
STRUCTURE-BASED TARGETING OF TDP-43 TO FURTHER THE DEVELOPMENT OF 

NOVEL THERAPEUTICS FOR NEURODEGENERATIVE DISEASES 

by 

David D. Scott 

__________________________ 
Copyright © David D. Scott 2022 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PHARMACOLOGY 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN MEDICAL PHARMACOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2022 



1HE UNNERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by: David Scott, titled: Structure-Based Targeting ofTDP-43 to Fmther the 

Development ofN ovel Therapeutics for Neurodegenerative Diseases. 

and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy. 

Ogita I� s gried by .bhn ht Stieicher 

John M Strel·cher 
Oll:�":"ohnM.Sued•<!""Un;.,,"i<yofA•izo .. o,. 

• ema1l:::JStie1cMl@e1oa1l.a1crona.edu, c=US 
Date:2022.0727 US1:l0•070fJ 

Dr. John Striecher, Committee Chair 

Dr. May Khanna, Me-::f:tr � 

Dr. Todd Vanderah 

Dr. Eli Chapma,n 

L.uKtw Trcuuire-k 
Dr. Lukas Trantirek 

Date 7/27/2022 

Date 07/272022 

Date 0712712022

Date 27 JUL22 

Date 
. 

07/27/2022 

Final approval and acceptance of this dissertation is contingent upon the candidate's submission 
of the final copies of the dissertation to the Graduate College. 

I hereby certify that I have read this disse1tation prepared under my direction and recommend 
that it be accepted as fulfilling the disse11ation requirement. 

Digttally sgned by John M. strei:her 

J h M St 
. h DN:cn::John M.Streicher,0=Unilfersityof 

0 n • re1c er Arizona,ou
'. . . 

emall=Jslre1c her@ema,1.anzona.Ed u, C=US 
Date: l02207.27 13:50:51-07\lO' 

Dr. John Striecher 
Dissertation Committee Chair 
Department of Pharma,cology 

Date 7/27/2022 

2



Acknowledgments 

Throughout the years of work embedded within I have received a great deal of support and assis-
tance.  

First, I cannot thank my mentor Dr. May Khanna enough for her invaluable mentorship throughout 
my studies. May believed in me more than I did myself, as she saw this in me long ago when I 
joined her lab as a first-generation undergraduate researcher. She always pushed me to be a better 
scientist, leader, and overall human being empowering me with skills I will carry for a lifetime. I 
would also like to thank Dr. Liberty Francois-Moutal for her guidance and friendship in the lab. 
She deeply cared about my training and experience as shown by her dedication of numerous hours 
teaching me hands on for which I am forever grateful. I would like to recognize Dr. Vlad Kumirov 
for his enthusiasm and joy of teaching NMR that really emboldened my love for this magnificent 
technique. He directly oversaw my NMR training and provided immeasurable knowledge and in-
sight. Of course, Dr. Samantha Perez-Miller is the brilliant in silico scientist that truly advanced 
many of the applications within this work and inspired the art behind the science with gorgeous 
structure representations and figure schematics. Her skills have always motivated me to push my 
development of data representation. 

I would like to thank my parents Janel and Charles Hill, for their unwavering support and love 
throughout this endeavor, as well as my younger brother Riggin Scott whom I deeply love and 
have always wanted to inspire. Thank you all for giving me the strength and courage to chase my 
dreams.  

Lastly, I would like to thank my partner Sabrina Gatterer and close friends Jacob Carlson, Stephen 
Alvarado, Gary Uselton, Nicholas Mulvihill, and Kanyon Smith. As I struggled with the work-life 
balance of a graduate student, you all have greatly provided support with stimulating discussions 
and happy distractions to rest my mind. 

Without my mentors, family, and friends none of this would be possible. 

I love you all so much. 

Thank you 

3



Table of Contents 
List of Figures ................................................................................................................................ 6 

List of Tables .................................................................................................................................. 8 

List of Abbreviations ..................................................................................................................... 9 

Abstract ........................................................................................................................................ 11 

Introduction ................................................................................................................................. 14 

1. Amyotrophic Lateral Sclerosis (ALS) ........................................................................... 17 

1.1 Pathogenic Proteins Implicated in ALS ................................................................ 19 

2. TDP-43 Function, Structure, and Pathology ................................................................ 22 

2.1 TDP-43 Functions .................................................................................................... 22 

2.2 TDP-43 Structure .................................................................................................... 24 

2.3 TDP-43 Pathology .................................................................................................... 29 

3. Structure-Based Drug Discovery (SBDD) ..................................................................... 32 

3.1 Protein Structure Determination by NMR Spectroscopy .................................... 32 

3.2 Molecular Modeling and De Novo Protein Structure Prediction ........................ 38

3.3 Molecular Dynamics Simulations of Protein Structures ..................................... 41 

3.4 In-silico Molecular Docking .....................................................................................42

3.5 NMR Applications in an SBDD Pipeline ............................................................... 47 

3.5.1  1D Saturation Transfer Difference (STD) - NMR ................................................ 49 

3.5.2  2D Heteronuclear Single Quantum Correlation (HSQC-NMR) .......................... 50 

3.5.3  2D Carr-Purcell Meiboom-Gill (CPMG) – NMR ................................................ 51 

4. Summary and Aims of this Thesis ................................................................................. 53 

Chapter 1: Development of a Structure-Based Drug Discovery Pipeline Targeting TDP-43 for 

Neurodegenerative Diseases .......................................................................................................... 54 

Chapter 2: Structure-Based Targeting of TDP-43 Identifies Allosteric Modulation of RNA 

Binding to TDP-43 RRM Domains ............................................................................................... 75 

Chapter 3: The N-Terminal Domain of TDP-43 Acts As the Gatekeeper of RNA Binding by 

Direct Interactions With the RNA Recognition Motifs ............................................................... 107 

