alignment 

led McGurk et al. to find two regions of interest with 80% and 63% of fitting to 

the canonical PBM, which turned out to overlap with the bipartite NLS of TDP-

43 (Fig. 1) and which they experimentally validated. Not only did expression of 

TDP-43-ΔPBM induce a cytoplasmic localization of the protein, it also excluded 

the protein from stress granule assembly. Such a PARylation, close to TDP-43 

NLS, may serve as steric hindrance to mask TDP-43 NLS and is coherent with 

the need to avoid active shuttle to nucleus when the protein is needed in stress 

granules.  

Moreover, TDP-43 was able to form LLPS in the presence of PAR while 

TDP-43-ΔPBM produced an aberrant phase transition. ALS associated TDP-

43 fragments (TDP-35 and TDP-25), lacking partially or totally the PAR binding, 

were not able to co-localize to stress granules nor undergo correct liquid phase 

demixing. 
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III. Mitochondrial Targeting  

 Several studies have found TDP-43 localization to 

mitochondria15,16,166,167 but others have failed to find such an association168,169. 

Nevertheless, one study was able to predict several mitochondrial targeting 

sequences in TDP-43, named M1-M616 (Table 2, Figs. 1 and 10) and 

experimentally validated three of them as main mitochondrial signals (M1, M3 

and M5). Deletion of each of those three signals greatly reduced TDP-43 

mitochondrial localization, but did not abolish it, suggesting the need for 

multiple sequences in the import process. It was further proposed that 

mitochondrial import of TDP-43 occurred through TOM70/TIM22 complexes, 

known to mediate translocation of proteins that do not carry a classical matrix-

targeting signal and has been shown to bind multiple internal mitochondrial 

motifs170. 

With the likely exception of M5, located in the unstructured CTD of TDP-

43, none of the mitochondrial signal are surface accessible in the well-folded 

protein (Table 2). While this is consistent with a very limited -if any- 

mitochondrial localization of TDP-43 in normal conditions16, the question 

remains as to how TDP-43 gets translocated in mitochondria in a pathological 

context. We suggest that several events, among others, could contribute to this 

state. (1) TDP-43 abnormally interacts with the mitochondrial chaperone Hsp60 

in ALS83. Fused in sarcoma (FUS) protein, another ALS-linked protein, was also 

shown to have pathological interaction with Hsp60 which increases its 

mitochondrial localization171. Increased Hsp60 binding could explain 

exacerbated mitochondrial localization. (2) The heat shock protein Hsp70 is 

known to be implicated in mitochondrial import172  and to bind TDP-43 as well 

as dissolve TDP-43 aggregates and rescue toxicity173,174. It has been shown 

that Hsp70 is reduced and mislocalized to aggregates in SOD1 mutants mice 

(ALS model)175,176. Moreover, defects in cytosolic Hsp70 led to enhanced entry 

of misfolded proteins into mitochondria and elevated mitochondrial stress in 

yeast, which is believed to translate into humans177. An abnormal Hsp70 could 

lead to exacerbated mislocalization of TDP-43 in mitochondria. (3) Interestingly, 

M3 mitochondrial sequences is localized at nucleic acid binding site (RNP-2 of 

RRM1) and accessibility of the mitochondrial signals are greatly affected by 

RNA binding (Table 2). Since RNA was shown recently to be 
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neuroprotective178,179, loss of RNA binding could hence promote TDP-43 to 

localize in mitochondria. (4) Mutations in TDP-43 could contribute to 

mislocalization to the mitochondria.  G298S, occurring in M5, was shown to 

increase mitochondrial import in patient fibroblasts and cell lines16. This 

mutation might thus make the mitochondrial signal more accessible. 

Alternatively,  Misfolding or unfolding, either local or total, of TDP-43 could help 

in exposing the mitochondrial targeting sequences and subsequent interaction 

with mitochondrial import machinery. For example, C39 occurs in M1 and has 

been shown to be oxidized, which might help in TDP-43 unfolding. Although the 

crystal structure of the dimeric TDP-43 NTD, which contain dimethylarsino-

modified C39 and C50, does show a small increase in the distance between 

the monomers compared to the dimeric NMR structure, M1 is not significantly 

more surface exposed42,45 (Fig. 10). Another example would be acetylation at 

K145, localized just at the N-terminus of the M3 signal and is the first residues 

of RNP-1 in RRM1. Finally, phosphorylation of TDP-43 was shown to increase 

mitochondrial localization16 since the phospho-mimic G298D induced 

increased mitochondrial TDP-43 and phospho-null G298A reduced it. 

 

CONCLUDING REMARKS  
 

TDP-43 is an essential protein, found in all higher eukaryotes3.  It is 

ubiquitously expressed throughout CNS development and into adulthood180, 

mainly in the nucleus181,182 and in the cytoplasm and mitochondria to a lesser 

extent. TDP-43 is mislocalized in the cytoplasm of cells in the presence of 

mutations in the context of neurodegenerative diseases. Possible mechanisms 

of pathophysiology include mislocalization due to excessive PTMs, 

aggregation, segregation of RNA in stress granules. All these mechanisms are 

driven or modulated by effects on the three-dimensional structure of TDP-43.  

Solving the three-dimensional structure of the entire protein has been 

challenging due to large disordered domain and flexible linkers between 

domains. Differentially dissected constructs of TDP-43 have been used to try 

to classify TDP-43 interdomain interactions, if any, in order to understand the 

full protein structure-function relationship. Characterization of these constructs 

using NMR concluded that TDP-43 has dynamic interdomain interactions and 
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implied an interaction between N-terminus and C-terminus that contributes to 

its pathology183,184. But overall, inter-domain characterization is still 

underdeveloped. Further structural advances may be possible with Cryo-EM, 

but the flexible domains will still be problematic. It is more likely that defining 

direct binding partners of TDP-43 will be more fruitful in defining structural 

elements not defined in the apo protein. It is also clear from this review, many 

PTMs will undoubtedly change the protein structure as well as influence binding 

to other partners. 

An additional unanswered question is whether full-length protein as 

higher order oligomers is implicated in RNA splicing. It is typical of RNA-binding 

proteins with multiple RRM motifs for increased specificity and affinity to form 

higher order oligomers; hnRNP proteins, for example, bind in tandem to RNA. 

For TDP-43, polymerization through the NTD has been shown to be implicated 

in splicing (Afroz, 2017). A better understanding of oligomerization and the 

effect on splicing will be necessary to define how the core TDP-43 function 

(RNA binding) may be modulated by other structural regions.   

Another level of complexity arises from the contribution of the CTD to 

the diseased state that includes a wide variety of mutations clustered in this 

domain. Indeed, each mutation could contribute to proteinopathy through 

different mechanisms; no common mechanism has been elucidated thus far. 

Potentially, mutations in this region could modify the intrinsic properties of the 

CTD resulting in a shift between LLPS, SG, and aggregate formation of the 

protein. Alternatively, other mutations could modify the post-translational 

modification pattern. 

From the intense literature on PTM, it is clear that defining the hierarchy 

between PTMs and various structural motifs from within and from exogenous 

proteins and how this will influence TDP-43 will be of therapeutic interest. With 

the advent of better proteomics of patient-derived cells, asking if TDP-43’s 

extensive PTMs (or which ones) detected in patients correlate with disease 

onset or if they result from the accumulation of insults will be critical. Coupled 

with better definition of the structure of TDP-43 and determining if PTM 

modifications are the cause or a result of the disease will define how we tackle 

our targeting strategies towards successful therapeutics. 
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TABLES 
 

Table 1.  TDP-43 Domain Structures 
 

PDB 

code 

Technique 

(Resolution
) 

Observed 

amino 
acids 

Notes Observed 

oligomeric state 

Backbon

e 
RMSD 

Reference 

N-terminal domain 

2n4p NMR 1-77 6-His tag Monomer 0.46 50 

5mdi X-ray (2.1 
Å) 

2-79 6-His tag, 
C39/C50-

dimethyla

rsinoyl 

Dimer 1.50 (A) 
1.63 (B) 

42 

5mrg NMR 1-102 6-His tag Monomer -- 43 

5x4f NMR 1-77 C39/C50

S, GB1 

tag 

Monomer 2.43 44 

6b1g NMR 1-80 Y4R (A), 

S48E (B) 

Dimer 1.78 (A) 

1.45 (B) 

45 

 
RRM domains 
4bs2 NMR 102-269 

(RRM1-

RRM2) 

with UG-

rich RNA 

5'-
R(*GP*U

P*GP*UP

*GP*AP*
AP*UP*G

P*AP*AP

*UP)-3' 

Monomer  63 

2cqg NMR 96-185 

(RRM1) 

 Monomer 1.37a - 

4iuf X-ray (2.75 

Å) 

103-179 

(RRM1) 

with 5'-

D(*GP*T
P*TP*GP

*(XUA)P*

Monomer 1.02a 62 
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GP*CP*

GP*T)-3' 

4y00 X-ray (3.00 
Å) 

103-
168(RRM

1) 

D169G, 
with (5'-

D(P*TP*

TP*GP*A
P*GP*CP

*GP*T)-

3') 

Monomer 
 

0.97a 72 

4y0f X-ray (2.65 

Å) 

103-180 

(RRM1) 

with (5'-

D(*GP*T

P*TP*GP
*AP*GP*

CP*GP*T

P*T)-3') 

Monomer 1.00a 72 

1wf0 NMR 193-267  
(RRM2)  

E200G Monomer 1.13b - 

3d2w X-ray (1.65 

Å) 

192-261 

(RRM2 
mouse) 

with (5'-

D(*DGP*
DTP*DT

P*DGP*

DAP*DG
P*DCP*D

GP*DTP*

DT)-3') 

Homo 2-mer 0.84b 69 

C-terminal domain 
2n2c NMR 307-348  Monomer  - 

2n3x NMR 311-360  Monomer  93 

2n4g NMR 311-360 G335D Monomer  93 

2n4h NMR 311-360 Q343R Monomer  93 

5whn X-ray (1.1 

Å) 

312-317  Homo 15-mer  94 

5whp X-ray (1.0 

Å) 

312-317 A315T Homo 10-mer  94 

5wia X-ray (1.0 

Å) 

370-375  Homo 10-mer  94 

5wiq X-ray (1.25 
Å) 

396-402  Homo 10-mer  94 

5wkb electron 

crystallogra

phy (1.0 Å) 

312-317 A315E Homo 10-mer  94 

5wkd X-ray (1.8 

Å) 

300-306  Homo 10-mer  94 



64 
 

6cb9 X-ray (1.1 

Å) 

328-333  Homo 10-mer  94 

6cew X-ray (1.2 
Å) 

321-326  Homo 12-mer  94 

6cf4 electron 

crystallogra
phy (0.75 

Å) 

312-317 phosphor

ylated 
A315T 

Homo 10-mer  94 

6cfh electron 
crystallogra

phy (1.5 Å) 

333-343  Homo 20-mer  94 

RRM2 amyloidogenic core 
5w50 X-ray (1.4 

Å) 
248-253  Homo 12-mer  74 

5w52 electron 

crystallogra
phy  (1.4 Å) 

247-257  Homo 10-mer  74 

5w7v electron 

microscopy 

(3.8 Å) 

247-257  triple- helical fibril  74 

*Structural alignment of all backbone atoms reported as the root-mean-square deviation 

(RMSD) in Å.  NTD alignment to 5mrg core residues 1-77.  RRM alignment to 4bs2 RRM1 (102-

179)a or 4bs2 RRM2 (190-262)b.  In the case of multiple copies in the asymmetric unit, the 

average RMSD is reported. 
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Table 2. Accessibility of mitochondrial signals.  

 

 Validated  Free 
protein 

In complex with RNA  

M1 35-FPGACGL-41 Yes 26% N/A 

M3 146-GFGFV-150 Yes 13% 1.4% 

M5 293-RGGGAGLG-

300 

Yes N/A N/A 

Underlined is mutation linked to increased mitochondrial localization. 
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FIGURES 

Figure 1: TDP-43 Structure and Sequence Features.  (A) Domain map 

showing relative sizes of the N-terminal domain (NTD, orange), linker 

containing nuclear localization signal (NLS, blue), RNA-recognition motif 1 

(RRM1, yellow), RNA-recognition motif 2 (RRM2, green), and the C-terminal 

subdomains identified by Mompeán et al88: Gly-aromatic-Ser-rich regions 
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(GaroS, light gray), hydrophobic region (Φ, dark gray), glutamine-arginine-rich 

region (Q/N, orange gray).  (B) Representative structures with variant sites 

shown as spheres and colored as in panels A and C. NTD (5mrg), RRM1-RRM2 

with RNA as gray sticks (4bs2), CTD fragments i (5wkd94), ii (2n3x93), iii (6cew94), 

iv (6cb994), v (6cfh94), vi (5wia94), vii (5wiq94).  Asterisk marks omega loop. Arrows 

indicate residues thought to undergo beta-alpha transition. Ellipses indicate 

tendency to form steric zipper structures. (C) Annotated primary sequence.  

Post-translational modifications shown in circles above sequence (P, 

phosphorylation site (PhosphoSitePlus185); S, SUMOylation sites identified by 

high-throughput studies186,187; CH3, monomethylation site188.  Alternative start 

site at M85 (alt,59).  Caspase digestion sites (lightning bolts151,155,156,189).  

Proposed mitochondrial targeting sequences (M1, M3 and M5)16. Bipartite 

nuclear localization signal (NLS)54 overlapping with the Poly-ADP-ribose (PAR) 

binding motif (PARBM)165. Conserved ribonucleotide interacting motifs (RNP1, 

RNP2)10. Amyloidogenic regions (amylo)64,71. Non-functional (former) nuclear 

export signal (f-nes,53,56,75). Sequence variants compiled using the ClinVar 

database (April 2019),190 and a review by Buratti et al.21, shown in red boxes if 

linked to disease, orange if clinical significance is not clear. Site of 

insertion/deletion (triangle,191) and premature stop (X) also shown. Dots above 

sequence mark every 10 residues.
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Figure 2: NTD Structures. (A) Monomeric structure shown in ribbon 

representation with location of mitochondrial targeting sequence 1 in black, 

residues involved in loop-sheet transition during dimer formation in yellow, Ser 

48 in sticks representation, residues 97-102 in blue with A90 as a small orange 

sphere. (B) Dimeric X-ray structure with features as in A. (C) Overlay of 

monomer (gray) and subunit A of dimeric structure (orange) showing shift of 

S48 Cα and loop to β-strand transition (yellow). (D) Inter-subunit interactions of 

Ser 48 in dimeric X-ray (left) and NMR (right) structures.  Dashes show contacts 

within hydrogen bonding distance.  (E) NMR ensemble of NTD monomer 

showing varied position of the NLS.  Coloring as in Figure 2A. Monomeric NMR 

structure PDB ID 5mrg43, dimeric X-ray structure PDB ID 5mdi42 and dimeric 

NMR structure PDB ID 6b1g45.  
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Figure 3: Structure of TDP-43 RRM domains. (A) Overview showing RRM1 

in yellow with RNP-1 and RNP-2 in orange, flexible linker in dark gray, RRM2 

in green with RNP-1 and RNP-2 in cyan and UG-rich RNA in light gray. (B) 
Rotated view of amyloidogenic core residues 166-173. (C) Overlap between 

amyloidogenic core residues 246-255 (red in view A) with offset showing former 

NES in purple. (D) Rotated view of cleavage site D219 (PDB ID 4bs263). 
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Figure 4: Prediction of amyloidogenicity of TDP-43 and TDP-43-”ΔNES”. 
Those mutations reduce the aggregation prone characteristic of the 244-255 

region.  
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Figure 5: Structures of the C-terminal domain.  Structures shown with 

mutation sites as sticks and phosphorylation sites with dots at the SG atom. 