4



Concluding Remarks ................................................................................................................. 126 

Appendix A: 1H, 15N, 13C Backbone Assignments of apoTDP-43 RNA Recognition Motifs ....... 130 

Appendix B: Molecular Dynamics Simulation of TDP-43 RRMs in the Presence and Absence of 

RNA .............................................................................................................................................. 136 

Appendix C: Small Molecule Targeting TDP-43’s RNA Recognition Motifs Reduces Locomotor 

Defects in a Drosophila Model of Amyotrophic Lateral Sclerosis (ALS) ................................... 159 

Appendix D: An Allosteric Modulator of RNA Binding Targeting the N-Terminal Domain of 
TDP-43 Yields Neuroprotective Properties ................................................................................. 168 

Appendix E: Direct Targeting of TDP-43, From Small Molecules to Biologics: the Therapeutic 
Landscape .................................................................................................................................... 175 

Bibliography ................................................................................................................................ 185 

5



List of Figures 
Figure 1. The spectrum of hallmark proteins implicated in major neurodegenerative diseases. .. 16 

Figure 2. TDP-43 sequence and structure ..................................................................................... 28 

Figure 3. Evolution of single and multidimensional NMR spectroscopy of proteins ................... 34 

Figure 4. 1D, 2D, and 3D [1H,15N,13C] Protein NMR Experiments. ............................................ 35 

Figure 5. Applying Multidimensional NMR spectroscopy of 15N-, 13C-labeled proteins for 

structure determination ................................................................................................. 37 

Figure 6. Primary protein sequence encodes for secondary and tertiary protein structures .......... 39 

Figure 7. High Throughput Virtual Screening (HTVS) ................................................................ 45 

Figure 8. Pharmacophore modeling for lead optimization ............................................................ 46 

Figure 9. The synergistic relationship between in silico docking and NMR spectroscopy in a 

structure-based drug discovery (SBDD) pipeline ........................................................ .48 

Figure 10. Assigned 1H-15N TROSYHSQC-NMR spectrum of 15N apoTDP-43102-269 ................. 57 

Figure 11. Predicted secondary structures using TALOS-N from chemical shifts of assigned 15N 

apoTDP-43102-269 ........................................................................................................... 58 

Figure 12. CS-Rosetta Calculated structures of apoTDP-43102-269 ............................................... 59 

Figure 13. Differences in RMSF between RNA-free and RNA-bound simulations of TDP-43 ... 61 

Figure 14. Contact maps of RNA-free and RNA-bound TDP-43 ................................................. 62 

Figure 15. Cross-correlation matrices for RNA-free (A), RNA-bound (B), and the difference 

between RNA-free and RNA-bound (C) ...................................................................... 63 

Figure 16. Interdomain angle analysis. .......................................................................................... 64 

Figure 17. Distributions of φ and ψ angles for R227 and A228 .................................................. 65 

Figure 18. Structural comparison of MD simulated apo TDP-43 with AlphaFold2 predicted apo 

TDP-43 and RNA bound known TDP-43 structures .................................................... 66 

Figure 19. Sitemap Results of TDP-43 structure models .............................................................. 67 

Figure 20. Targeting the NTD and RRM domains to identify small molecules modulating TDP-

43 functions ................................................................................................................... 77 

Figure 21. In silico docking to the RNA recognition motif of TDP-43 identifies compound 

rTRD01 ......................................................................................................................... 79 

Figure 22. Top hits from in silico docking poses screening rTRD compounds with TDP-43 

RRMs ............................................................................................................................ 80 

6



Figure 23. Sitemap druggability prediction of TDP-43 NTD ....................................................... 81 

Figure 24. STD-NMR screening of nTRD compounds with TDP-431-260 and TDP-43102-269........82 

Figure 25. Mapping the binding of rTRD01 on TDP-43 ............................................................... 84 

Figure 26. RNA/TDP-43 disruption by rTRD01 using ALPHA assay ......................................... 86 

Figure 27. Biophysical characterization of nTRD22 ..................................................................... 89 

Figure 28. nTRD22 effect on primary cortical neurons ................................................................ 91 

Figure 29. rTRD01 improves larval turning in a Drosophila model of ALS ................................ 92 

Figure 30. nTRD22 mitigates motor defects in a Drosophila model of ALS overexpressing TDP-

43 ................................................................................................................................... 93 

Figure 31. Domain architecture of recombinant TDP-43 constructs ........................................... 108 

Figure 32. High-resolution 2D [1H,15N] HSQC-NMR spectra of TDP-43102-260 and TDP-431-260

under identical conditions ........................................................................................... 110 

Figure 33. Chemical shift perturbation analysis comparing 2D [1H, 15N] HSQC-NMR spectra of 

TDP-431-260 and TDP-43102-260 identifies NTD-RRM interactions within the 

ribonucleoprotein recognition sequences .................................................................... 111 

Figure 34. HADDOCK protein-protein simulations of TDP-431-77 and TDP-43102-260 

highlight electro-static interactions stabilize NTD-RRM interactions ....................... 114 

Figure 35. ClusPro protein-protein docking of NTD to RRM1-RRM2 ...................................... 115 

Figure 36. I-TASSER and RaptorX de novo sequence to structure predictions both converge to 

NTD-RRM interdomain stacking ................................................................................ 116 

Figure 37. CPMG-NMR and SPR detect protein-protein interactions between the NTD and RRM 

domains of TDP-43 ..................................................................................................... 118 

Figure 38. Changes in RRM-RNA binding are affected by the presence of the NTD as seen by 

2D [1H,15N] HSQC-NMR ........................................................................................... 119 

Figure 39. Superposition of [1H,15N] HSQC spectra of 15N-labeled TDP-43102-269 free (black) 

and in complex with TDP-431-102 NTD at different ratios .......................................... 120 

Figure 40. [1H,15N] HSQC-NMR indicates differences in pH stability between TDP-43 

constructs .................................................................................................................... 121 

7



List of Tables 
Table 1. All deposited structures of the NTD and RRM domains of TDP-43 .............................. 55 

Table 2. Sitemap pocket prediction results for Molecular Dynamics, AlphaFold2, and RNA-

bound TDP-43 models of the RRM domains ................................................................... 68 

Table 3. Results of top three clusters from HADDOCK protein-protein docking simulations of 

TDP-431-102 and TDP-43102-260 ........................................................................................ 112 

8



List of Abbreviations 
AD Alzheimer’s Disease 
ALS Amyotrophic lateral sclerosis 
ALS-FTD Patients with ALS who meet the FTD criteria 
ATXN2 Ataxin 2 
C9orf72 Chromosome 9 open reading frame 72 
CFTR Cystic Fibrosis Transmembrane conductance regulator (CFTR) 
CSP Chemical Shift Perturbations 
CTD C- terminal domain
CTFs Cleaved with C-terminal fragments
DYRK1A Dual-specificity tyrosine phosphorylation-regulated kinase
EWSR1 Ewing Sarcoma breakpoint region 1/EWS RNA binding protein 1
fALS        Familial ALS
FTD          Frontotemporal Dementia 
FTLD Frontotemporal Lobar Degeneration 
FTLD-U Frontotemporal Lobar Degeneration with ubiquitin-associated inclusions 
FUS Fused in Sarcoma 
hnRNA Heteronuclear ribonucleic acids 
hnRNP Heteronuclear ribonucleotide binding protein family 
HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 
HSQC-NMR Heteronuclear Single Quantum Coherence – NMR spectropscopy 
HTS High-Throughput Screens 
HTVS High-Throughput Virtual Screening 
LATE Limbic predominant Age-related TDP-43 encephalopathy 
LAMC1 Laminin subunit gamma 1 
LCD Low-Complexity Domain 
LLPS Liquid-Liquid Phase Separation 
LSPS Liquid-to-Solid Phase Seperation 
MD Molecular Dynamics 
miRNA Micro-RNA 
MNDs Motor neuron diseases 
MRI Magnetic resonance imaging 
MSA Multiple Sequence Alignment 
NDD Neurodegenerative Diseases 
NES Nuclear export signal 
NLS 
NMR 

Nuclear localization signal domain 
Nuclear Magnetic Resonance 

NTD N-terminal Domain
PD Parkinson’s Disease
PDB Protein Data Bank
PTM Post-Translational Modification
RBP RNA-binding Protein
RNP-1/2 Ribonucleoprotein recognition motifs
RRMs RNA Recognition Motifs
RRM1 RNA Recognition Motif 1
RRM2 RNA Recognition Motif 2

9



SBDD Structure Based Drug Discovery 
SOD1 Superoxide Dismutase 1 
STD-NMR Saturation Transfer Difference – NMR spectroscopy 
siRNA small interfering RNA 
ssDNA single stranded DNA 
sALS Sporadic ALS 
SG Stress Granule 
TAF15 TATA-binding protein Association Factor 2N 
TDP-43, TARDBP                    TAR DNA-binding protein 43 
UBQLN2 Ubiquilin-2 
UPR Unfolded Protein Response 
UPS Ubiquitin proteasome System 
VAMP3 Vesicle-Associated Membrane Protein 3 

10



Abstract 

Neurodegenerative diseases are incurable and debilitating conditions that result from 

grad-ual and progressive degeneration and death of neural cells, leading to nervous system 

dysfunction that causes problems with movement (called ataxias) and mental functions (called 

dementias). Neurodegenerative diseases already affect millions worldwide and cases are 

rapidly increasing with the accelerating population with no current efficacious therapies or cures. 

Mounting evidence supports toxic oligomerization from atypical protein folding and aggregation 

of hallmark proteins that are of therapeutic interest as means of intervention. TAR DNA-binding 

protein 43 (TDP-43) is one of these hallmark proteins indicated in several neurodegenerative 

diseases pathophysiology and has been largely implicated in both familial and sporadic cases of 

Amyotrophic Lateral Sclerosis (ALS). TDP-43 is an intrinsically disordered multidomain protein 

that consists of an N-terminal domain (NTD1-102), two tandem RNA recognition motifs 

(RRM1102-177 and RRM2191-260), and an intrinsically disordered glycine-rich C-terminal domain 

(CTD).  

Structural characterization of the prion-prone TDP-43 has been challenging since its 

intrin-sically disordered regions represent 15-30% of the total protein. In this study, we seek to 

define possible new targetable sites on the apo structure of TDP-43 RRM domains 

(TDP-43102-269). To do so, we utilized multi-dimensional NMR experiments to assign the 

backbone residues for TDP-43102-269 along with Molecular Dynamics (MD) simulations to 

investigate the structure and dynam-ics of TDP-43 RRM domains in the absence of RNA 

(apoTDP-43102-269). We compared apo TDP-43 structures obtained from MD, experimental NMR 

restraints, and de novo sequence to structure predictions using AlphaFold2 (AF2), RaptorX, 

and I-TASSER of TDP-43 RRM domains and found differences within structures and 

looped regions. A Sitemap analysis identified five 
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druggable sites for NMR structures both apo and RNA bound, while fewer sites were identified 

following MD simulations and AF2 predicted apo structures. 