Simplified primary sequence annotations as in Fig. 1.  Structure 2n2c92 is highly 

similar to that of 2n3x93, thus only a portion is shown here, highlighting the non-

overlapping residues M307-G310. The segments that form steric zippers or 

LARKS94 are shown in darker gray with neighboring strands as determined by 

symmetry in lighter gray.  For clarity, mutation or phosphorylation sites shown 

only on the primary strand.  Region in the Q/N-rich domain shown to form β-

amyloid for which no PDB structure is yet available shown as gold overlapping 

arrows88,91,96. 
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Figure 6: Oxidation of Cysteine residues in TDP-43. (A) Distance and 

localization of C39 and C50 in TDP-43 NTD (PDB code: 5mrg). (B) Distance 

between Cys173 and Cys175 and between Cys198 and Cys244 (C) in RRM1-

2. (D) Table showing accessibility of cysteine residues (Cys39 and Cys50 were 

calculated using 5mrg, Cys173, 175, 198 and 244 were calculated using 4bs2). 

The prediction, using the online tool RSCP, validated a residue as likely to be 

oxidized when the decision value was above the threshold (0.7). (E) 
Accessibility of the cysteine residues calculated with Areaimol as implemented 

in the CCP4 suite192. 
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Figure 7: Acetylation of TDP-43 Lysines. Lys 145 in RRM1 (orange) (A) and 

Lys 192 in RRM2 (green) (B) shown in122 to be acetylated are located at the 

interface with nucleic acid (RNA, gray). (C) Accessibility of the lysine residues 

shown to be acetylated. (D) Prediction of acetylated lysines by different 

acetylation systems, using ASEB (http://bioinfo.bjmu.edu.cn/huac/)126–128 

shown as a heat map of p-values. For each query, a p-value is assigned based 

on its similarity to known sites. The smaller the p-value of the residue, the closer 

it is to known acetylated sites. 
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Figure 8: SUMOylation of lysine residues in TDP-43. A. TDP-43 sites that 

conform to SUMOylation consensus motifs (ranked by Abgent SUMOplot™ 

Analysis Program). Higher scores indicate greater similarity to positively 

identified SUMOylation motifs and higher predicted likelihood of endogenous 

SUMOylation. B. Accessibility of the SUMO motifs at the TDP-43 surface were 

calculated using Areaimol as implemented in the CCP4 suite192 on the NTD 

structure (PDB ID 5mrg43, K84 motif) or the free form of the tethered RRM 

domains structure (PDB ID 4bs263, K136, K140, K192 and K224 motifs). To 

note, there is no significant difference in accessibility values when RNA is 

present. Mapping of the SUMOylation motifs on the surface of TDP-43 NTD (C) 
or RRM1-2 with and without RNA (D).  
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Figure 9: Ubiquitination of lysines in TDP-43. A. Accessibility of the known 

ubiquitinated Lysine residues were calculated using Areaimol as implemented 

in the CCP4 suite192 on the NTD structure (PDB ID 5mrg43, K84 and K95) or 

the tethered RRM domains structure (PDB ID 4bs263, K160, K181, and K263). 

Mapping of the SUMOylation motifs on the surface of TDP-43 NTD (B) or 

RRM1-2 with and without RNA (C and D). 
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Figure 10: Mitochondrial targeting sequences in TDP-43. (A) M1 in the NTD 

monomeric structure (PDB ID 5mrg43). (B) M1 in the dimeric structure (PDB ID 

5mdi42) (C) M3 in RRM1, overlapping with RNP-1 (orange) (PDB ID 4bs263). 

Location of mitochondrial targeting signals shown in black. RNA is in light gray. 
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In this study, we targeted the N-terminal domain (NTD) of transactive response 

(TAR) DNA binding protein (TDP-43), which is implicated in several 

neurodegenerative diseases. In silico docking of 50K compounds to the NTD 

domain of TDP-43 identified a small molecule (nTRD22) that is bound to the N-

terminal domain. Interestingly, nTRD22 caused allosteric modulation of the 

RNA binding domain (RRM) of TDP-43, resulting in decreased binding to RNA 

in vitro. Moreover, incubation of primary motor neurons with nTRD22 induced 

a reduction of TDP-43 protein levels, similar to TDP-43 RNA binding-deficient 

mutants and supporting a disruption of TDP-43 binding to RNA. Finally, 

nTRD22 mitigated motor impairment in a Drosophila model of amyotrophic 

lateral sclerosis. Our findings provide an exciting way of allosteric modulation 

of the RNA-binding region of TDP-43 through the N-terminal domain. 

 

INTRODUCTION 
 

Transactive response (TAR) DNA binding Protein-43  (TDP-43), a critical factor 

in neurodegenerative diseases including Amyotrophic Lateral Sclerosis (ALS) 

and Alzheimer’s disease (AD), is involved in almost all aspects of RNA 

metabolism1,2. TDP-43 consists of an N-terminal domain (NTD), two RNA 

recognition motifs (RRM1 and RRM2) and an unstructured glycine-rich domain.  

The NTD is responsible for TDP-43 sub-cellular localization since it contains a 

nuclear localization signal (NLS)3–6 and one mitochondrial targeting sequence 

(M1)7. TDP-43 NTD has been shown to form dimers that can assemble into 

reversible higher-order oligomers, required for splicing activity8–11 and 

contributing to liquid-liquid phase separation8,11. Several studies have hinted at 

the ability of TDP-43 NTD  to serve as a scaffold for nucleic acid binding and to 

contribute to specificity towards certain nucleic acid sequences12–14, although a 

nucleotide binding interface of the NTD remains to be determined. 

 

MATERIALS AND METHODS: 

Materials.  

All reagents were purchased from Sigma and Fisher Scientific. 
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nTRD22 (logP 2.4) has not been previously reported as an aggregator as 

predicted by Aggregator Advisor15. A similar query of nTRD22 in the Zinc15 

database revealed no hits to molecules containing PAINS chemotypes. Human 

TDP-431-260 and TDP43102–269 were expressed as described in our previous 

studies16,17.  

Molecular modeling 

Molecular docking studies were performed using Schrodinger suite of 

programs, Glide virtual screening workflow. X-ray structure of the N-terminal 

domain of TAR DNA-binding protein 43 (TDP-43) (PDB ID: 5mdi8) and an 

average NMR structure (PDB ID: 2n4p12) were used for virtual screening of 

DIVERSet-CL, small molecule library of 50,000 compounds from ChemBridge. 

The top-ranked potential receptor binding sites were generated using siteMap 

screening for residues in N-terminal domain. Resulting docking poses were 

analyzed using XP G-score and the top compounds from X-ray structure, and 

from the NMR structure were selected for further screening. 

Purification of recombinant TDP-43 N-terminal domain (NTD)  

TDP-431-102 was transformed into E. coli BL21 and then grown in LB media 

containing 50 mg.mL-1 kanamycin at 37 °C overnight. Culture was inoculated 

into M9 media supplemented with uniformly labeled 15NH4Cl (Cambridge 

Isotope Laboratories). After the OD600 reached 0.8, 1 mM isopropyl β-D-1-

galactopyranoside was used to induce protein expression at 30 °C overnight. 

Cells were collected by 4500 rpm centrifugation and resuspended in 40 mM 

Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM DTT, 30 mM imidazole and EDTA-free 

protease inhibitor cocktail. Cell disruption was performed by two rounds of high-

pressure homogenization at 12,000 PSI with a LM10 Microfluidizer 

(Microfluidics) and cell debris was removed by centrifugation at 34,000 rpm for 

1h at 4°C. Supernatant was then loaded on a His-Trap (GE Healthcare) 

previously equilibrated using resuspension buffer. Protein was then eluted with 

a linear gradient of imidazole up to 400 mM. Eluted fractions of pure protein 

were dialyzed into NMR buffer (40 mM HEPES, pH 6.5, 500 mM NaCl, 4 mM 
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DTT). Dialyzed protein was concentrated with Amicon Ultra 15 centrifugal filters 

(Regenerated cellulose 3,000 NMWL; Merck Millipore, Darmstadt, Germany).  

Saturation Transfer Difference Nuclear Magnetic Resonance (STD-NMR)  

Spectroscopy for small molecule binding. 1D 1H STD-NMR was performed 

exactly as previously described17,18. 

Heteronuclear Single Quantum Correlation-NMR (HSQC-NMR)  

NMR spectra were acquired in 40 mM HEPES pH 6.5, 500 mM NaCl, 4 mM 

DTT with 10% (v/v) D2O at 100 mM protein concentrations using 5 mm Shigemi 

NMR tubes. NMR data were collected at 298 K on a Bruker Avance NEO 600 

MHz and 800 MHz spectrometers with TCI-H&F/C/N probe. NMR processing 

and analysis was done using NMRpipe, NMRDraw and NMRFAM-Sparky7. 

Transverse relaxation optimized spectroscopy (TROSY) was used for all HSQC 

experiments.   

Heteronuclear Single Quantum Correlation-NMR (HSQC-NMR) of NTD-RRM 

TDP-43  

NTD as well as 15N-labeled RRM aliquots were dialyzed against the following 

buffer: 40 mM HEPES, pH 6.5, 500 mM NaCl, for 3 hours in cold room before 

exchanging with fresh buffer and continuing dialysis overnight. All spectra were 

collected at 298 K on a 500 MHz Bruker Avance spectrometer equipped with 

TCI cryoprobe running TopSpin 1.3 software. Samples were individually 

shimmed and tuned, and carrier position and 90-degree pulse length were 

optimized for each sample. Each titration point consisted of 1H 1-D WaterGATE 

(3-9-19) spectrum [td=2048, ns=32] as well as a 15N-1H 2-D BEST-TROSY 

[td=1024*128, o3p=116 ppm, sw=14ppm,32ppm, d1=180 ms]. The number of 

scans was adjusted to account for changes in 15N-labeled RRM concentration 

(64, 256, 1024, 1792 for the four titration points, respectively). Data were 

processed in NMRPipe (PMID: 8520220) and visualized in NMRFAM-

SPARKY19.  

Microscale Thermophoresis (MST)  
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Microscale thermophoresis experiments were performed using a NanoTemper 

Monolith Instrument (NT.115), similarly to17. 

Amplified luminescent proximity homogeneous alpha assay (ALPHA)  

Amplified luminescent proximity homogeneous alpha assay (ALPHA) 

experiment was conducted as reported before17. TDP-431-260-His (0.75 nM) and 

a single concentration of biotinylated-UG6 RNA (0.6 nM) with increasing 

concentration of nTRD22 were used.  

Surface Plasmon Resonance (SPR) 

Surface plasmon resonance was performed with a Biacore 3000 instrument 

(GE Healthcare). NTD (TDP-431-102) was covalently immobilized on a CM5 chip 

using standard amine coupling according to the manufacturer’s protocol. Once 

the protein was immobilized (2500 RU), there was a flow of (i) 500 nM TDP-

431-260, (ii) 500 nM TDP-431-260 plus 1% DMSO (v/v) and (iii) 500 nM TDP-431-

260 plus 200 μM nTRD22 with HBS-EP buffer upon immobilized protein. Binding 

of TDP-431-260 onto the immobilized NTD (TDP-431-102) was tested in varying 

conditions. 

Ethics statement 

All vertebrate animal work was approved by the Committee on the Use and 

Care of Animals (UCUCA) at the University of Michigan. Rats (Rattus 

norvegicus) used for primary neuron collection were housed singly in chambers 

equipped with environmental enrichment. Rats used for in vivo studies were 

housed with the dam until weaning at three weeks of age. Thereafter, they were 

housed in pairs by gender. All studies were designed to minimize animal use. 

Rats were cared for by the Unit for Laboratory Animal Medicine at the University 

of Michigan; all individuals were trained and approved in the care and long-term 

maintenance of rodent colonies, in accordance with the NIH-supported Guide 

for the Care and Use of Laboratory Animals. All personnel handling the rats and 

administering euthanasia were properly trained in accordance with the UM 

Policy for Education and Training of Animal Care and Use Personnel. 
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Euthanasia was fully consistent with the recommendations of the Guidelines on 

Euthanasia of the American Veterinary Medical Association. 

Cell culture and transfection  

Rodent primary cortical neurons were prepared as before20–22. Briefly, neurons 

dissected from embryonic day 20-21 Long Evans rat pups were cultured at a 

density of 0.6 x 106 cells ml-1 in 96 well plates coated with laminin (Corning) and 

D-polylysine (Millipore). Primary neurons were transfected with plasmids 4 days 

after plating using Lipofectamine 2000 (Invitrogen) as described in21. rTRD022 

or vehicle was added 24 h after transfection, immediately following the first 

imaging run. 

Fluorescence microscopy 

Primary cortical neurons were imaged using an automated microscopy platform 

described previously20–22. Briefly, images were obtained with an inverted Nikon 

TiE-2000 microscope equipped with a Nikon PerfectFocus 3 system, a high-

numerical aperture 20x objective lens, Chroma ET Sedat filter sets, Sutter 4-2-

1 multiLED system, and Andor Zyla 4.2+ sCMOS camera. Stage movements 

were accomplished using an ASI 2000 stage with rotary encoders in the x- and 

y-axes. The microscope and associated components were encased in a 

climate-controlled environmental chamber built specifically for this purpose. 

The illumination, filter wheels, focusing, stage movements, and image 

acquisitions were fully automated and coordinated with publicly available 

(ImageJ, µManager) software. 

Image analysis.  

Custom ImageJ/Fiji macros and Python scripts23 were used to identify neurons 

and draw regions of interest (ROIs) based upon size, morphology, and 

fluorescence intensity. Additional scripts were used to identify and draw regions 

of interest (ROIs) surrounding each cell, and measure fluorescence intensity 

within individual ROIs. Boxplots were generated using the ggplot package in R, 

and statistical comparisons accomplished using one-way ANOVA with Tukey’s 
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test. Time of death was indicated by disruption of neuronal processes, rounding 

of the soma or loss of fluorescence intensity21. With this information, neuronal 

survival was assessed using the survival package in R, and differences in 

survival among neuronal populations determined by Cox proportional hazards 

analysis. To identify nuclear puncta, we measured the nuclear coefficient of 

variability (nCV) using code described previously6,23,24 that first draws ROIs 

around each neuron, then draws a second ROI around the nucleus defined by 

a nuclear marker such as Hoechst or the low-intensity diffuse TDP43-EGFP 

signal. Within this nuclear ROI, the nCV is calculated as the ratio of the standard 

deviation of EGFP intensity (integrated over the area of the ROI) divided by the 

mean EGFP intensity within the ROI. The specificity and sensitivity of nCV 

values were determined by comparison of single-cell nCV values to the ground 

truth, in this case puncta determination by visual inspection of individual cells. 

Receiver-operator characteristic (ROC) curves were plotted as before23,24, and 

a threshold was chosen based on maximal specificity to minimize false 

positives. This threshold was applied to all neurons to predict TDP43-EGFP 

puncta formation, and percentages calculated on a per-well basis.  

Drosophila genetics.  

Flies were raised at 23°C on standard cornmeal medium with a 12/12-hrs light 

dark cycle, 60-80% relative humidity. The following fly stocks obtained from 

Bloomington Drosophila Stock Center (Bloomington, IN) were used in this 

study: w[1118]; P{w[+mC]=UAS-TDP-43.YFP}8S (BDSC #79589, called TDP-

43OE), w[*]; P{w[+mW.hs]=GawB}D42 (BDSC #8816, called D42 Gal4), and 

w[1118] (BDSC #5905, called w1118). Transgenic expressing human TDP-43 

fly (PMID: 20740007) was crossed to D42 Gal4 fly to drive its expression in 

motor neurons. For genetic control, w1118 (the parental strain used in the 

generation of TDP-43 transgenic line) was crossed to TDP-43OE. A mixture of 

both male and female adults was used throughout. 

Climbing assay 

Fly crosses were made in an egg-laying cage with a removable egg-laying dish. 