The bulk of this research focuses on the development of a structure-based drug discovery 

pipeline targeting the structured domains of TDP-43, including the N-Terminal domain (NTD) and 

RNA recognition motifs (RRMs) domains. We hypothesized that by targeting the RRMs of TDP-

43 that confer a pathogenic interaction between TDP-43 and RNA, motor neuron toxicity could be 

reduced. In silico docking of 50k compounds to the RRM domains of TDP-43 identified a small 

molecule (rTRD01) that (i) bound to TDP-43’s RRM1 and RRM2 domains; (ii) partially disrupted 

TDP-43’s interaction with the hexanucleotide RNA repeat of the disease-linked c9orf72 gene, but 

not with (UG)6 canonical binding sequence of TDP-43; and (iii) improved larval turning, an assay 

measuring neuromuscular coordination and strength, in an ALS fly model based on the overex-

pression of mutant TDP-43. Targeting the NTD yielded nTRD22 that caused allosteric modulation 

of the RRMs 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 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 work on the chemical modulation of TDP-43 identified allosteric changes in the pro-

tein which we attributed to possible interdomain interactions between the NTD and RRM domains. 

To investigate this, we compared 2D [1H, 15N] HSQC-NMR spectra of TDP-43102-260 (RRMs 

alone) against TDP-431-260 (NTD and RRMs) and discovered clustered shifts in the RNA binding 

sites of both RRM domains. Probing this idea, we modeled NTD-RRM interactions using protein-
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protein docking along with de novo sequence-to-structure predictions of TDP-43 that propose 

NTD stacking onto the RRM domains. Using surface plasmon resonance (SPR) and Carr-Purcell-

Meiboom-Gill (CPMG)- relaxation dispersion NMR spectroscopy, we show evidence of a tight 

interaction between the NTD and RRMs with nanomolar affinity. Finally, using 2D HSQC-NMR, 

we detect changes in the exchange rate of short UG-rich RNA binding between RMMs alone and 

in the presence of the NTD, suggesting the NTD has a role with the RRM domains for RNA bind-

ing. 
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Introduction 

Neurons are specialized cells in the brain and spinal cord that have projected dendrites 

and axons allowing communication to each other or other cells through electrical and chemical 

signals. Dendrite projections originate from the soma and resemble tree branch structures 

bringing infor-mation into the cell body. Axonal projections appear as the tail of a neuron 

taking information from the cell to its axonal terminal buttons where specialized chemicals 

called neurotransmitters are stored in vesicles. Through electrical and chemical-induced 

signaling, endocytosis of these vesicles secretes neurotransmitters across a tiny space, called a 

synapse, to dendritic or axonal projections of other neurons or interneurons. It is estimated that 

the human brain consists of ~86 billion cells with a 1:1 nonneuronal/neuronal ratio similar to 

other primates [1-3]. Until around the 1960s, it was thought that mammals were born with all the 

neurons that they will have in a lifetime, however, in 1962 Dr. Joseph Altman first saw evidence 

of neurogenesis within the adult rat hippocampus [4]. By 1979, Altman’s work was reconfirmed 

by Dr. Michael Kaplan who also found neural precursor cells in the forebrain of adult monkeys 

[5, 6], inspiring an idea that regaining neuronal function is possible.  

Contrary to neurogenesis, neurodegeneration is seen as the progressive, irreversible loss of 

structure and function in neurons with a multitude of etiologies being discovered from genetic, 

environmental, and age-related mechanisms. Age-related neurodegenerative diseases (NDD) have 

multifaceted complex intertwining pathologies but do retain basic mechanisms including protein 

aggregation, oxidative injury, impaired bioenergetics, mitochondrial dysfunction, fragmentation 

of neuronal Golgi, disruption of cellular and axonal transport, and neuroinflammation [7]; 

leading to uncontrolled programmed cell death of the neuron through apoptosis, autophagy, and 

necroptosis mechanisms. 
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 Protein aggregation leads to intra- and extracellular deposition driven by self-aggregating 

misfolded proteins that form higher-ordered insoluble fibrils. Generally, these hallmark protein 

aggregates are identified along with the location of dysfunctional neurons within the cortex for 

clinical diagnosis [8]. This arises from the fact that epitopes of misfolded or oligomerized protein 

targets of neurodegenerative diseases have been identified and single-domain antibodies success-

fully recognize misfolded proteins [9].  Common hallmark proteins include α-synuclein (a-syn) 

within dopaminergic neurons found in Parkinson’s Disease (PD), b-amyloid (Ab42) plaques within

the amygdala and hippocampus in Alzheimer’s Disease (AD), superoxide dismutase 1 (SOD1) and 

TAR-DNA binding protein 43 (TDP-43) within motor neurons of the brain and spinal cord in 

Amyotrophic Lateral Sclerosis (ALS), as well as intra- and extracellular neurofibrillary tangles of 

tau and prion proteins (Figure 1). The biochemical mechanisms behind how protein aggregation 

provokes neurodegeneration are poorly understood, but this toxic action of oligomerization from 

soluble prefibrillar derivatives is found causative of neurodegenerative disease phenotypes propa-

gating further aggregation of proteins, known as the toxic oligomer hypothesis [10].  

15



Figure 1. The spectrum of hallmark proteins implicated in major neurodegenerative diseases  
Atypical protein aggregation is a clinical hallmark of age-related neurodegenerative diseases. Pro-
tein aggregates have deposited extracellularly, as seen in PrP that has been linked to CJD or β-
amyloid (Aβ42) seen in Alzheimer’s Disease (AD) and Lewy Body Disease (LBD).  Intracellular 
depositions are also seen in a spectrum of neurodegenerative diseases: Tau, the only protein ag-
gregate found in PART, is also seen in most other age-related neurodegenerative diseases includ-
ing AD, LBD, ALS-FTD, and PD. TDP-43 is found in most of the same diseases with and without 
tauopathies present. α-Synuclein originally linked to PD is seen in Lewy Bodies in patients with 
Parkinson’s Disease Dementia. PrP: Prion Protein; CJD: Creutzfeldt-Jakob Disease; AD: Alz-
heimer’s Disease; ALS: Amyotrophic Lateral Sclerosis; FTD: Frontotemporal Disorder; PD: Par-
kinson’s Disease; PART: Primary Age-Related Tauopathy; LBD: Lewy Body Dementia 