The egg laying dish consisted of a 60x15 mm petri dish containing sucrose agar 
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medium spotted with a fresh dab of yeast paste. Flies were allowed to lay eggs 

for 24 hours at room temperature. Eggs were collected using a fine paintbrush 

dampened with water and gentle brushing of the plate to dislodge eggs from 

the agar. Eggs were then transferred to cornmeal food vials containing either 

Dimethyl sulfoxide (DMSO 0.05%) solvent or nTRD022 (50 mM). After eclosion, 

the adult flies were transferred to a fresh supplemented cornmeal food vial. 

Climbing assay experiments were performed as described in PMID: 26132637. 

On the day of the experiment, flies were transferred from a single vial into a 

250-mL glass graduated cylinder that was sealed with a wax film to prevent 

escape. Flies were tapped down to the bottom of the cylinder and their climbing 

behavior was captured using a video camera (Samsung HMX-F90 HD) for 2 

min. The number of flies crossing the height of 17.5 cm (190 mL graduation) 

was manually scored. To avoid variation due to circadian rhythms experiments 

(for both genotypes) were conducted at the same time of day and in ambient 

light. 

Synthesis of nTRD022  

General Experimental Conditions Reactions in anhydrous solvents were carried 

out in glassware that was flame-dried or oven-dried. Unless noted, reactions 

were magnetically stirred and conducted under an atmosphere. Air-sensitive 

reagents and solutions were transferred via syringe and were introduced to the 

reaction vessel through rubber septa. Solids were introduced under a positive 

pressure of Ar. Temperatures, other than room temperature (rt); refer to bath 

temperatures unless otherwise indicated. All commercially obtained solvents 

and reagents were used as received. 1H and 13C NMR spectra were recorded 

on Bruker Advance 400. Chemical shifts in 1H NMR spectra are reported in 

parts per million (ppm) relative to residual chloroform (7.26 ppm) or dimethyl 

sulfoxide (2.50 ppm) as internal standards. 1H NMR data are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, m = multiplet), 

coupling constant in Hertz (Hz) and hydrogen numbers based on integration 

intensities. 13C NMR chemical shifts are reported in ppm relative to the central 

peak of CDCl3 (77.16 ppm) or (CD3)2SO (39.52 ppm) as internal standards. 

High resolution mass spectra (LRMS) were obtained using an Agilent 1200 
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Series Rapid Resolution LC/MS. The purity of the compounds that were tested 

in the assay was >95% based on 1H. 

Synthesis route of nTRD022  

  

Figure 1. synthesis of 5-((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-

carboxylic acid. (a) pH 4.0, ACE/H2O, 15 h; (b) PPh3,DEAD,THF, 24h; (c) 

LiOH, H2O, EtOH, 16 h.  

Intermediate ethyl 5-(hydroxymethyl)isoxazole-3-carboxylate: Ethyl (Z)-2-

chloro-2- (hydroxyimino)acetate (12 mmol) and prop-2-yn-1-ol (10 mmol) were 

dissolved in acetone (5 mL, in a round bottom flask). The mixture was stirred at 

room temperature and was stepwise added 100 mL of 0.1 M phosphate buffer 

for 15h. Then the mixture was extracted with EtOAc (15mL) for 3 times. Organic 

extracts were combined, dried with Na2SO4, and evaporated under reduced 

pressure to obtain a crude product. The product was purified by silica gel 

column chromatography using hexane/ethyl acetate as eluents to give light 

yellow oil (1.01 g yield: 61.7%).  

Intermediate ethyl 5-((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-
carboxylate: The solution obtained by adding ethyl 5-

(hydroxymethyl)isoxazole-3-carboxylate (6.4 mmol) and 3- 

(trifluoromethyl)phenol (12.8 mmol) to dehydrated THF at 0°C. 

Triphenylphosphine (12.8 mmol), triethylamine (12.8 mmol) and DIED 
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(9.6mmol) were added to solution under nitrogen protection. The reaction 

mixture was warmed to room temperature and stirred for 2 hours, then poured 

into water, and the mixture was extracted twice with ethyl acetate. The organic 

layer was washed with saturated aqueous brine, dried over Na2SO4 and then 

concentrated under pressure. The product was purified by silica gel column 

chromatography using hexane/ethyl acetate as eluents to give light white solid 

(1.56 g yield: 77.4%).  

Intermediate 5-((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-
carboxylic acid: Ethyl 5- ((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-

carboxylate (5 mmol) was added to ethanol (15 mL), and LiOH (15 mmol) and 

H2O (6.5 mL) were further added thereto. The mixture was stirred at room 

temperature for 16 hours and then concentrated under reduced pressure. Dilute 

hydrochloric acid was added to the concentrate, the mixture was cooled to 0 ° 

C, and the precipitated solid was filtered. The resulting solid was dried under 

reduced pressure to give 1.11 g of product (yield: 75.1%).  

 

Figure 2. Synthesis of 1-(2-aminoethyl)piperidin-3-ol. (a) Et3N, THF, 0.5h; (b) 

PPh3, DEAD, THF, 24h.  

Intermediate 2-(3-hydroxypiperidin-1-yl)acetonitrile: Bromoacetonitrile (10 

mmol) was added dropwise to a solution of 3-hydroxypiperidine (10 mmol) in 

dry THF (25 mL) under N2, while the temperature was maintained between 45 

and 50 °C. Following addition of Bromoacetonitrile, the solution was refluxed 

for 30 min, before allowing the solution to cool to room temperature. The solvent 

was removed in vacuo and the residual oil was purified by flash 

chromatography using CH2Cl2/CH3OH as eluent. The title compound was 

obtained as a straw-colored oil (79.6mg yield:56.9%).  
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Intermediate 1-(2-aminoethyl)piperidin-3-ol: LiAlH4 (20 mmol) was added to 

dry THF (20 mL) at 0 °C in a three-neck round bottom flask under N2. The 

solution was stirred for 15 min before the 3-hydroxypiperidin-1-ylacetonitrile (5 

mmol), diluted in dry THF (5 mL), was added slowly via syringe. The reaction 

mixture was then refluxed for 5 h before allowing the solution to cool to room 

temperature. Excess LiAlH4 was destroyed by dropwise addition of 2.4 mL of 

H2O and 2.4 mL of NaOH (15%), and finally EtOAc was added dropwise until 

no effervesence was observed. The formed granular precipitate (lithium 

hydroxide and aluminum hydroxide) was filtered off and washed several times 

with CH2Cl2 and EtOAc. The organic layer was dried (MgSO4) and the solvent 

was removed in vacuo to yield a thick yellowish oil. the residual oil was directly 

used in next step without purification (52.6mg yield:64.4%).  

 

Figure 3. Synthesis of nTRD022 

Synthesis of nTRD022: 5-((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-

carboxylic acid (0.4 mmol), 1-(2-aminoethyl)piperidin-3-ol(0.5 mmol) , 

triethylamine (0.5 mmol) and 1- hydroxybenzotriazole (0.05 mmol) were added 

to chloroform (2 mL). 1-Ethyl-3-(3- dimethylaminopropyl) carbodiimide 

hydrochloride (0.5 mmol) was added to the mixture at room temperature, and 

the mixture was stirred overnight and then concentrated under reduced 

pressure. Dilute hydrochloric acid was added to the concentrate, and the 

mixture was extracted twice with ethyl acetate. The organic layer was washed 

with saturated saline water, dried over anhydrous sodium sulfate, and then 

concentrated under reduced pressure. The residue was applied to a silica gel 

column chromatography to obtain nTRD022 (90.8 mg, yield: 57.1%). 1H NMR 

(400 MHz, Chloroform-d) δ 7.46 – 7.36 (m, 1H), 7.26 (ddt, J = 7.7, 1.6, 0.8 Hz, 

1H), 7.17 (t, J = 2.1 Hz, 1H), 7.13 – 7.07 (m, 1H), 6.78 (s, 1H), 5.20 (d, J = 0.8 
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Hz, 2H), 3.81 (dp, J = 6.3, 3.2 Hz, 1H), 3.51 (p, J = 5.7 Hz, 2H), 2.56 (t, J = 6.1 

Hz, 4H), 2.40 (d, J = 27.8 Hz, 5H), 1.85 – 1.74 (m, 2H), 1.71 – 1.61 (m, 1H), 

1.58 – 1.47 (m, 2H). HRMS (EI) m/z [M + H]+ calculated for C19H22F3N3O4: 

414.16352, found 414.16351.  

RESULTS: 

In a previous study17, we targeted the RNA-binding domain (RRM1) of 

TDP-43 and found a compound, rTRD01, that bound to TDP-43, partially 

disrupted RNA binding and improved locomotor defects in a Drosophila model 

of ALS. The current study is distinct as it targets the N-terminal domain and 

identifies an indirect effect on the RNA-binding domain. Based on the potential 

role of TDP-43 NTD in nucleic acid binding as well as protein aggregation, we 

sought to target the NTD with small molecules using in silico docking. Neither 

X-ray (5mdi8) and NMR structures (2n4p12) of TDP-43 reveal any obvious 

surface pocket(s) or large cleft(s) capable of accommodating small molecules. 

The program SiteMap15,16 was used to determine if residues directly implicated 

in dimerization or residues nearby could form a druggable pocket for binding of 

small molecules. A druggable pocket was identified by Sitemap on the NMR 

structure pointing to the involvement of residues S48, Ala66 and Asn70 

(Supplementary Fig 1A). A slightly different site was found on the X-ray 

structure and surrounded the following residues: Tyr43, Leu56, and Asp65 

(Supplementary Fig 1B). 

A 50,000-compound library was then docked onto a grid of 6 angstroms 

surrounding the Sitemap pockets using Glide’s virtual screening workflow 

(PMID: 15027865). Even though the initial pockets were different on the NMR 

and crystal structure, compounds docked around Ser48, Ala66 and Asn70 in 

both structures (Fig. 1). A total of 20 compounds were chosen based on score 

and other energy related terms: nTRD09-18 for the X-ray structure and nTRD19 

– nTRD28 for the NMR structure (Supplementary Table 1). Visual inspection 

of the docking poses was implemented to remove unrealistic poses as they 

might result in high scoring25. 

Saturation transfer difference nuclear magnetic resonance (STD-NMR) 

spectroscopy was then used to screen the binding of the compounds to TDP-
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431-260.  As a negative control, binding to TDP43102-269, a construct lacking the 

NTD was also determined (Supplementary Fig. 2A). We observed nTRD12–

14 and nTRD22, nTRD25–28 as positive hits on TDP-431-260 that did not bind 

to TDP43102-269 (Supplementary Fig. 2B-D). 

The 2D 15N-HSQC NMR spectrum of each positive hit was determined 

to further define the binding sites of the small molecule interactions with TDP-

43 (Supplementary Fig. 3). Using TDP-431-260, small molecules were added 

at a 4:1 molar ratio. Addition of 5 out of 6 of compounds either caused protein 

aggregation or showed little to no binding, possibly due to weak binding, and 

were not further characterized. However, addition of nTRD022 (Fig. 2A,B) 

caused visible chemical shift perturbations but no protein aggregation and was 

hence chosen for further study. 

In silico docking of nTRD22 predicted interactions with Glu3, Tyr43, 

Ser48, Gly59, and Ala66 (Fig. 2A). 1H-NMR of nTRD22 was used to evaluate 

the on-resonance energy transfer from STD-NMR of nTRD22 with TDP-431-260. 

The peaks seen in the STD-NMR spectrum were in the region of the benzyl 

group (ii., 6.9–7.2 ppm) (Fig. 2C) confirming the �-stacking interaction of the 

benzene group of nTRD22 with Tyr43 that was predicted by virtual screening. 

Microscale thermophoresis (MST) measured an apparent Kd of 145 ± 3 �M 

(Fig. 2C) for TDP-431-260 and 96 ± 36 �M for TDP-431-102 (NTD only) 

(Supplementary Fig. 3). 

To further characterize where nTRD22 binds on TDP-43, we measured 

perturbations using a 2D 15N-HSQC NMR with increasing concentrations of 

nTRD22, up to an 8:1 molar ratio of nTRD22:TDP-431-260 (Fig. 2D-J). We 

observed chemical shifts in the 2D 15N-HSQC of TDP-431-260, the majority of 

them occurring in the RRM region of the protein. To determine if these shifts 

were due to direct binding of nTRD22 to TDP-43102-269 (RRM region), we 

collected a 2D 15HSQC-NMR on TDP43102-269 with nTRD22 at a 4:1 molar ratio 

(Fig. 2G,H). We observed no shifts in the spectra including the residues seen 

for the TDP-431-260 titration. nTRD22 was synthesized in house for further 

experiments (see supplementary methods) and was submitted to 1H NMR and 

mass spectrometry for validation (see supplementary figures). 

To define which residues in the RRM domains were affected, we 

mapped the chemical-shift perturbations (CSP) induced by nTRD22 onto the 
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known structure of TDP-43102-269 (PDB: 4bs226) using a color gradient (Fig. 
2I,J). Interestingly, in addition to peak broadening, several of the shifted 

residues are involved in RNA binding. More precisely, Ile107 is part of the 

ribonucleotide interacting motif 1 and Lys145 is close to the ribonucleotide 

interacting motif 2, highly conserved short sequences known as RNP-1 

(octameric sequence: KGFGFVRF in RRM1 and RAFAFVTF in RRM2) and 

RNP-2 (hexameric sequence: LIVLGL in RRM1 and VFVGRC in RRM2). 

Arg227 is part of RNP-1 in RRM227. Moreover, Cys173 is also shown to be 

affected in presence of RNA26. Replicates of this experiment showed a similar 

profile of residues affected by nTRD22 (Supplementary Fig. 5). Although the 

shifts are small, RNP-2 remains consistently shifted even in different CSP 

(Supplementary Fig. 5); and since RNP sequences are highly conserved 

sequence motifs on TDP-43 required for nucleic acid recognition, CSP data 

suggests that nTRD22 might indirectly modulate TDP-43 RNA binding. To test 

this, we used an amplified luminescent proximity homogeneous (alpha) assay 

recently developed for another compound targeting TDP-4317. TDP-431-260 

binding to its canonical RNA sequence (UG6) was measured with varying 

concentrations of compound and nTRD22 was able to inhibit 50% of the 

interaction with an IC50 of ~100 �M (Fig. 2K). We also used Surface Plasmon 

Resonance (SPR) to measure disruption of TDP-43 - RNA binding (Fig. 2L, M) 

and calculated an IC50 of ~145 �M for ~30% inhibition of TDP43-RNA 

interaction. 

  TDP-43 NTD can be responsible for dimer formation of the protein11. To 

test the effect of nTRD22 on TDP-43 dimerization, we immobilized NTD (TDP-

431-102) on a CM5 chip and injection of TDP-431-260 (500 nM) resulted in binding 

(56 RU), due to self-interaction between TDP-43 NTD and TDP-431-260 

(Supplementary Fig. 6A). The experiment was repeated in the presence of 

200 �M nTRD22 or DMSO. Based on quantification of the response signals, 

there was no significant effect of nTRD22 on interaction of TDP-43 NTD and 

TDP-431-260 (Supplementary Fig. 6B). Thus, nTRD22 did not affect NTD 

dimerization. 

Previous studies indicated that disruption of TDP-43 RNA binding in 

neuronal cells by expression of RNA binding-deficient TDP-43, elicits the 

formation of intranuclear droplet-like structures and higher TDP-43 protein 
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turnover20. Most importantly, the authors showed neuroprotective effects of an 

RNA binding-deficient form of TDP-43. Because nTRD22 is able to reduce 

TDP-43 binding to RNA, we hypothesized that nTRD22 may be able to 

recapitulate some of the effects described with RNA binding-deficient TDP-43. 

To test this, we expressed TDP-43 fused to enhanced green fluorescent protein 

(TDP-43-EGFP) in rodent primary cortical neurons, applied nTRD22 at 

concentrations ranging from 5 to 100 �M, and imaged GFP positive cells by 

automated fluorescence microscopy20,21. As expected, control cells incubated 

with DMSO exhibited a diffuse GFP signal, mainly in the nucleus, consistent 

with normal TDP-43 localization (Fig. 3A). We observed the formation of 

intranuclear TDP-43-EGFP droplet-like structures in nTRD22 treated neurons, 

similar to those formed by an RNA binding-deficient variant TDP-43-EGFP20 

(Fig. 3B,C and Supplementary Fig. 7A-C). This was accompanied by a dose-

dependent reduction in TDP-43-EGFP steady state levels in treated neurons 

(Fig 3D). No change in the fluorescence of control cells transfected with EGFP 

was observed (Fig. 3E). At higher doses, we noted toxicity upon application of 

nTRD22 to primary neurons (Supplementary Fig. 7D), potentially due to 

interference with endogenous TDP-43 function, other essential RNA binding 

proteins or off-target effects. Consistent with the disruption experiments 

demonstrating the effects of nTRD22 on the RNA binding property of TDP-43 

(Fig. 2K-M), these data suggest that nTRD22 likely elicits TDP-43 phase 

separation and TDP-43 degradation by blocking RNA binding.  

We also tested nTRD22 in a Drosophila line overexpressing human 

TDP-43, a well-known model of ALS17. This model was shown to recapitulate 

important neuropathological and clinical features of the human proteinopathy, 

including TDP-43 aggregate formation, neuronal loss in an age-dependent 

manner, motor defects and reduced survival28. Moreover, because of the 

advantages endowed by its small size, a short generation time, rapid 

propagation, and relatively small costs associated with stock maintenance, 

Drosophila melanogaster is an excellent animal model system to test 

compounds. 

We used the climbing assay, a behavior that measures motor strength 

and coordination in adult flies. Briefly, when flies are placed on a vial, their 

innate behavior is to attempt to climb to the top of the vial, a behavior called 
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negative geotaxis. A sensitized version of the negative geotaxis assay that 

allows for earlier detection of milder defects over time was used according to29 

(Fig. 4A). 

Flies expressing TDP-43 in motor neurons using the GAL4-UAS bipartite 

expression system exhibited locomotor defects in negative geotaxis (Fig. 4 and 
Supplementary Fig. 8). nTRD22 was significantly able to rescue climbing 

defects compared to DMSO treated or naive flies (Fig. 4B). This rescue effect 

was increased in aged flies (Supplementary Fig. 8). 

 

CONCLUSION 
 

This study illustrates that the ability of nTRD22 to modulate TDP-43 RNA 

binding in vitro has neuroprotective properties in a Drosophila model of ALS. 

However, the exact mechanism by which the compound modulates TDP-43 

binding to RNA is still unclear. We hypothesized that nTRD22 could influence 

residues important in RNA binding and allosterically modulate the RRM domain 

by (i) disrupting the binding of NTD to the RRM1 domain, leading to a 

modification of an open/closed conformation suggested by30 or (ii) modifying 

the orientation of RRM1 and RRM2 towards each other as previously 

discussed20 or (iii) stabilizing a RNA-free form of TDP-43. The first hypothesis 

was tested by measuring chemical shift perturbations using 2D 15N-HSQC 

NMR. The NTD portion of TDP-43, residues 1-102, was added to TDP-43102-269 

in a 8:1 molar ratio NTD: TDP-43102-269. Data showed few significant 

perturbations related to NTD interacting with RRM domain (Supplementary 
Fig. 9). Hence, we do not think there is significant interaction between TDP-43 

NTD and the RRM. However, the other two hypotheses remain open to further 

investigation. 

The compound nTRD22 offers new opportunities as a tool to further 

study allostery within TDP-43 and validate reduction of RNA binding by 

chemical modulation as a possible neuroprotective avenue. Furthermore, 

nTRD22, by its unique property of allosteric modulation, makes it possible to 

target TDP-43 with potentially less off-targeting of RRM domains which are 

present in other RNA-binding proteins. 
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FIGURES 

 

Figure 1. Docking of small molecules on N-terminal domain of TDP-43. Top 10 compounds 

(green, sticks and balls representation)  from in-silico docking  on  TDP-43-NTD (A) NMR structure (PDB 

ID: 2n4p12) and (B) crystal structure (PDB ID: 5mdi8).  
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Figure 2. Biophysical characterization of nTRD22. A. 2D representation of nTRD22 binding 
pocket in TDP-43 NTD obtained from Glide docking. nTRD22 is predicted to make (i) hydrogen bonds (in 

pink) with Glu3, Tyr4, Gly69 and Ala66, (ii) �-� stacking (in green) with Tyr43, (iii) a salt bridge (in blue) 

with Glu3 and (iv) a �-cation interaction (in red) with Tyr4.  B. Structure of N-(2-(3-hydroxypiperidin-1-
yl)ethyl)-5-((3-(trifluoromethyl)phenoxy)methyl)isoxazole-3-carboxamide  (nTRD22). C. MST values from 

thermographs of NT-647 labeled TDP431-260 in presence of increasing concentrations (0.03 �M – 1 mM) 

of nTRD22 were used to determine dissociation constant for binding of nTRD22 to TDP431-260. Apparent 
Kd of 145 ± 3 �M. Data is presented as mean ± SD (n =3). D. Superposition of 1H-15N heteronuclear single 

quantum correlation spectroscopy (HSQC) spectra of 15N-labeled human TDP431-260 (100 µM), free (blue) 

and in complex with nTRD22 with different ratios. Close-up of shifts around TDP43 residues from 
TDP431-260 Cys173 (E) and Gly148 and Gly110 (F) or from TDP43102-269 Cys173 (G) and Gly148 and 

Gly110 (H). I. Chemical shift changes for assigned residues of the 15N-labeled TDP-431-260 (RRM portion 

only) upon complex formation with nTRD22. The average chemical shift changes of cross-peaks were 
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calculated as described in the Methods section. The horizontal lines are thresholds, calculated as 

previously described17, above which a shift is considered significant with 2 sigma (back line). nTRD22 is 
able to induce shifts of residues localized in the ribonucleotide interacting motifs (RNP) of RRM1 and 

RRM2. J. The chemical shift difference observed on TDP431-260 were mapped on TDP43102-269 (PDB ID: 

4bs226). K. A concentration-dependent curve was obtained for nTRD22’s dis-ruption of nucleic acid-TDP-
431-260 interaction at a single RNA concentration (0.6nM). Data is represented as mean ±SEM (n=3). L. 

Representative SPR sensograms showing the signal for binding of 1 nM TDP-431-260 and immobilized 

(UG)6 RNA in the presence of nTRD22 dissolved in DMSO (0.1–500 µM). 150 RU of (UG)6 RNA is 

immobilized on a SA chip M. A concentration-dependent curve was obtained for nTRD22’s disruption of 

nucleic acid-TDP-431-260 interaction at a single RNA concentration showing IC50=124 µM. Data is 

represented as mean ± SEM (n=3). Some error bars are smaller than the symbols.  
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Figure 3. nTRD22 effect on primary cortical neurons. Confocal images of rodent primary 

cortical neurons with transfected TDP43-EGFP with A. DMSO, or B. 100 �M nTRD22, or C. transfected 

with TDP-43-FL (RNA binding-deficient mutant). Quantitation of GFP signal in TDP-43-EGFP (D) or EGFP 
(E) transfected primary neurons treated with increasing concentration of nTRD22 or DMSO. Data is 

presented as mean ± SEM (n ≥ 183 neurons from 8 technical and 3 biological replicates). Statistical 

difference was assessed by a Kruskal-Wallis test (*** p<0.001; **p=0.01). 
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Figure 4. nTRD22 mitigates motor defects in a Drosophila model of ALS overexpressing 
TDP-43. A. Principle of the sensitized version of the negative geotaxis assay29. Flies are transferred 

without anesthesia to a wax-sealed glass graduated cylinder. Flies are tapped to the bottom, and their 

subsequent climbing activity is quantified for 2 min. The number of flies crossing the target line (red) at 
each time point chosen (every 10 s) is recorded. B. Fly food supplemented with nTRD22 (50 �M) resulted 

in increased motor performance compared to naïve or DMSO treated flies. (n = 60, **** p<0.0001, Two-

Way ANOVA). 
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Spectral Data 
 
1H NMR of nTRD022 

 
13C NMR of nTRD022 
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HRMS of nTRD022 
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Figure S1: Sitemap of TDP-43 NTD structures. Surface representation of 

docking pockets (blue) found using SiteMap on the (A) average NMR structure 

(PDB ID: 2n4p12) or (B) crystal structure (PDB ID: 5mdi8).  
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Supplementary Figure 2. STD-NMR screening for compounds. A. Two different constructs 

were used for STD-NMR screening. 1D 1H STD-NMR showing on-resonance difference spectrum of 500 
mM of compounds nTRD09–16 (B) or nTRD19–28 (C) with 5 mM TDP431-260. D. Positive hits from the 

first round of STD-NMR screening were tested against TDP43102-269 in the same conditions. Asterisks 

indicate positive signal. 
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Supplementary Figure 3: Superposition of  1H-15N heteronuclear single 

quantum correlation spectroscopy (HSQC) spectra of 15N-labeled human 

TDP431-260 (100 mM), with DMSO (blue) and in complex with positive nTRD 

binders (400 mM) in red. 
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Supplementary Figure 4: MST values from thermographs of NT-647 labeled 

TDP431-102 in presence of increasing concentrations (0.03 mM – 1 mM) of 

nTRD22 were used to determine dissociation constant for binding of nTRD22 

to TDP431-102. Apparent Kd of 96±36 mM. Data is presented as mean ± SD (n 

= 3). 
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Supplementary Figure 5: Chemical shift changes for assigned residues of the 
15N-labeled TDP-431-260 (RRM portion only) upon complex formation with 

nTRD22. The chemical shift changes of cross-peaks were calculated as 

described in the Methods section. 
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Supplementary Figure 6: nTRD22 does not affect the dimerization of N-terminal domain 

of TDP-43. A. Representative SPR sensograms showing the signal for dimerization of 500 nM TDP-431-

260 and immobilized NTD (TDP-431-102)  in the presence (red) or absence (blue) of 200 mM nTRD22 
dissolved in DMSO.. B. Quantification of SPR signals (arrow in A.) shows no significant change in the 

dimerization in the presence of nTRD22 compared to DMSO.  Data is presented as mean ± SEM (n =3 

replicates for each condition). Statistical difference was assessed by a Kruskal-Wallis test (ns, p>0.05). 
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Supplementary Figure 7: Live-cell detection of TDP43-EGFP puncta in 
response to nTRD22. A. Fluorescence microscopy of neurons expressing the 
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cell marker mApple and an EGFP-labeled TDP43 variant harboring the F147L 

and F149L mutations [TDP43(FL)-EGFP]. As in previous studies, TDP43(FL)-

EGFP forms nuclear puncta in association with its inability to bind RNA20. Using 

the mApple signal as a reference, automated scripts detect neurons and draw 

a region of interest (ROI, yellow) around the soma. This ROI is used to detect 

a nuclear coefficient of variation (nCV) for neurons displaying punctate (top) or 

diffuse (bottom) distributions of TDP43(FL)-EGFP. Scale bar, 25 mm. B. 

Receiver-operator characteristic (ROC) curve for nCV as a predictor of nuclear 

TDP43(FL)-EGFP puncta. We selected a threshold of 0.43, corresponding to 

53% sensitivity and 98% specificity, to minimize the incidence of false positives. 

C. Automated analysis of neurons expressing TDP43(WT)-EGFP or 

TDP43(FL)-EGFP treated with DMSO or varying concentrations of nTRD022. 

Values combined from >20 technical and 3 biological replicates. **p=0.006, 

one-way ANOVA with Dunnett’s post-test; #p=0.001 for linear trend, one-way 

ANOVA. D. Automated survival analysis of neurons treated with vehicle 

(DMSO) or nTRD22. Data pooled from 24 technical replicates and 3 biological 

replicates per condition. Differences in the risk of death were determined by 

Cox proportional hazards analysis, using the DMSO-treated cells as a 

reference. n = number of neurons; ns, not significant; ***hazard ratio = 2.2, 

p<2x10-16; ****hazard ratio=3.2, p<2x10-16.   
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Supplementary Figure 8: Fly food supplemented with nTRD22 (50 mM) resulted in increased 

motor performance compared to DMSO (0.05%) treated flies in young individuals (5-6 days post eclosion; 

dpe) as well as aged individuals (19-20 dpe). (n = 60, **** p<0.0001, Two-Way ANOVA). 
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Supplementary Figure 9: Superposition of 1H-15N heteronuclear single 

quantum correlation spectroscopy (HSQC) spectra of 15N-labeled human 

TDP43102-269 (100 mM), free (black) and in complex with TDP43 NTD with 

different ratios.   
  



110 
 

ACKNOWLEDGEMENTS 
 

This work was supported by grants from university of Arizona-sponsored 

training grant, T32 grant from the National Institute of Health GM008804 and 

the National Institutes of Health 1R01AG063409-01 to M. Khanna. We 

appreciate access to instrumentation at the UCLA-DOE NMR facility granted 

by R. Clubb. 

 

REFERENCES 
 
1.  Lagier-Tourenne C, Polymenidou M, Cleveland DW. TDP-43 and 

FUS/TLS: Emerging roles in RNA processing and neurodegeneration. 

Hum Mol Genet. 2010;19(R1). doi:10.1093/hmg/ddq137 

2.  Ratti A, Buratti E. Physiological functions and pathobiology of TDP-43 

and FUS/TLS proteins. J Neurochem. 2016:95-111. 

doi:10.1111/jnc.13625 

3.  Pinarbasi ES, Caǧatay T, Fung HYJ, Li YC, Chook YM, Thomas PJ. 

Active nuclear import and passive nuclear export are the primary 

determinants of TDP-43 localization. Sci Rep. 2018;8(1). 

doi:10.1038/s41598-018-25008-4 

4.  Winton MJ, Igaz LM, Wong MM, Kwong LK, Trojanowski JQ, Lee VMY. 

Disturbance of nuclear and cytoplasmic TAR DNA-binding protein (TDP-

43) induces disease-like redistribution, sequestration, and aggregate 

formation. J Biol Chem. 2008;283(19):13302-13309. 

doi:10.1074/jbc.M800342200 

5.  Nishimura AL, Upunski V, Troakes C, et al. Nuclear import impairment 

causes cytoplasmic trans-activation response DNA-binding protein 

accumulation and is associated with frontotemporal lobar degeneration. 

Brain. 2010;133(6):1763-1771. doi:10.1093/brain/awq111 

6.  Archbold HC, Jackson KL, Arora A, et al. TDP43 nuclear export and 

neurodegeneration in models of amyotrophic lateral sclerosis and 

frontotemporal dementia. Sci Rep. 2018;8(1). doi:10.1038/s41598-018-

22858-w 

7.  Wang W, Wang L, Lu J, et al. The inhibition of TDP-43 mitochondrial 



111 
 

localization blocks its neuronal toxicity. Nat Med. 2016;22(8):869-878. 

doi:10.1038/nm.4130 

8.  Afroz T, Hock EM, Ernst P, et al. Functional and dynamic polymerization 

of the ALS-linked protein TDP-43 antagonizes its pathologic aggregation. 