Many hallmark proteins of the toxic oligomer hypothesis associated with NDDs are intrin-

sically disordered with a high propensity to misfold and oligomerize [8]. Progressive intracellular 

protein accumulation can result from many pathological processes including abnormal synthesis 

or mutations that cause misfolding, abnormal interactions with other proteins, overproduction of 

proteins and impaired degradation leading to dysfunctional turnover, altered post-translational 

modifications, protein oxidation, abnormal proteolytic cleavage, improper expression or gene 

splicing, along with many others [11-13]. This accumulation of misfolded proteins causes 
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intracellular stress leading to proteostasis dysfunction as many NDDs see impairments, possibly 

due to over-taxation, of the molecular chaperone networks responsible for the unfolded protein 

response (UPR), the heat-shock response, and the ubiquitin-proteasome system (UPS), further 

driving toxic oligomerization and accumulation of protein aggregates [10]. These toxic oligomers 

have been found to have seed-like properties propagating the pathological oxidative stress, 

impaired mitochondrial bioenergetics, disruption of cellular/axonal transport, neuroinflammation, 

and immune responses to neighboring cells [14-17]. As evidence supports, designing therapeutics 

that alter protein aggregation and misfolding provides a promising landscape for treating 

neurodegenerative diseases [10, 18, 19]. 

1. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis (ALS) was originally identified in 1869 by French neurol-

ogist Jean-Martin Charcot. Amyotrophic comes from the Greek language and is translated as “no 

muscle nourishment.” Lateral identifies the location of spinal cord neurons that were seen as de-

generated and scarred, further known as “sclerosis”. By the 1940s it was commonly referred to, in 

the United States, as Lou Gehrig's disease after the famous baseball player who died in 1941.  ALS 

is a motor neuron disease that affects lower motor neurons causing early symptoms like muscles 

twitching in the arms and legs, muscle cramps or tightness, and muscle weakness [20]. These 

symptoms occur either in the limbs first, classified as limb onset ALS or patients notice speech 

and swallowing problems first, and the disease is classified as bulbar onset ALS. ALS differenti-

ates itself from other motor neuron diseases as a progressive degeneration of the lower motor neu-

rons ultimately leads to the degeneration of upper motor neurons, adding a neurological component 

to this rare disease. This progressive deterioration of upper motor neurons within the motor cortex 
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leads to further symptoms of slurred speech and difficulty chewing, swallowing, and breathing. 

Generally, patients with ALS can perform higher mental processes with no impairment of reason-

ing, understanding, or problem-solving, and it was thought that there were no dementia-related 

symptoms. Recent evidence supporting the ALS-Frontotemporal Dementia (ALS-FTD) spectrum 

has shown otherwise [21-24], nonetheless, this denervation ultimately results in a loss of control 

over respiratory functions and inevitably death. 

ALS is the most common motor neuron disease with recent approximations indicating a 

global incidence rate of 1-2.6 per 100,000 persons, but this incidence rate dramatically increases 

to ~5 per 100,000 persons over the age of 70 [25-28]. Interestingly, there is a higher incidence rate 

among Gulf War veterans with over a threefold increase in the rate of incidence [29, 30] compared 

to healthy individuals below 70 years old. ALS cases are largely sporadic (sALS) with ~5% con-

sidered genetically inherited (fALS) with nearly identical etiologies [31]. On average, ALS is di-

agnosed one year from symptom onset. Given the absence of a specific ALS test, most diagnoses 

start with a detailed history of neurological examinations and a series of blood and urine tests or 

muscle biopsies to rule out other diseases [32]. Diagnosis of ALS relies on a combination of mus-

cle, nerve, and imaging techniques e.g., electromyography and nerve conduction studies are used 

to detect the electrical activity of muscle fibers and the nerves’ ability to send signals. Furthermore, 

increasing evidence has shown that the initial diagnosis of patients with ALS also presents clinical 

symptoms of frontotemporal dementia (FTD), indicating these two diseases share common symp-

toms and similar diagnostic criteria and may have similar means of therapeutic intervention [33-

39].  
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Rilutek (Riluzole) was the first FDA-approved drug to treat ALS in 1995 by inhibiting 

glutamate release with an unknown mechanism of action, but some evidence of affecting presyn-

aptic ion channels [40, 41]. Riluzole has been shown to prolong life expectancy by approximately 

three months and was the only available treatment for over 20 years. In 2017, Radicava (Edara-

vone) was FDA-approved for its antioxidant effects becoming the treatment for ALS. Although 

the mechanism of action is also unknown, Edaravone gained significant traction in the clinic as it 

is intravenously injected as opposed to Riluzole, a tablet that must be swallowed for patients that 

lose the ability to swallow [42-45]. Shortly after, a wave of improvements was seen in Riluzole 

patient delivery with the release of Tiglutik, the FDA-approved liquid oral form of Riluzole in 

2018, followed by an oral biofilm of Riluzole called Exservan in 2019 [46-48]. None of these 

greatly alter ALS progression and highlight the need for improved methods with a more targeted 

approach for the development of novel therapeutics treating ALS. 

1.1 Pathogenic Proteins Implicated in ALS 

The causes of ALS are largely unknown but four pathogenic mechanisms between familial 

(fALS) and sporadic forms are indistinguishable: (i) redox imbalance, (ii) immune disorders, (iii) 

autophagy dysfunction, and (iv) abnormal levels and functions of RNA and RNA-binding proteins 

with aggregates of both protein and RNA detected [49, 50]. To date, up to 30 genes are heavily 

implicated in ALS with the most frequent being C9orf72, SOD1, FUS, and TDP-43, however, 

these only explain ~15% of sporadic cases and 66% of familial cases [51].  