Nat Commun. 2017;8(1). doi:10.1038/s41467-017-00062-0 

9.  Jiang LL, Xue W, Hong JY, et al. The N-terminal dimerization is required 

for TDP-43 splicing activity. Sci Rep. 2017;7(1). doi:10.1038/s41598-

017-06263-3 

10.  Mompeán M, Romano V, Pantoja-Uceda D, et al. Point mutations in the 

N-terminal domain of transactive response DNA-binding protein 43 kDa 

(TDP-43) compromise its stability, dimerization, and functions. J Biol 

Chem. 2017;292(28):11992-12006. doi:10.1074/jbc.M117.775965 

11.  Wang A, Conicella AE, Schmidt HB, et al. A single N-terminal 

phosphomimic disrupts TDP-43 polymerization, phase separation, and 

RNA splicing. EMBO J. 2018;37(5):e97452. 

doi:10.15252/embj.201797452 

12.  Mompeán M, Romano V, Pantoja-Uceda D, et al. The TDP-43 N-terminal 

domain structure at high resolution. FEBS J. 2016;283(7):1242-1260. 

doi:10.1111/febs.13651 

13.  Qin H, Lim LZ, Wei Y, Song J. TDP-43 N terminus encodes a novel 

ubiquitin-like fold and its unfolded form in equilibrium that can be shifted 

by binding to ssDNA. Proc Natl Acad Sci U S A. 2014;111(52):18619-

18624. doi:10.1073/pnas.1413994112 

14.  Chang C ke, Wu TH, Wu CY, et al. The N-terminus of TDP-43 promotes 

its oligomerization and enhances DNA binding affinity. Biochem Biophys 

Res Commun. 2012;425(2):219-224. doi:10.1016/j.bbrc.2012.07.071 

15.  Irwin JJ, Duan D, Torosyan H, et al. An Aggregation Advisor for Ligand 

Discovery. J Med Chem. 2015;58(17):7076-7087. 

doi:10.1021/acs.jmedchem.5b01105 

16.  Scott DD, Francois-Moutal L, Kumirov VK, Khanna M. 1 H, 15 N and 13 

C backbone assignment of apo TDP-43 RNA recognition motifs. Biomol 

NMR Assign. 2019;13(1):163-167. doi:10.1007/s12104-018-09870-x 

17.  François-Moutal L, Felemban R, Scott DD, et al. Small Molecule 

Targeting TDP-43’s RNA Recognition Motifs Reduces Locomotor 



112 
 

Defects in a Drosophila Model of Amyotrophic Lateral Sclerosis (ALS). 

ACS Chem Biol. 2019;14(9):2006-2013. 

doi:10.1021/acschembio.9b00481 

18.  François-Moutal L, Jahanbakhsh S, Nelson ADL, et al. A Chemical 

Biology Approach to Model Pontocerebellar Hypoplasia Type 1B 

(PCH1B). ACS Chem Biol. 2018;13(10):3000-3010. 

doi:10.1021/acschembio.8b00745 

19.  Lee W, Tonelli M, Markley JL. NMRFAM-SPARKY: Enhanced software 

for biomolecular NMR spectroscopy. Bioinformatics. 2015;31(8):1325-

1327. doi:10.1093/bioinformatics/btu830 

20.  Flores BN, Li X, Malik AM, Martinez J, Beg AA, Barmada SJ. An 

Intramolecular Salt Bridge Linking TDP43 RNA Binding, Protein Stability, 

and TDP43-Dependent Neurodegeneration. Cell Rep. 2019;27(4):1133-

1150.e8. doi:10.1016/j.celrep.2019.03.093 

21.  Weskamp K, Safren N, Miguez R, Barmada S. Monitoring neuronal 

survival via longitudinal fluorescence microscopy. J Vis Exp. 2019. 

doi:10.3791/59036 

22.  Malik AM, Miguez RA, Li X, Ho YS, Feldman EL, Barmada SJ. Matrin 3-

dependent neurotoxicity is modified by nucleic acid binding and 

nucleocytoplasmic localization. Elife. 2018;7. doi:10.7554/eLife.35977 

23.  Malik AM, Miguez RA, Li X, Ho YS, Feldman EL, Barmada SJ. Matrin 3-

dependent neurotoxicity is modified by nucleic acid binding and 

nucleocytoplasmic localization. Elife. 2018. doi:10.7554/eLife.35977 

24.  Sharkey LM, Safren N, Pithadia AS, et al. Mutant UBQLN2 promotes 

toxicity by modulating intrinsic self-assembly. Proc Natl Acad Sci U S A. 

2018. doi:10.1073/pnas.1810522115 

25.  Lionta E, Spyrou G, Vassilatis D, Cournia Z. Structure-Based Virtual 

Screening for Drug Discovery: Principles, Applications and Recent 

Advances. Curr Top Med Chem. 2014. 

doi:10.2174/1568026614666140929124445 

26.  Lukavsky PJ, Daujotyte D, Tollervey JR, et al. Molecular basis of UG-rich 

RNA recognition by the human splicing factor TDP-43. Nat Struct Mol 

Biol. 2013;20(12):1443-1449. doi:10.1038/nsmb.2698 

27.  Kuo PH, Chiang CH, Wang YT, Doudeva LG, Yuan HS. The crystal 



113 
 

structure of TDP-43 RRM1-DNA complex reveals the specific recognition 

for UG- and TG-rich nucleic acids. Nucleic Acids Res. 2014;42(7):4712-

4722. doi:10.1093/nar/gkt1407 

28.  Li Y, Ray P, Rao EJ, et al. A Drosophila model for TDP-43 proteinopathy. 

Proc Natl Acad Sci U S A. 2010;107(7):3169-3174. 

doi:10.1073/pnas.0913602107 

29.  Madabattula ST, Strautman JC, Bysice AM, et al. Quantitative analysis 

of climbing defects in a drosophila model of neurodegenerative disorders. 

J Vis Exp. 2015;2015(100). doi:10.3791/52741 

30.  Wei Y, Lim L, Wang L, Song J. Inter-domain interactions of TDP-43 as 

decoded by NMR. Biochem Biophys Res Commun. 2016;473(2):614-

619. doi:10.1016/j.bbrc.2016.03.158 

 

  

 
  



114 
 

APPENDIX C: APTAMERS AGAINST PROTEINS RELEVANT TO 
NEURODEGENERATION 
 
Niloufar Mollasalehi1,2,3, Kwaku D. Tawiah4, Maira Soto2, David Porciani4, 

Donald H. Burke4, Kathleen Rodgers2, May Khanna2,3* 

 

  

* To whom correspondence should be addressed: Dr. May Khanna, 

Department of Pharmacology, College of Medicine, University of Arizona, 1501 

North Campbell Drive, P.O. Box 245050, Tucson, AZ 85724, USA Office phone: 

(520) 626-2147; Fax: (520) 626-2204; Email: maykhanna@email.arizona.edu 

  

Keywords: aptamer; neurodegenerative diseases. 

 
ABSTRACT 
 Neurodegeneration is a progressive deterioration of neural structures 

leading to cognitive or motor impairment and ultimately death of the affected 

patient. There is still no effective therapy for any of the most common 

neurodegenerative diseases such as Alzheimer’s or Parkinson’s disease. 

Although they exhibit distinct clinical characteristics, many neurodegenerative 

diseases (NDs) are characterized by the accumulation of misfolded proteins or 

peptide fragments in the brain and spinal cord. The presence of similar inclusion 

bodies in patients with neurodegenerative diseases supports that therapies 

directed at shared pathobiology with overlapping disease mechanisms will be 

effective for NDs. A novel targeting strategy involves the use of aptamers for 

therapeutic development.  Aptamers are short nucleic acid ligands that are able 

to specifically recognize a target with high specificity and high affinity. They 

have been widely used in therapeutic and diagnostic applications over the last 

two decades. This review describes aptamers that have been developed 

against proteins relevant to neurodegenerative diseases, including prion 

protein and amyloid-beta (Aβ), as well as cell-surface receptors and other 

cytoplasmic proteins. The review also explains the application of the selected 

aptamers in imaging, protein detection, protein quantification and potentially 

disease diagnosis and therapeutics.  
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INTRODUCTION 

Neurodegenerative diseases (NDs) are devastating conditions that 

affect millions of people and are the second-leading cause of deaths 

worldwide1. With an ever-aging population, the lack of effective treatment, and 

an increasing need for support services, NDs represent a significant social and 

economic burden. Many failures of clinical trials for ND therapeutics questions 

the efficacy of the current drug discovery pipeline, ranging from understanding 

disease onset, diagnosis, models for NDs and identification of suitable targets. 

Nucleic acid aptamers are single stranded oligonucleotides selected in 

vitro to recognize very specifically and with high affinity a plethora of molecular 

targets, ranging from metal ions to receptors, by folding into specific tertiary 

structures. Aptamers have thus been emerging as valuable tools in almost all 

aspects of the therapeutic space, such as basic research, diagnosis and 

therapeutics. Often considered as chemical antibodies, aptamers possess the 

advantage of longer half-life, smaller size, lower toxicity and immunogenicity, 

faster production at lower costs as well as low batch-to-batch variability 

compared to traditional antibodies. However, one more modality that makes 

aptamers unique is that chemical modification can be used to fine-tune their 

target affinity, labeling, bioavailability and stability, making them an attractive 

therapeutic tool2. 

 Aptamers are usually generated by systematic evolution of ligands by 

exponential enrichment (SELEX)3,4 or one of its variants (capture-SELEX, cell-

SELEX, etc)5. Briefly, a library of nucleic acid sequences, such as DNA or RNA, 

is partitioned based on the ability of sequences to bind the target. While non-

binders are discarded, positive binders are then amplified and tested again via 

an iterative process that alternates positive selection for affinity to the desired 

target and negative selection to reduce affinity to unwanted species, thereby to 

ensuring selectivity improvement. 

In neurodegeneration, the use of aptamers in the past two decades has 

been exploding for different applications, mainly diagnosis and therapeutic 

development. Developed aptamers in neurodegeneration have been mainly 

used in targeting aggregation of proteins such as prion proteins (PrP) and 

amyloid beta (Aβ), as well as targeting cell-surface receptors and other 
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cytoplasmic proteins involved in pathways important in NDs’ pathobiology. 

However, despite the numerous advantages of aptamers making them potential 

therapeutics, similar to other candidates in the drug discovery pipeline, their 

development towards entering clinical trial phase has not been as fast as 

expected. We describe these aptamers in this review and offer some 

perspectives on the advantages and disadvantages of such targeting schemes 

and potential reasons of not having many of them in clinical trial phase and 

being FDA-approved.   

 

I. Aptamers against aggregation of proteins 
  
Prion proteins (PrP) 

 “Prion” refers to a biological element that is capable of self-propagating 

and spontaneously formforming from the non-prion substrate and replicating 

itself to spread to a host cell6. In prionopathy, prion proteins ,with 256 amino 

acids, in their normal, soluble, protease-sensitive state (variously denoted PrPC 

or PrPsen) undergo post-translational conversion to form a less soluble and 

more proteinase K-resistant state, PrPSc (Sc refers to scrapie) or PrPres 7 

(Fig.1A). The exact mechanism by which prions damage host cells is still 

unclear; however, many experiments have suggested a role for PrPSc in 

neuronal dysfunction8 such as the mediatory effect of amyloid beta (Aβ), the 

pathogenic protein in alzheimer's disease, on triggering a toxic pathway that is 

mediated by PrPC. The resulted NDs could affect animals (such as bovine 

spongiform encephalopathy) and humans (as Creutzfeldte Jakob disease 

caused by scrapie associated fibrils or SAF as prions). 

Several aptamers have been developed to target different portions of the 

protein and the conformational changes that occur (Fig. 1B). RNA aptamer 

DP7 was selected against a region in the human prion protein (aa. 90-129) that 

is thought to be important for the conversion of PrPC into PrPSc 9. The affinity of 

the aptamer was assessed against full-length PrP from human, hamster and 

mouse, which are highly homologous in the region of aa 90–129. The apparent 

KD values for binding to full-length prion proteins ranged from 0.10-0.19 µM for 

murine and hamster PrPs and approximately ten-fold lower affinity for human 

PrP, even though human PrP was used in the aptamer selection. The authors 
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did not discuss the observed differences in affinities; but, pointed out the 

possibility selecting aptamers with affinity to an accessible peptide epitope that 

also recognize the complete prion protein. Incubation of DP7 aptamer in the 

cell culture medium with murine neuroblastoma cell line (3F4-ScN2a), which 

stably expresses a chimeric mouse–hamster–mouse PrP in addition to 

endogenous mouse PrP10, showed reduction in PrPSc production relative to 

treatment with the unselected RNA library, that had no significant effect on 

PrPSc protein levels. 

A 2′-Fluoro-Pyrimidine-modified RNA (2’-FY-RNA) aptamer, SAF 

(scrapie-associated fibrils)-93, was developed against bovine PrPSc by Rhie et 

al., aiming to bind to a region of PrP critical for conformational conversion and 

inhibiting the accumulation of PrPres 11. 2′-fluoro-modified pyrimidine 

nucleotides stabilize transcripts against nuclease degradation. This same 

aptamer was later used in sandwich surface plasmon resonance (SPR) 

detection assays to improve the detection of PrPSc comparing to the use of SPR 

for direct detection of PrPSc (limit of detection (LOD) = 0.5 ng.mL-1) using 

aptamer-graphene oxide (AGO)12 (LOD = 0.001 ng.mL-1), nanoparticle−organic 

clusters (NOCs)13 (LOD =  0.0001 ng.mL-1), aptamer-modified magnetic 

nanoparticles (AMNPs)14 (LOD = 0.01 ng.mL-1), or aptamer-modified Fe3C@C 

(Fe3C@C-aptamer)15(LOD = 0.1 ng.mL-1) for purified protein. 

Two DNA aptamers, called SSAPs and Sri3s, were developed by 

Takemura et al. against recombinant human PrPC (aa. 23-231). These SSAPs 

and Sri3s aptamers bind to PrPC (aa. 23-231) but not PrPC (aa. 90-231)16, 

suggesting that they recognize a different epitope than aptamer DP7 above. 

The aptamers also showed binding to mammalian PrPsen derived from brains 

of healthy sheep, calf, piglet, and deer, and to PrPC expressed in mouse 

neuroblastoma cells. SSAPs and Sri3s aptamers were later used in 

electrochemical biosensors17–19 (LOD = 7.6 fM to 500 fM) using purified protein, 

SPR-based biosensors20 (LOD = 4 nM) using purified protein, or nanoparticle-

based protein labeling platforms21,22 in HeLa, human neuroblastoma (SK-N-SH) 

and Escherichia coli BL21-DE3 cells. 

In the next two years after, two other RNA and DNA aptamers, called 

RM312 and aptamer #97 respectively, were selected against bovine PrP and 

hamster PrP (90–231) 23,24. The aptamer #97 also shows binding to human PrP 
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and stabilizes the disordered structure of the N-terminal domain25,26. A control 

oligonucleotide with an equivalent number of phosphorothioates to the aptamer 

97 and a scrambled consensus sequence were used as negative controls. 

However, none of the aptamers were used in further studies or applications 

later probably due to the similarity of RM312 to aptamer DP7 developed by 

Proske et al. as described earlier9. 

Other aptamers were discovered binding to an N-terminal truncated 

human prion protein PrP (aa. 90-231)27. One of these aptamers, 4C6, was used 

in a fluorescence-based prion detection method by Xiao et al.28 measuring PrP 

concentrations down to 13 nM using purified protein. The fact that aptamers 

Sri3s and 4C6 target different regions of prion protein makes them good 

candidates for developing a dual-aptamer sandwich probe to use in different 

biosensor applications. Different binding affinities of aptamers towards PrPC 

compared to PrPres was used for dual-aptamer assays for PrP detection using 

purified protein 29–33 and cellular imaging in SK-N-SH cells28.  

An RNA aptamer, R12 (also called r(GGA)4), was selected against 

bovine prion protein by Murakami et al. in 200834. The aptamer binds to the ß-

form of PrP with different affinities at Kd = 280 ± 80 nM compared to PrP (Kd 

=8.5 ± 3.4nM) and detects PrPC down to 30 ng in bovine brain homogenate. 

Mashima et al. showed that G quadruplex structure of R12 and dimer formation 

of the aptamer leading to a tight binding to N-terminal half of PrPC 35,36. R12 

also lowered the PrPres level in the mouse neuronal cells. The discovery of a G-

quadruplex structure of the aptamer led to investigation of the role of G-

quadruplex structure of PrP mRNA in conversion of PrPC to PrPSc37. The 

statistical thermodynamics of the aptamer binding was further investigated by 

Hayashi et al.38. The aptamer also blocked the interaction between prion protein 

and amyloid beta (Aß)39 that has been shown to cause neurotoxicity of Aß 

oligomers40. Later, two aptamers were developed using R12. First one had two 

R12s tandemly connected to each other, R24, and second was R12 

homodimer41. Both constructs inhibited PrPSc formation, with inhibitory IC50 

values at 197 nM and 560 ± 148 nM respectively in. IC50 for R24 showed the 
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lowest recorded IC50 and the highest anti-prion activity except for some 

antibodies.  

Other DNA aptamers were selected against hamster PrPSc using SELEX 

by Wang et al., showing selective binding to PrPSc. 17OAp1-24mm, one of the 

selected aptamers, showed PrPSc specificity, compared to PrPC,in multiple 

species including hamster, mouse, sheep and human42. Although the aptamer 

seems to be a useful reagent, it was not used in later studies and can potentially 

be further evaluated and developed . 

Recently, DNA aptamers were developed by Matos et al. against murine 

PrP (aa. 90-231)43. Two of them, A1 and A2, cause partial unfolding of PrP (aa. 

90-231) and lead to smaller droplets in liquid-liquid phase separation of the 

protein. This effect was dependent on the hairpin structure of A1 and A2 

aptamers and can increase the protein fibrillation. This can explain a possible 

PrP misfolding pathway through aptamer binding. 

 

Amyloid beta (Aβ) 
Deposition of β-amyloid peptide (Aβ) in brain is one of two hallmarks of 

Alzheimer’s disease. Studies have shown the correlation between the state of 

Aβ and clinical status of the patients44. Therefore, aptamers recognizing Aβ can 

be thought as tools to either image the peptides or target them as therapeutics.  

One aptamer was developed in 2002 by Ylera et al. against Aβ40 (aa. 1-

40) called β5545. The binding affinity of the RNA aptamer against aggregated 

fibrillar form of Aβ40 was measured and the Kd was approximately 30 nM. The 

secondary structure of the RNA aptamer reveals a stem-loop structure shared 

among most of the selected aptamer sequences. It is assumed by the authors 

that the stem probably has a stabilizing function whereas the loop is responsible 

for binding. In vitro studies of synthetic Aβ aggregates and in vivo studies of 

APP/PS1 transgenic mice have been performed using dual-labeled aptamers 

that carried both biotin and a fluorescent dye46. These optical imaging tools 

enabled direct visualization of amyloid plaques, replacing challenging and time-

consuming development of labeled protein. This aptamer has also been used 

as electrochemical aptasensor – biosensors made by combining an aptamers 

the recognition element with a highly sensitive transducers – in which the RNA 

aptamer was immobilized on the gold nanostructure of the sensor to quantitate 



120 
 

Aβ in CSF and serum samples in a linear range of 0.002–1.28 ng.mL-1 for early 

diagnosis of Alzheimer’s disease47.  

Aptamers N2 and E2 were developed in 2009 by Takahashi et. al. 

against Aβ40 conjugated with colloidal gold nanoparticles (Aβ–AuNP) 48, which 

has also been used in some studies as an oligomer model of Aβ and in binding 

assays. These aptamers showed affinities around 20 µM and 10 µM for N2-
Flu and E2-Flu, fluorescent-labeled RNAs, respectively.  The authors 

explain the low affinity of these aptamers by the intrinsic acidic nature of the Aβ 

peptide, which might render the selection of RNA difficult to obtain. Secondary 

structure predictions of RNA aptamers indicated that the loop regions of 

aptamers interact with the Aβ peptide. Circular dichroism spectra of Aβ40 in the 

buffer solution showed random-coil conformation. These aptamers inhibit Aβ 

aggregation at 25 µM of Aβ in Thioflavin T (ThT) binding assay and enzyme-

linked immunosorbent assay (ELISA). Transmission electron microscopy 

(TEM) also suggested that the aptamers can stop the maturation of Aβ40 fibrils. 

The same year, an RNA aptamer, KM, was selected against Aβ40 while 

reacting with Aβ40 and Aβ42 fibrils in addition to five other amyloidogenic 

proteins: calcitonin, Islet amyloid polypeptide precursor (IAPP), insulin, 

lysozyme, and Prp (aa. 106–126) 49. To evaluate the sensitivity of the aptamer 

to β sheet structure, they used electron microscopy (EM) and ThT fluorescence 

assay. EM was used to observe the formation of the structures and ThT 

fluoresnce, that is commonly used method to study the fibril formation, was 

used as a standard method to compare the fibril detection capability of 

aptamers to that. The results showed 15–17 fold higher sensitivity for aptamer 

detection. Therefore, they suggest the aptamer can be used to non-specifically 

detect β-sheet formation.   

Another DNA aptamer, RNV95, was later developed by Chakravarthy et. 

al. against Aβ4050 and used as a detection tool to observe Aβ aggregates in 

hippocampus tissue samples of Alzheimer’s disease patients. RNV95 aptamer 

was later amino-functionalized and immobilized on a SiO2 surface and 

ultimately used to detect Aβ40 peptide51 with LOD of 20 fM for Aβ40 peptides 

dissolved in a buffer solution with pH 7.4. 
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Recently, an RNA aptamer has been developed against Aβ42 (aa. 1-42) 

specifically incorporated into phosphatidylserine-containing liposomal 

membranes52. There is evidence of the involvement of oxidative stress in the 

pathogenesis of Alzheimer’s disease and Down’s syndrome53. The membranes 

can act as a catalytic surface for Aβ42 aggregation, channel-formation, leading 

to an influx of calcium ions into the cytoplasm and into mitochondrial production 

of reactive oxygen species (ROS) by mitochondria. Therefore, RNA aptamers 

binding to Aβ42 can potentially serve as a treatment for Alzheimer’s disease and 

Down’s syndrome by keeping the exosome functional. The random pool of RNA 

sequences (RNA 50N) was used as negative control in selection experiment.  

In 2020, an RNA aptamer called E22P–AbD43 was developed with 

affinity for E22P–Aβ42 for the first time , which dimerizes via a linker located at 

Val-4054. A structural analysis has suggested that the formation of G-

quadruplex structure in the aptamer is responsible for the specificity of the 

aptamer against the dimer. The aptamer showed inhibitory effect on the 

nucleation phase of the dimer to aggregates and was protective against the 

neurotoxicity of Aβ42 and E22P– Aβ42 and is proposed as a diagnostic tool. 

BACE1 is a β-secretase enzyme elevated in Alzheimer’s Disease. 

BACE1 is the key enzyme that initiates the formation of Aβ by cleavage of the 

β-amyloid precursor protein (APP)  (Fig. 2) and elevated in AD; therefore, an 

attractive drug target for AD55. Extracellular domain of the protein is responsible 

for the enzymatic activity of the protein and the short cytoplasmic tail (B1-CT) 

of it serves as a binding site for other proteins.  

RNA aptamers S10 and TH14 have been developed against B1-CT by 

Rentmeister et al. that inhibits the binding of copper chaperone (CCS),  for 

superoxide dismutase-1 (SOD1), one of the proteins interacting with the 

cytoplasmic tail, while having no effect on other functions of the protein56. 

Therefore, S10 and TH14 aptamers can potentially be used for studies on B1-

CT activity without affecting the subcellular localization of BACE1.  

In a different study, the extracellular domain of BACE1 was targeted to 

select DNA aptamers57. The DNA aptamers showed binding affinities in 

nanomolar range: A1 exhibited an apparent Kd of 68.5 ± 8.1 nM, A2 an 

apparent Kd of 15.3 ± 2.02 nM. Both aptamers had lower affinity than the anti-

BACE2 antibody (Kd = 2.7 ± 0.3 nM), while an unrelated aptamer U31, selected 
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by the same group against Epidermal growth factor receptor variant III 

(EGFRvIII)58, was not able to significantly bind BACE2. A1 inhibited the activity 

of BACE1 and lowered the Aβ40 and Aβ42 concentrations in AD cell models. The 

aptamer was later tested in AD mice models59 and improved the cognitive 

abilities of the AD mice and the soluble amyloid precursor protein b (sAPPb) 

expression was lowered. A1 aptamer also reduced the Aβ42 levels and showed 

its potential in AD therapeutic. 

Later in 2018, Gasse et. al. developed aptamers against BACE1 with 

modified nucleotides to increase the chemical diversity of the starting library 

and enhancing the stability of aptamers towards nuclease degradation and 

improving their binding affinity60. Specifically, thymidine was substituted by 5-

CldU (5-Chloro-2’-deoxyuridine) and adenosine by its 7-deaza analogue. The 

selected aptamers showed binding affinity and IC50 of BACE1 activity in low 

nanomolar range: 12.0 ± 1.2 nM for clone 71, 10.3 ± 3.7 nM for clone 71T and 

31.0 ± 5.1 nM for the starting library used as control. The authors justify this 

apparent lack of specificity by an overrepresentation of non-specific strong 

binders that biased the starting pool. 

Two DNA aptamers, BI1 and BI, were selected against BACE2 in a cell-

based SELEX by Xiang et al.61. BI1 and BI aptamers inhibited BACE1 activity 

and reduced Aβ in HEK-293 cells and rescued the Aβ-induced deficiency in 

APP-PS1 primary cultured neuron.  

 

Huntingtin 
Mutation in the Htt gene results in the expansion of toxic polyglutamine 

(polyQ) repeats and responsible for Huntington’s disease (Fig. 3). The extent 

of repeats is directly correlated with the disease, the longer the repeat, the 

earlier and the deadlier the prognosis. Even though the structural properties of 

the polyQ segment is still unclear, elongated Huntingtin ultimately leads to the 

formation of protein aggregates62. 

In 2004, a study done by Parekh-Olmedo et al. showed the inhibitory 

effect of DNA aptamers with modifications including phosophorothioate 

linkages, 2’-O-methyl, or locked nucleic acid (LNAs) addition on huntingtin 

aggregation formation. One of the effective inhibitors is called HD3S/5363. 

However, no sequence specificity was observed, and the inhibition was mainly 
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dependent on the type of chemical modifications. Later, they demonstrated that 

certain classes of oligodeoxynucleotides such as G-rich oligonucleotides 

(GROs) with no above mentioned modifications can inhibit the aggregation of 

huntingtin efficiently in PC12 cells overexpressing a mutant huntingtin fragment 

including first exon of huntingtin’s gene containing a poly(Q) repeat of 72 

codons (72Q)64. 

In 2015, RNA aptamers were selected against the N-terminal fragment 

of Htt, which harbor the poly(Q) stretch, of 51Q and 103Q mutant huntingtin65 

and were able to inhibit the aggregation of huntingtin using in vitro cell model 

and in a yeast HD model. This inhibitory effect led to increasing levels of soluble 

huntingtin and beneficial effects on restoring cellular functions, including 

restoration of calcium homeostasis and mitochondrial membrane potential, 

which underlie HD pathogenesis66–68.  

Later, in 2018, the same group applied a new strategy to express RNA 

aptamers only in cells with toxic level of mutant huntingtin69, as the huntingtin 

level is not the same in all cells70. As the expression level of Thioredoxin 2 

(Trx2) is high in oxidative stress, the promoter sequence of yeast Trx2 was 

used upstream of the aptamer sequence to be expressed in oxidative stress 

condition. Stress-induced aptamers showed a reducing effect on the 

aggregation of mutant huntingtin and increased cell viability in yeast cells69. 

Shin et al. selected DNA aptamers, MS1, MS2, MS3, MS4, specifically 

targeting mutant huntingtin with an expanded 78-residue polyglutamine tract 

(78Q)71. The aptamers bind mutant huntingtin proximal to lysine residues 

K2932/K2934 in the C-terminal-II domain, a different binding site than the 

previously reported G-rich oligonucleotides that bind to N-terminal domain and 

inhibit their aggregation64. The aptamers change the conformation of mutant 

huntingtin and its interaction with other proteins such as polycomb repressive 

complex 2 (PRC2)71 affecting huntingtin’s critical role in stimulating the 

methylation of histone H3 on lysine 27 (H3K27) multi-subunit complex72 which 

is enhanced in cells with mutant huntingtin73. Therefore, it is hypothesized that 

conformational change caused by aptamer binding potentially contributes to 

relieve one or more HD phenotypic defects, such as energy deficit and 

hypervulnerability to cellular stresses.  
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 Alpha-synuclein 

Parkinson’s disease (PD) is characterized by the presence of 

cytoplasmic Lewy Body in neurons that contains aggregated a-synuclein74. 

Different aptamers have been developed for this pathology. The first group of 

aptamers that target α-synuclein monomer was developed in 2010 by 

Tsukakoshi et al. 75. Within this group, M5-15 aptamer bind both α-synuclein 

monomer and oligomer, albeit with higher affinity for the oligomer. The aptamer 

was later used in an aptamer-based probe to detect α-synuclein with 10 pM 

detection limit as a PD biomarker76. The method was subsequently applied to 

the analysis of α-synuclein in blood samples with 0.2 μg·mL−1 detection limit77. 

Later, the same group developed guanine-rich aptamers that specifically bind 

α-synuclein oligomers78. Different aptamers from the study were used as 

potential PD diagnosis in several aptasensors78–80, in the design of aptazymes 

(aptamers that can be riboswitches). These aptazymes were specifically 

detecting a-synuclein oligomers81 and in super-resolution imaging methods, 

referred to as DNA PAINT (Point Accumulation In Nanoscale Topography), 

were used to detect and characterize endogenous α-synuclein aggregates 

within fixed cells82.   

Other aptamers called F5R1 and F5R targeting α-synuclein were 

developed in 2018 by Zheng et al. with nanomolar affinity towards α-

synuclein83. F5R1 and F5R aptamers inhibited the α-synuclein aggregation in 

vitro and in primary neurons, leading to oxidative stress suppression that is 

caused by association of α-synuclein aggregates and mitochondria84. F5R1 

and F5R aptamers also rescued the neurite morphology change caused by α-

synuclein that is observed in CNS neurons with overexpression of α-

synuclein85. Later, it was shown that F5R1 and F5R aptamers packaged into 

the rabies viral glycoprotein (RVG)-exosome and that could be delivered into 

neurons in vitro and in vivo, thus reducing α-synuclein aggregation and 

improving motor impairment in mouse PD model86. 

Aptamers have also been developed to target kallikrein-related 

peptidase 6 (KLK6), a serin protease that degraded a-synuclein and therefore 

inhibited the polymerization of α-synuclein87,88, called number 008 and 022. 
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Downregulation of KLK6 lead to accumulation of α-synuclein. The aptamers 

showed specific binding to KLK6 and the biotinylated aptamers showed stability 

in human and mouse serum up to 5 hours of incubation with serum samples 

and were expected to assist the development of novel diagnostics87,88. 

 

Tau protein  
Tau is an important microtubule associated protein that has role in 

neurodegenerative diseases and aging89. Tau phosphorylation is a normal 

metabolic process. However, hyperphosphorylation of tau forms aggregates in 

neurodegenerative diseases that seems to be exacerbated during aging. 

Despite previous studies claiming that tau only binds to dsDNA, it was first 

shown by Krylov et. al.90 that tau also binds ssDNA. These findings led to the 

selection of DNA aptamers against tau. Selected aptamers that bind tau with 

high affinity and specificity were then used in detection of tau proteins91,92,93 

and quantification of Alzheimer's disease biomarkers94. Other aptamers, also 

selected against human tau, showed inhibitory effect on the aggregation of the 

protein95 and were neuroprotective against proteotoxic stress. DNA aptamers 

also were selected against whole tau protein by Lisi et al.96 which also 

recognizes three other isoforms of tau all with low nanomolar range affinity.  