Superoxide dismutase 1 (SOD1) is an antioxidant enzyme that protects the cell against 

oxidative damage from free radicals and was the first protein implicated in fALS with at least 170 

mutations identified [52]. It is thought that mutations of SOD1 cause initial misfolding of the 
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protein leading to a loss of function mechanism, which increases the levels of free radicals and 

reactive oxygen species resulting in oxidative stress [53]. Additionally, this stress is thought to 

increase oxidative modifications of wild-type SOD1 causing dissociation of dimers into monomers 

furthering aggregation and seed-like potential. Beyond contributing to oxidative stress, loss of 

SOD1 function impairs axonal transport, disrupts mitochondrial function, and induces cellular hy-

perexcitability leading to early disruption of neuromuscular synaptic structures [54]. SOD1 is an 

exclusively pathogenic protein of ALS and is not observed in FTD or ALS-FTD. Mice overex-

pressing SOD1G93A are the most widely investigated mouse model of ALS [55-57], but poorly 

recapitulate all of ALS implying SOD1 malfunction may be correlative, not causative of ALS [58-

60]. Nevertheless, recent studies using non-invasive T2-weighted magnetic resonance imaging 

(MRI) indicate SOD1G93A may be considered a biomarker of disease progression as the transgenic 

SOD1G93A mouse model has shown pathologic changes in brainstem nuclei that could advance to 

a non-invasive diagnostic technique [61]. 

Chromosome 9 open reading frame 72 (C9orf72) encodes for a 54.3 kDa protein thought 

to be involved in various cellular processes including vesicle transport, lysosomal homeostasis, 

mTORC1 signaling transduction, and autophagy. Mutations in C9orf72 were identified as the most 

common genetic cause of 40-50% of fALS, 8-10% of sALS, and in ALS-FTD cases [62]. Healthy 

individuals present thirty or fewer copies of a hexanucleotide GGGCC (G4C2) repeat within the 

c9orf72 gene and mutations of C9orf72 identified in ALS patients cause long extensions of the 

intronic hexanucleotide GGGGCC (G4C2) motif resulting in repeats hundreds to thousands of nu-

cleotides long. A clear pathological mechanism is unknown but data suggests three hypotheses: (i) 

the mutated long-repeat RNA is itself inducing cellular toxicity, (ii) the G4C2 toxic RNA repeats 
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sequester RNA-binding proteins into inclusions, or (iii) the translated dipeptides formed from G4C2

repeats are toxic [63-66]. One pathological result is an increase in immunoreactive microglia and 

neuroinflammation that can be observed in C9orf72-ALS patients as there is a direct interaction 

between C9orf72 and the innate immune inflammasome complex i.e., microglia and astrocytes 

[67]. Additionally, histopathology studies of these C9orf72 induced RNA foci have shown TDP-

43 and heterogeneous nuclear ribonucleoprotein A3 (hnRNPA3) positive inclusions, underscoring 

the RNA-protein role in ALS pathology [68-70].   

Numerous DNA- and RNA-binding proteins (RBPs) have been implicated in ALS, most 

commonly TDP-43 and FUS, as well as rare examples of TAF15 and EWR1 [71-76]. Fused in 

sarcoma (FUS) encodes for an RNA binding protein located in the nucleus under physiological 

conditions. Cytoplasmic FUS aggregates are commonly found in sALS and ALS-FTLD cases and 

fALS FUS mutations accelerate abnormal liquid to solid phase transition [77, 78]. In fly and 

zebrafish models, knockout of FUS causes neuronal death and ALS-linked FUS mutations with 

abnormal phase transitions result in abnormal gene expression with splicing changes, suggesting 

a link between abnormal phase transition and RNA metabolism as pathogenic mechanisms of ALS 

[76, 79]. TATA-box binding protein associated factor 15 (TAF15) is also a nuclear RNA binding 

protein with similar roles to FUS. Immunohistochemical detection of misfolded TAF15 in post-

mortem spinal cord tissue showed mislocalization of the protein in the motor neurons of ALS 

patients. Similarly, Ewing Sarcoma breakpoint region 1/EWS RNA binding protein 1 (EWSR1) 

assembles with FUS and TAF15 to form the FET protein family that is aggregated into dotted 

granular structures in the motor neurons of sALS patients. Undoubtedly, there is a connection 
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between the cytoplasmic mislocalization of RBPs, phase separation, and RNA metabolism in ALS 

pathology [80, 81].  

In 2006, TDP-43 was marked as an ALS-related RNA-binding protein (RBP) found in over 

90% of ALS patients within neuronal inclusion bodies [82, 83]. Originally associated with ALS, 

it is now implicated in an increasingly large number of other neurological conditions including 

Alzheimer’s Disease, frontotemporal lobar degeneration with ubiquitin-associated inclusions 

(FTLD-U), Guam-Parkinsonism dementia, and limbic predominant age-related TDP-43 encepha-

lopathy (LATE). Due to its large network of interactions and cellular responsibilities, TDP-43 has 

gained interest as a pivotal neurodegenerative target and for these reasons will be further discussed 

in the next section [84]. 

2.  TDP-43 Function, Structure, and Pathology 
 
2.1  TDP-43 Functions  

Originally discovered in 1995 as a modulator of HIV-1 gene expression [85], the Transac-

tive response DNA binding protein of 43kDa (TDP-43) has since been characterized as a highly 

conserved member of the heteronuclear ribonucleotide binding protein (hnRNP) family. Hetero-

nuclear ribonucleic acids (hnRNA) are old terminology for large pre-mRNA of various transcripts 

derived from RNA polymerase II. hnRNP proteins, including hnRNPA1/2, FUS, and TDP-43 have 

been found to play crucial roles in DNA replication and repair, gene transcription, pre-mRNA 

splicing, and mRNA stability, transport, and translation [86]. From its original characterization as 

an HIV-1 transcription inhibitor, TDP-43 was hypothesized to repress the recruitment of transcrip-

tion factors to the TATA promoter region. TDP-43 was later found to bind to the antisense strand 

of the [SP-10] promotor that contains TGT GTG motifs, and TDP-43 binding to [SP-10] functions 
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as a minimal insulator in transgenic mice [87, 88]. The more characterized function of TDP-43 is 

its involvement in pre-mRNA splicing regulation. The first evidence was found in 2001 when it 

was described as a negative splicing regulator binding to UG-repeat elements of human cystic 

fibrosis transmembrane conductance regulator (CFTR) exon 9 [89, 90]. A common genotype in 

cystic fibrosis patients is a high proportion of exon9 skipping, and antisense inhibition of TDP-43 

in Hep3B cells results in increased inclusion of exon9. Likewise, depletion of TDP-43 by small 

interfering RNA (siRNA) returned the efficient inclusion of exon 3 in the apoA-II mRNA [91] in 

which disruption of TDP-43’s trans-activity effectively overrode the need for cis-acting elements 

generally necessary for exon inclusion.  