 
Tar DNA binding protein (TDP)-43 

Tar DNA-binding protein-43 (TDP-43) has been consistently described 

in cytoplasmic inclusions in the vast majority of postmortem neuronal tissue 

from confirmed amyotrophic lateral sclerosis (ALS) and Frontotemporal Lobar 

Degeneration (FTLD) patients97–99. TDP-43 in those aggregates is usually 

hypermodified and found as full-length and fragmented protein. 

In order to define RNA sequences binding to TDP-43, Ishiguro et al. 

selected and identified an RNA aptamer against TDP-43 full-length. All selected 

RNA sequences that bound TDP-43 exhibited four repeats of GGG sequence, 

and almost all of them were predicted as potential G-quadruplex. Using double-

fluorescent probe system, they further demonstrated the transport of G-

quadruplex containing RNAs to distal neurites by TDP-43. This study was the 

first to suggest the possibility of TDP-43 binding to G-quadruplex RNA and 

showed the advantage of using RNA aptamers in studying biological 
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mechanisms linked to TDP-43. Given that RNA sequences were shown to 

effectively abrogate the deleterious aggregation of TDP-43 in vitro100, using 

aptamers against TDP-43 might prove useful in a therapeutic context. 

 

II. Aptamers against cell surface proteins 

  

α4-integrin 
α4-integrin is an adhesion molecule that has role in autoreactive 

leukocytes migration into the brain101. The first study on α4-integrin-mediated 

central nervous system (CNS) disease was done by Yednock et al. in 1992 on 

experimental autoimmune encephalomyelitis (EAE) animal models, which 

mimic brain inflammation disease such as multiple sclerosis (MS)102. They 

showed the preventive effect of anti-α4-integrin antibodies on the accumulation 

of leukocytes in the CNS and the development of EAE that led to a trial  of 

natalizumab, an effective humanized monoclonal antibody against α4-integrin 

currently used to treat MS103. Later, in 2018, a series of aptamers were 

developed by Kouhpayeh et al. against α4-integrin using human embryonic 

kidney (HEK)-293T cells overexpressing α4-integrin104–106 using HEK-293T 

cells and unselected DNA library as control. These aptamers showed affinity to 

binding to α4-integrin in nanomolar range with the lowest at 215.36 ± 0.66 nM 

and could offer a replacement for natalizumab in MS therapy. 

 

CD200R1 
In 2014, DNA aptamers M49 and M52 were developed against murine 

CD200R1, a cell surface glycoprotein type 1 expressed in leukocytes that acts 

as potent signaling molecule in the absence of exogenous CD200107.  The 

PEGylation of M49 and M52, which was shown to reduce renal filtration108, was 

shown to stimulate immune inhibitory signaling of CD200R1 by phosphorylation 

of its cytoplasmic tail. CD200 is a glycoprotein that interacts with its receptor 

CD200R1; the interaction is involved in inhibition of macrophage function109. 

Data has shown normal expression of CD200 in neurons and CD200R in 

microglia110, while expression of CD200 is down regulated in MS lesions. As 

demyelinating and inflammatory activity of macrophages, including microglia, 

are critical in MS lesion development, it was suggested that neurons suppress 
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microglia through CD200-CD200R interaction to protect them from 

inflammatory reaction110,111.  

AMPA receptors 
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors 

are highly expressed both post-synaptically and pre-synaptically in the CNS in 

synaptic membranes and mediate fast excitatory neurotransmission through 

glutamate excitatory neurotransmitter112.  

Since there is no chemical inhibitor known to be capable of selectively and 

specifically inhibiting AMPA receptor subunits, Park et al., developed two 

aptamers targeting GluA2 AMPA receptor subunit113. AF44 showed Kd=44 ± 18 

nM for the closed-channel conformation and Kd=48 ± 13 nM for the open-

conformation of GluA2 while AF42 showed a Kd= 57 ± 21 nM for the closed-

channel conformation and 44 ± 11 nm for the open-channel conformation. To 

identify minimal, functional aptamer sequence, they came up with aptamer 

pairs, F44/AF42, with shorter versions of AF44 and AF42 keeping the 

secondary structures that were thought to be important. F44/AF42 showed 

inhibiting effect on the GluA2 subunit of AMPA using whole-cell current 

recording assay113. This was the first example of exquisite control of 

open/closed targeting of GluA2 channels.  

 

III. Other targets for neurodegenerative diseases 
 

Midkine 
Midkine, or neurite growth-promoting factor 2 (NEGF2), is a basic 

heparin-binding growth factor involved in cell proliferation, cell migration, 

angiogenesis, fibrinolysis, induction of inflammation and tissue repair114. 

Midkine expression is upregulated in the spinal cord during the induction and 

progression phases of experimental autoimmune encephalo- myelitis (EAE), 

making Midkine a good target for MS115.  

The anti-midkine (MK) RNA aptamer developed by Wang et al. was 

shown to alleviate experimental autoimmune encephalomyelitis (EAE) through 

midkine inhibition116. The RNA aptamer used in this study was stabilized with 

ribose-2’ modifications, as well as cholesterol and inverted dT tags at its 5’ and 

3’ ends, respectively and showed binding affinity to MK at around 0.9 nM. It was 
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later shown that midkine inhibition in the EAE mouse model decreases the 

population of regulatory T-cells (Tregs) that are regulated through tolerogenic 

dendritic cells (DCregs) development that normally leads to autoimmune 

responses117, validating midkine as a MS-aptamer target. 

In 2014, Rozenblum et al. developed two aptamers targeting myelin 

basic protein (MBP). MBP is the most well-studied myelin protein in MS as it is 

the most abundant protein in the myelin sheath118 and is thought to be a primary 

autoantigen in MS119,120. One of the two aptamers, MBPcl3 aptamer showed 

binding affinity for MBP that was almost five-fold more effective than the anti-

MBP antibody using an ELISA-like assay with nmol of aptamers and its 

presence blocked the binding of the antibody to MBP121. Therefore, MBPcl3 

could potentially be a good neuroprotective agent. It was additionally shown to 

be useful for visualizing myelin-rich regions in mouse brain tissue by 

histochemistry121. A scrambled version of MBPcl3 by randomizing its nucleotide 

sequence was used in experiments as control. 

  

Myelin basic protein (MBP) antibodies 
Antibodies against myelin basic protein (MBP), a protein maintaining the 

correct structure of myelin and crucial to the myelin sheath integrity, have been 

found in the serum of MS patients119. A 2′-F-Py RNA aptamer was selected 

against anti-MBP autoantibodies by Vorobjeva et al. for the primary purpose of 

developing a sensitive diagnostic assay for pathological autoantibodies. This 

aptamer was covalently conjugated to obelin, a Ca2+-regulated photoprotein to 

be used in a solid-phase bioluminescent assay122. The assay was used to 

determine sensitivity and specificity of the measurement using 91 serum 

samples from patients with clinically definite MS and 86 ones from individuals 

healthy in terms of MS123.  

 
Regulator of calcineurin 1 (RCAN1) 

Calcineurin is a protein that controls the phosphorylation and 

dephosphorylation of several transcription factors like nuclear factor of 

activated T-cells (NFAT) and regulator of calcineurin 1 (RCAN1) is an 

endogenous inhibitor of calcineurin. RCAN1 is a multifunctional protein that has 

role in Down syndrome and Alzheimer’s disease pathology. In Yun et al. 
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study124, RCAN1 was identified as a RNA-binding protein and an RNA aptamer, 

R1SR13, was selected against it. The affinity of R1SR13 for RCAN1 was 

significantly greater (approximately 0.3 µM) than a mutated version of the 

aptamer (approximately 25 µM). The aptamer inhibited the inhibitory function 

of RCAN1 I NFAT and NF- κB signaling pathways and lowered transcriptional 

activity of both pathways leading to lowered neural apoptosis. The aptamer 

showed specificity towards RCAN1 compared with the RNA consensus motifs 

identified by RIP in SPR experiments. 

Discussion 
Neurodegenerative diseases (NDs) as diseases of the central and 

peripheral nervous system target hundreds of millions of people worldwide and 

yet there is no cure for them. Therefore, development of therapeutics for 

neurodegenerative diseases have become the focus of many studies. NDs are 

caused by several different pathways including faulty genes, nervous system 

development interruption and nerve cells’ damage or death; but the precise 

mechanism involved in each is not fully understood yet.  

Interestingly, although this review describes applications of several 

aptamers that have been developed for ND target proteins, their number in 

clinical trials and their use in therapeutics is very low. The main reasons are the 

comparatively more recent development of the technique compared to 

alternative approaches and the bias in industry’s financial investment in a well-

established research like antibodies than aptamers125. The two other reasons 

that can also apply to other potential therapeutics such as antibodies go back 

to our poor understanding of the mechanism underlying each disease and 

focusing on targets such as amyloid aggregates that appear to be the end result 

of the disease rather than the causative targets.  For example, several aptamers 

were developed against amyloid beta (A�) in AD. Despite major studies on Aβs 

in AD, there has not been significant progress therapeutically. Another reason 

may be the lack of predictive disease models used for ND studies. The cell and 

animal models used in therapeutic studies mostly demonstrate one specific 

aspect of the disease that is not fully representative of it which can be 

misleading in therapeutic developments. Developed patient derived cells, when 

possible, as disease models in addition to systematic use of more than one 
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animal model would help tremendously in covering different aspects of the 

disease. 

 Finally, we believe that biophysical characterization of aptamers with 

precise affinity measurements along with appropriate negative controls, as a 

standard step in aptamer development may have been understudied during 

aptamer development. However, aptamers have provided fantastic tools for 

studying mechanisms ranging from differentiating protein conformations, 

aggregation and localization and therefore have a bright future in therapeutics 

and diagnostics.  
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TABLES 
 

Table1. Aptamers developed against prion protein and their applications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By Aptamer Structure Against Kd Application 

Proske et 
al. 

DP7 RNA human PrP (90-

129)  

1-1.9 µM  reduction in PrPSc production in 3F4-ScN2a 

Rhie et al. SAF-93 RNA bovine PrPSc  23.4±1.2 nM sandwich SPR detection assays of PrPSc 12–

15 

Takemura 
et al.  

SSAPs and 

Sri3s 

DNA human PrPC (23-

231) 

N/A electrochemical biosensors(LOD= 7.6 fM to 

0.5pM)17–19  

SPR-based biosensors (LOD=4nM)20 

nanoparticle-based protein labeling 

platforms21,22 

Mercey et 
al. 

RM312 RNA ovine PrP 20nM 
 

King et al. #97 DNA hamster PrP (90–

231) 

1-10nM stabilization of the N-terminal domain of 

PrP25,26 

Bibby et al. 4C6 DNA human PrP (90-

231) 

20nM fluorescence-based prion detection 

(LOD=13nM)28 

Murakami 
et al. 

R12 RNA bovine PrP  ßPrP 280 ± 80 

nM   

PrP 8.5 ± 

3.4nM 

 

Mashima et 
al. 

R24  RNA bovine PrP  N/A PrPC-to-PrPSc conversion inhibition41 

R12 dimer 

Wang et al. 17OAp1-

24mm 

DNA hamster PrPSc N/A Selective binding to PrPSc 42 

Matos et al. A1 and A2 DNA murine PrP (90-

231) 

N/A Partial unfolding of PrP (90-231)43 
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Table 2. Aptamers developed against amyloid beta (Aβ) and their 
applications 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By Aptamer Structure Against Kd Application 

Ylera et al β55 RNA Aβ40 30 nM optical imaging tool46  

electrochemical aptasensor47 

Takahashi et. 
Al.  

N2 and E2  RNA Aβ40 20 and 10 µM Aβ aggregation inhibition in Thioflavin 

T (ThT) binding assay48 

Rahimi et al. KM RNA Aβ40 N/A non-specific detection of β-sheet 

formation49 

Chakravarthy 
et. Al.  

RNV95 DNA Aβ40 150-200nM Aβ40 peptide detection51 

Janas et al. 
 

RNA Aβ42 N/A liposomal membrane Aβ42 detection 

Murakami et al. E22P–

AbD43 

RNA E22P–

Aβ42 

50±5.0 nM  Inhibition of the nucleation phase54 

Rentmeister et 
al.  

S10 and 

TH14  

RNA BACE1-

CT 

npBACE 360 and 

280nM 

ppBACE 330 and 

420nM  

inhibition of binding of CCS to SOD1 

Liang et al. A1 and A2 DNA BACE1 68.5 ± 8.1 nM 

15.3 ± 2.02 nM 

AD therapeutic potential, tested in 

mice model59 

Gasse et. Al.  #71 

#71T 

DNA BACE1 12.0 ± 1.2nM 

10.3 ± 3.7nM  

Inhibition of BACE1 activity60 

Xiang et al. BI1 and BI DNA BACE2 N/A Inhibition of BACE1 activity61 
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Table 3. Aptamers developed against huntingtin and their applications 
 

 

 

 

 

 

 

 

  

  

By Aptamer Structure Against Kd Application 

Parekh-Olmedo 
et al.  

HD3S/53  DNA Htt N/A inhibition of the aggregation of Htt63,64 

Chaudhary et al. 
 

RNA 51Q-htt 330-

670nM 

inhibition of the aggregation of Htt65–68 

Patel et al. 
 

RNA 103Q-htt and 25Q-

htt 

N/A reduction in the aggregation of mutant 

Htt70 

Shin et al.  MS DNA 78Q-htt N/A abrogation of PRC2 activity71 
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Table 4. Aptamers developed against alpha-synuclein and their 
applications 

 

  

By Aptamer Structure Against Kd Application 

Tsukakoshi 
et al.  

M5-15  DNA α-

synuclein 

N/A PD biomarker76 

potential PD diagnosis in aptasensors78–80 

alpha-synuclein oligomers detection in 

aptazymes81 

DNA PAINT imaging8283 

Zheng et al.  F5R1 and 

F5R  

DNA α-

synuclein 

40 and 3.07 

nM 

inhibition of α-synuclein aggregation83 

Arnold et al. #008 and 

#022 

DNA KLK6 N/A inhibits of the polymerization of α-

synuclein87,88 
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FIGURES 
 

Figure 1: Aptamers against Prp protein. A. Conversion of a normal PrpC 

conformer (PDB ID: 2lsb126), with high α-helices content into a β-rich conformer 

(PrPSc), via an unknown process ultimately leads to the formation of fibrils (PDB 

ID: 6lni127) in prion diseases. B. Aptamers against PrP protein target different 

regions of the protein. Insert: Structure of R12, a G-quadruplex aptamer against 

PrPSc, in complex with peptides from PrP (PDB ID: 2rsk36). 
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Figure 2: Aptamers against the aggregation of Aβ.  BACE1 is a β-secretase 

enzyme that initiates the formation of Aβ by cleavage of the β-amyloid precursor 

protein (APP), through its extracellular domain (PDB ID: 2zhv128). Different 

aptamers were designed that target either the enzymatic activity (aptamers A1, 

BI/BI1) or the intracellular part of BACE1, responsible for protein-protein 

interaction (S10/TH14). Aβ peptides are known to ultimately form insoluble 

fibrils (PDB ID: 2beg129) in Alzheimer’s disease. 
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Figure 3: Aptamers against Huntingtin protein. Huntingtin in normal patient 

present less than 35 glutamine residues in the N-terminal region of the 

Huntingtin protein. Elongation of this region, above 35 glutamine residues, 

leads to the formation of protein aggregates and correlates with Huntington’s 

disease. Several aptamers have been designed against different expanded 

huntingtin protein. 
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ABSTRACT 

Multiple Sclerosis (MS) is a chronic inflammatory demyelinating disease 

that causes focal demyelination in the central nervous system (CNS) of 

patients. In MS, demyelination is resulted from destruction of both the myelin 

sheath and oligodendrocytes. Destruction of myelin sheath leads to the 

conduction blockage potentially due to the attack of autoantibodies to the 

components of myelin sheath. One of these protein targets studied before is 

myelin oligodendrocyte glycoprotein (MOG). In this study, we target 

autoantibodies attacking MOG protein by developing aptamers. Aptamers are 

single stranded DNA sequences with the ability to form different 3D structures 

to interact with specific molecular binding partners. We show the specificity of 

one of the developed aptamers, NM02, towards MOG antibodies with Kd=11±24 

µM. 