Another function of mammalian TDP-43 family members is an autoregulatory mechanism 

that maintains cellular protein levels [92]. A particular example involves the splicing factor 

SFRS2, which can bind to the 3’-UTR of its gene (SC-35) and promote intron processing to pro-

duce mRNA transcripts with reduced stability that are further degraded by nonsense-mediated de-

cay, a surveillance pathway eliminating mRNA transcripts that contain premature stop codons 

[93]. TDP-43 was found to bind and stabilize the binding of SFRS2 to the SC35 enhancer element 

indirectly regulating SFRS2 protein expression. TDP-43 autoregulates its own expression through 

a similar negative feedback mechanism that depends on the translocation of TDP-43 into the nu-

cleus to maintain constant nuclear TDP-43 levels [94, 95]. Within the nucleus, TDP-43 binding to 

the 3’-UTR of TARDBP pre-mRNA results in multiple alternative intron splicing events, with most 

being susceptible to nonsense-mediated decay. Little is known about the few isoforms that exist, 

however recently hyperexcitability was found to drive the expression of alternatively spliced short 

isoforms of TDP-43 (TDP-S6 and TDP-S7) [96], but overall by processing its pre-mRNA, the 
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amount of nuclear TDP-43 indeed regulates the intracytoplasmic TARDBP mRNA level. It is im-

portant to note many of TDP-43’s splicing abilities are dependent on its interactions with several 

other hnRNPs, such as hnRNPA1/A2/B1/C/H and FUS [74, 97]. 

TDP-43 has recently been implicated in microRNA (miRNA) biogenesis as its nuclear lo-

calization can also be observed within peri-chromatin fibers that are specifically associated with 

miRNA processing [98-101]. MicroRNAs are a class of ~22 nucleotide endogenous non-coding 

RNAs that have important roles in the post-transcriptional regulation of genes in eukaryotes. 

miRNA originate from long RNA primary transcripts known as hairpin-containing primary tran-

scripts (pri-miRNAs) that are cleaved by RNase III Drosha within the nucleus to create pre-miR-

NAs of ~65 nucleotides. These pre-miRNAs are subsequently transported to the cytoplasm and 

then undergo a second cleavage by RNase Dicer to create mature miRNA constructs [102]. hnRNP 

proteins have been described to regulate miRNA expression by directly interacting with loops of 

miRNA molecules creating favorable interfaces for the Drosha cleavage [103-105]. TDP-43 was 

shown to interact with let-7b and miR-663 microRNAs and depletion of TDP-43 was observed to 

increase let-7b and miR-663 levels [106]. These microRNAs are involved in the expression of 

neurodegenerative-linked and synaptic proteins: dual-specificity tyrosine phosphorylation-regu-

lated kinase (DYRK1A), syntaxin 3 (STX3), vesicle-associated membrane protein 3 (VAMP3), 

and laminin subunit gamma 1 (LAMC1) [99, 107, 108], and may explain how TDP-43 pathology 

contributes to synaptic dysfunction seen in neurodegenerative diseases. 

2.2 TDP-43 Structure 

Structurally, TDP-43 is similar to most RBPs and composed of multidomain beads-on-a-

string architecture containing an N-Terminal domain (NTD1-77), two highly conserved RNA 
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recognition motifs (RRM1 and RRM2106-259), and a glycine-rich prion-like C-terminal domain 

(CTD269-414) [109] (Figure 2A). Sequencing and mutagenesis studies have also identified a nuclear 

localization sequence (NLS77-102) responsible for TDP-43 localization and connecting the NTD 

and RRM1 domains, as well as three putative mitochondrial internal signals (M135-41, M3146-150, 

and M5294-300) [110, 111]. The NTD has been shown to dimerize and form higher-order oligomers 

both in vitro and in the cell [112]. This dimerization and subsequent reversible formation of TDP-

43 polymers driven by the NTD is required for splicing activity and contributes to liquid-liquid 

phase separation (LLPS) which is thought to drive the formation of cytoplasmic stress granules 

(SG) [113-116]. To date, there are five deposited structures of TDP-43’s NTD, three of which are 

monomeric and two are dimers [112, 117, 118]. Monomeric NTD consists of six b-strands and a 

single a-helix in a ubiquitin-like b-grasp fold (Figure 2B), with the dimerization interface dis-

playing a head-to-tail orientation. This interface is mainly stabilized by charged and polar interac-

tions. Phosphomimetic mutations of the conserved phosphosite Ser48 disrupt higher-order oli-

gomerization but not dimerization, although the impact on full-length protein is unclear [111, 113]. 

Using active transport, TDP-43 NLS is recognized by Importin-α for translocation into the nucleus 

but can be disrupted by post-translational modifications or caspase cleavage at Asp89 producing 

C-terminal fragments (CTFs) of TDP-43 (TDP-35) that are upregulated in ALS patients [119, 120].  