 

INTRODUCTION 

Multiple Sclerosis (MS) is an autoimmune demyelinating disease of the 

central nervous system affecting between 400,000–1 million Americans and 

~2.3 million people worldwide1–3. So far, the most widely used treatments for 
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MS consist of intravenous immune globulin, plasma exchange, and 

corticosteroids4.Therapy should be initiated early in the course of the disease 

to prevent continuing demyelination and secondary axonal loss leading to 

permanent disability5. Autoantibodies in MS patients induce conduction block 

and demyelination in neurons by attacking the myelin sheath components 

potentially through blocking epitopes that are functionally relevant for nerve 

conduction5,6. Among the potential targets of autoantibodies, myelin 

oligodendrocyte glycoprotein (MOG) 7, neurofascin 8, contactin-2 9, and the 

potassium channel, KIR-4.1 10, are the most studied myelin and non-myelin 

self-antigens. The therapies for this disease are generally non-specific in nature 

and broadly affect immune function or inflammatory processes6.  The non-

specificity of their action lead to a wide range of side effects.  Further, a 

significant proportion of patients continue to progress even while receiving 

these therapies.  A therapy that would selectively inhibit the specific 

pathological entities causing disease tailored to the patient would be a 

revolutionary advance in the therapeutic options. Studies have shown the 

development of aptamers, that are structured nucleic acids that recognize 

specific molecular binding partners, against different proteins involved in MS 

(as discussed in previous chapter) including midkine11, myelin basic protein 

(MBP)12, MBP autoantibodies13, and cell surface proteins such as α4-integrin14 

and CD200R15. The developed aptamers have been used in different 

applications from inhibitory and therapy purposes to detection of the target 

proteins in a variety of sensor setups16–25. 

In this study, we target autoantibodies against myelin oligodendrocyte 

glycoprotein (MOG) that are directly involved in disease outcomes which we 

expect to alter the course of the disease without immunocompromising the 

patient. MOG is a member of the immunoglobulin (Ig) superfamily and a myelin 

protein expressed only at the external surface of myelin sheaths and 

oligodendrocyte membranes. The function of MOG is not fully understood yet, 

but its molecular structure and its extracellular immunoglobulin (Ig) domain 

suggests a possible function as a cell surface receptor or in cell adhesion26. 

MOG has a large N-terminal extracellular immunoglobulin G variable (IgG V) 

like domain (AA 1–125) that is responsible for the formation of demyelinating 
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Abs. The monoclonal MOG-specific Ab 8–18C5 has specifically been shown to 

induce demyelination in Lewis (LEW) rats with experimental autoimmune 

encephalomyelitis (EAE)27,28. 

Therefore, our approach is to develop aptamers using systematic 

evolution of ligands by exponential enrichment (SELEX) as in vitro selection 

method to neutralize MOG-specific 8–18C5 autoantibodies targeting MOG 

protein. Aptamers are single-stranded oligonucleotides that can adapt to any 

structural conformation and bind to target molecules, they are often referred to 

as “nucleic acid antibodies”.  Aptamers are generated via systematic evolution 

of ligands by exponential enrichment (SELEX). The process of SELEX begins 

with a large library of random sequences ranging in length from 15-100 

nucleotides that become aptamers following multiple rounds of selection.  

Following multiple rounds of selection with increasing stringency, aptamers 

against specific targets and high affinity can be discovered.  Advantages of 

aptamers include (i) potential to bind to a wide range of molecules with high 

affinity, (ii) small size (ten times smaller than antibodies thus permitting flux 

across cells), (iii) high malleability, and (iv) low cost of production.  Also, unlike 

protein therapeutics, aptamers do not evoke an antigenic response. 

In this study, using SELEX, we developed a ssDNA aptamer, NM02, 

targeting MOG-specific Ab 8–18C5. The aptamer showed the highest affinity at 

low micromolar range towards the antibody among sequenced aptamers from 

round 16.  

 

MATERIALS AND METHODS: 

Materials.  

All reagents were purchased from Sigma (St. Louis, MO, USA) and 

Thermo Fisher Scientific (Hampton, NH, USA) unless otherwise indicated. 

Recombinant Anti-Rat MOG Antibody (8-18C5) was purchased form Creative 

Biolabs (Shirley, NY, USA). The mouse IgG, Fc fragment was purchased from 

Jackson Immuno Research Laboratories Inc. (West Grove, PA, USA). The N40 
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random DNA library was purchased. The 85-bp oligonucleotide single-stranded 

DNA (ssDNA) library, consisting of a 40-bp randomized region flanked on either 

side by a 12-bp and a 13-bp primer hybridization site was purchased from from 

TriLink Biotechnologies (San Diego, CA, USA) to generate aptamers against 

MOG antibody. This library contained more than 1015 unique ssDNA. 

Systematic evolution of ligands by exponential enrichment (SELEX) 

The initial round of selection was done using 1 nmol of random ssDNA 

library because of the ability of ssDNA to form a wider variety of 3-dimention 

structures compared to double-stranded DNA (dsDNA). DNA library was 

heated to 90°C for 1 min in PBS containing 1 mM MgCl2, the same 

concentration present in plasma, placed on ice for 15 min, and then incubated 

for 8 min at room temperature to allow folding. Magnetic Dynabeads™ Protein 

G was incubated with 200 pmol recombinant anti-rat MOG antibody for 10 

minutes at room temperature as instructed by the manufacturer. The folded 

DNA library was incubated with immobilized antibodies on the beads for 1 hour 

at 37°C. The beads were washed twice with 100 µL of PBS containing 1 mM 

MgCl2 using magnetic separation rack. To the pellet was added 50 µL water, 

followed by 10 minutes incubation at 90°C to elute the bound aptamers from 

antibodies.  

A portion of the recovered DNA was amplified by PCR (100 µL reactions) 

employing Taq DNA polymerase, primers at 1 µM final concentration, and 

incubation for 5 min at 95°C, followed by cycles of 30 s at 95°C, 30 s at 50°C, 

and 30 s at 72°C for 12 cycles. The design of the primers is shown in Figure. 
1A with 5' TAGGGAAGAGAAGGACATATGAT 3’ forward primer and 5’ A20 -

[HEG]-TCA AGT GGT CAT GTA CTA GTC AA 3’ reverse primer (HEG 

indicates hexaethylene glycol spacer). The A20 -[HEG] tag generated a gap in 

size between two DNA strands after each amplification by acting as a blocker 

to stop polymerase activity at the 3' terminus. The size difference between two 

DNA strands enabled us to separate two strands of amplified DNA by 

precipitation of PCR products from 10% denaturing polyacrylamide gel 

electrophoresis (Figure. 1B). The DNA band was cut from the gel, diced, and 
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eluted in 300mM sodium acetate at room temperature overnight followed by 

precipitation from ethanol and quantitation by UV spectrometry.  

After the first round, two steps of background subtractions were done 

(Figure. 2). First, using Dynabeads™ Protein G only and second, by IgG Fc 

fragment immobilized on Dynabeads™ Protein G. The DNA was incubated for 

30 minutes at 37°C for each step before selection against MOG antibody. The 

stringency of selection was gradually increased by lowering the concentration 

of the library, concentration of MOG antibody and the ratio of the concentration 

of library over the concentration of MOG antibody. 

After 16 selection cycles, PCR was performed, and the resulting duplex 

DNA was ligated into the pUC19 cloning vector using Takara In-Fusion HD 

Cloning Kit, cloned, and sent to Eton Bioscience Inc. for sequencing. 

Flow Cytometry.  

ssDNA library from each round of selection was PCR amplified using an 

Alexa 647 labeled forward primer with the sequence same as described before. 

A total of 200 µL of 100nM ssDNA selected pool was added to 1µM of MOG 

antibody immobilized on 40 µL of antibody capture bead (Beckman Coulter 

B22804) in PBS buffer containing 1 mM MgCl2. The same volume of the beads 

were used for background signal subtraction (Figure. 3A) and the same 

concentration of the starting library was used as a control pool (Figure. 3B). 

The mixtures were incubated for 30 minutes at 37°C. The aptamer-MOG 

antibody interaction was measured as percentage of beads showing signal in 

high Alexa-647 intensities on x-axis using MACSQuant analyzer 10 flow 

cytometer (Miltenyi Biotech, Germany) (Figure. 3C). Due to the very small size 

of the unbound aptamers, they would not show up as signal in the performed 

flow cytometric assay enabling us to distinguish bound vs unbound aptamers. 

The forward scatter (FSC), that is used for the discrimination of beads by 

singularity, vs Alexa-647 intensity data was then analyzed by MACSQuantify™ 

software.  

Radioactive filter binding assay 
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The ssDNA selected pool from each round of selection was PCR 

amplified using 32P-radioactive labeled primers. The 32P-radioactive labeled 

DNA was then incubated with MOG antibody at different concentrations for an 

hour at room temperature and passed through nitrocellulose filter. The antibody 

as well as the ssDNAs capable of binding to the antibody were retained on the 

filter, and the unbound ssDNA passed through. After washing and drying, the 

membranes are exposed to phosphor-imaging screens for quantitation. 

Surface Plasmon Resonance (SPR) 

 

Surface plasmon resonance was performed with a Biacore 3000 

instrument (GE Healthcare). MOG antibody was covalently immobilized on a 

CM5 chip using standard amine coupling according to the manufacturer’s 

protocol. Once the protein was immobilized (500 RU), there were flow of 1 to 

100 µM of aptamer NM02 with a flow rate of 20 µL/min followed by 60 seconds 

of complex dissociation diluted in HBS-EP buffer. IgG Fc fragment was 

immobilized on the control flow cell of CM5 chip. The measured signals were 

analyzed by Biacore’s Data Analysis Software and used to obtain a 

concentration-dependent curve and dissociation constant of aptamers. 

RESULTS 

After optimization of the SELEX for the selection of aptamers against 

MOG antibody (Figure. 2), the selected ssDNA pool from different selection 

rounds were analyzed for the binding improvement towards MOG antibody 

using flow cytometric (Figure. 3) or nitrocellulose filter binding assay (Figure. 
4). Performing flow cytometric assay on the selected DNA pool from round 6 

showed 9x enrichment compared to the starting library (Figure. 3C).  

 

The analysis of the flow data is dependent on the number of the beads 

being injected to the instrument in each round; and the best way to verify the 

same number of beads being used in each sample is only by measuring the 

exact volume of the used beads, assuming the homogeneous dispersion of the 

beads in the stock solution. Because of that, we decided to use nitrocellulose 
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filter binding assay, as an alternative method, to add variety to the techniques 

used to analyze ssDNA pool enrichment. The assay was done after 16 rounds 

of selection (Figure 4) and indicated 2x enrichment of the aptamers in round 

16 compared to starting library in the presence of 10 µM of MOG antibody. After 

sixteen rounds of selection, no improvement was observed in enrichment of 

aptamers; therefore, aptamers from round sixteen were cloned and sequenced. 

 

Among sequenced aptamers, the sequences with highest repetition in 

the sequenced pool were chosen, NM01-5, for further studies. The binding of 

the chosen aptamers to bind to MOG antibody was measured using surface 

plasmon resonance (SPR) (Figure. 5) and the aptamer showing highest 

binding levels at 10 µM, NM02, was chosen for affinity measurements. The 

signal for binding of different concentrations of the aptamer (1–100 µM) to MOG 

antibody was measured (Figure. 6A) and the concentration-dependent curve 

was obtained at 110 second after injection showing Kd=11±24 µM (Figure. 6B). 

 

CONCLUSION 

In this study, MOG-specific 8–18C5 autoantibodies were targeted by 

aptamers using SELEX. The aptamers interact with autoantibodies in contact 

with the N-terminal extracellular domain of MOG protein that induce the 

demyelination in EAE models of MS. The selected ssDNA aptamer, NM02, 

showed binding affinity to MOG protein at low molecular range. In the next step 

of our investigation, the affinity of the aptamer can potentially be improved using 

structural experiments to optimize the aptamer sequence keeping the same 

essential 3D structure of the aptamer. The research demonstrates the proof-of- 

principle for further studies towards therapeutics and diagnostics potential of 

the aptamer in MS. 
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Figure 1. Design of PCR-amplified DNA to make ssDNA for subsequent 
SELEX rounds. A) DNA is tagged with HEG (Hexaethylene glycol spacer) and 

PolyA using tagged revers primers in order to create a size gap between two 

DNA strands. B) The two DNA strands show up as two different bands in 

selected pool (SP) of aptamers on 10% urea gel enabling us to separate the 

strands. In second lane, ssDNA starting library (SL) is loaded as the point of 

comparison.  



 

 

Figure 2. Developed SELEX scheme. Scheme of the different steps of the 

selection in SELEX for up to 5 rounds. Blue: positive selection with anti-MOG 

antibody immobilized on the magnetic beads’ surface. Orange with black font: 

negative selection with only magnetic beads. Orange with white font: negative 

selection with IgG part of the antibody immobilized on the magnetic beads. The 

subsequent rounds are done similar to round 5, except having less antibody 

concentration to increase the stringency. 

  



 

 

Figure 3. Flow Cytometry to measure improvement of aptamers’ affinity 
towards the antibody over starting library (SL). Flow cytometry assay was 

used for Alexa-657 labeled aptamers to measure A) background binding using 

only flow cytometry antibody capture beads, B) starting library binding to MOG 

antibody immobilized on the beads, and C) aptamers from round 6 binding to 

MOG antibody immobilized on the beads. The comparison between round 6 

and starting library data shows 9 times enrichment of binding of aptamers to 

the MOG antibody observed as higher percentage of beads showing high Alexa 

signal on x-axis due to binding of Alexa-657 labeled aptamers to the antibodies 

immobilized on the beads.  

  



 

 

 

 

 
 
 
 
 
 
 
 
 
Figure 4:  Radioactive filter binding assay to measure improvement of 
aptamers’ affinity towards the antibody over starting library (SL).  
Radioactive filter binding assay was used to confirm enrichment of aptamers 

with high affinity towards MOG antibody in round 16 (grey) compared to SL 

(black). The quantification of radioactive filter binding assay in the absence or 

presence of 10 µM MOG antibody for round 16 showed 2x enrichment in 

aptamer pool. 

  



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Using surface plasmon resonance (SPR) to measure the binding 
of the top five sequenced aptamer to MOG antibody. MOG antibody was 

immobilized on the surface of CM5 chip (9000RU) and IgG Fc fragment was 

immobilized on the surface of the control flow cell on the chip. A. SPR 

sensorgrams showing the signal for binding of different aptamers at 10 µM to 

immobilized MOG antibody. B. The sequence of each aptamer with underlined 

portion identifying the constant region in each sequence.
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Figure 6: Using surface plasmon resonance (SPR) to measure the affinity 
of the aptamer NM02 binding to MOG antibody. MOG antibody was 

immobilized on the surface of CM5 chip (9000RU) and IgG Fc fragment was 

immobilized on the surface of the control flow cell on the chip. A. 
Representative SPR sensorgrams showing the signal for binding of different 

concentrations of the aptamer (1–100 µM) and immobilized MOG antibody. B. 
A concentration-dependent curve was obtained for aptamer binding to 

immobilized MOG antibody showing Kd=11±24 µM. At higher concentrations of 

the aptamer, it started to show non-specific binding signals, thus the data is not 

shown. Data is represented as mean ± SEM (n=3). Some error bars are smaller 

than the symbols. 

 