The functional role of any individual hnRNP protein is highly dependent on its nucleic acid 

binding specificities and the domains flanking RNA-binding domains, as well as differences in 

protein-protein interaction networks, cellular localization, and expression levels [121]. In the 

greater majority of hnRNP proteins, the region responsible for the direct interaction and binding 

of RNA are evolutionarily conserved RNA recognition motifs (RRMs), although other RNA 
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binding domains are found, e.g. double-stranded RNA binding motifs (dsRBM), KH domains, S1 

domains, and zinc-binding domains [122]. TDP-43 RRMs span amino acids 106-177 (RRM1) and 

192-259 (RRM2) with each folding into canonical RRM domain architecture of a 4-stranded beta-

sheet sandwiched between two alpha helices (Figure 2B), except TDP-43’s RRM domains also 

contain a fifth beta-strand forming a unique hairpin structure thought to increase structural stability 

by extending the sheet formation. Classic RRM domains contain two highly conserved short se-

quence motifs known as a ribonucleoprotein sequences RNP-1([RK]-G-[FY]-[GA]-[FY]-[ILV]-

X-[FY]) and RNP-2 ([LI]-[FY]-[VI]-X-[NG]-L) that are required for nucleic acid-binding [17, 

111, 119, 123-125]. Studies have consistently shown the RRM domains of TDP-43 have a high 

affinity for TG- and UG-rich nucleic acid sequences. Particularly, both RRM domains inde-

pendently bind various ssDNA but only RRM1 was found to bind RNA. The short linker connect-

ing the two domains forces RRM1/RRM2 interactions to stabilize interdomain orientations to form 

a continuous beta-sheet surface exposing RNP-1 and RNP-2 of both domains for sequence-specific 

binding of nucleic acids, commonly seen in other tandem RRM proteins [126-128]. This is further 

observed in the NMR structure of human TDP-43 tandem RRM domains that solved the inter-

domain contacts when bound to AUG12 RNA (PDB: 4bs2) [129], including a salt bridge between 

R151 (RRM1) and D247 (RRM2) and hydrogen bonds between the side chains of K136 (RRM1) 

and R197 (RRM2). Mutating these residues had no impact on RNA binding, but D247A did impact 

the specificity of ssDNA binding further displaying RRM2's role in sequence specificity and the 

importance of cooperative binding by tandem RRM domains [130]. This cooperative action be-

tween adjacent RRM domains explains why TDP-43 affinity for nucleic acid increases with length 

[131] further supported by recent evidence of cooperativity between neighboring RRM domains
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of two or more TDP-43 units, as NMR detected an intermolecular interface between loop 3 of 

RRM1 from one unit and a pocket around V220 in RRM2 of another unit [126]. Mutagenesis of 

this interface confirmed cooperative binding maintains the solubility of TDP-43 and impairment 

of cooperativity may drive TDP-43 aggregation but more studies are needed to truly understand 

which specific RNA sequences drive LLPS formation and how this impacts TDP-43 functions 

[132, 133]. 

The remaining sequence of TDP-43 consists of the aggregation-prone C-terminal Domain 

(CTD). This disordered low-complexity C-terminal domain is rich in polar and aromatic residues 

that confer TDP-43’s ability to phase separate (Figure 2B). RNA-binding proteins that harbor low-

complexity domains are known constituents of membraneless organelles, as seen in ribonucleo-

protein (RNP) granules that are thought to form through liquid-liquid phase separation 

(LLPS)[134-138]. These prion-like low-complexity domains are commonly seen in several RNA 

binding proteins implicated in NDs, including TDP-43 FUS, and hnRNP that are known to form 

into membraneless liquid droplet-like organelles. This is due to the charge patterning of polar and 

charged residues from these intrinsically disordered prion domains, along with transient hydro-

phobic, cation-pi, and pi-pi interactions from the RNA binding domains driving the formation of 

liquid droplets via liquid-liquid phase separations (LLPS). The CTD is also required for splicing 

function, autoregulation, and many of TDP-43 are known protein-protein interactions including 

Ubiquillin-2 (UBQLN2), fragile X mental retardation protein (FMRP), and hnRNP [91, 97, 139, 

140]. Most ALS-linked mutations and phosphorylation sites in this domain thus have been studied 

extensively, but due to its intrinsically disordered nature, only fragments have been solved (Figure 

2) [141, 142].   
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Figure 2. TDP-43 sequence and structure  
(A) Domain map showing the domain architecture of TDP-43 including the N-Terminal Domain 
(NTD, light blue), Nuclear Localization Sequence (NLS, orange), RNA-Recognition Motif 1 
(RRM1, violet), RNA-Recognition Motif 2 (RRM2, pink), and the C-Terminal Domain (CTD, 
grey) (B) Representative structures with variant sites shown as spheres and colors as in panels A 
and C. NTD (5mrg), RRM1-RRM2 with RNA as gray sticks (4bs2), and CTD fragments (6n3c, 
2n3x, 6n3a, 5wia, 5wiq (C) Annotated primary sequence. Post-translational modifications shown 
in circles above sequence [(P, phosphorylation site PhosphoSitePlus [[143, 144]); (S, SUMOy-
lation sites identified by high-throughput studies [145, 146]); (Ub, Ubiquitination sites)]. Nuclear 
Localization Signal (NLS [147]) and conserved ribonucleotide interacting motifs (RNP1, RNP2 
[89]). Proposed mitochondrial targeting sequences (M1-M6)[110]. Adapted from Francois-Moutal 
et. al. [109] 
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2.3  TDP-43 Pathology 

As stated before, TDP-43 proteinopathies encompass a wide range of neurodegenerative 

disease phenotypes. Explicitly, TDP-43 has been seen as the predominant pathology in classical 

ALS-FTLD spectrum, Alzheimer’s Disease, Dementia with Lewy bodies, Parkinson’s disease, 

Huntington's disease, LATE, CTE, Perry Disease, and more rare cases of primary progressive 

aphasia, sporadic inclusion body myositis, and facial onset sensory and motor neuronopathy [73, 

82, 84, 148, 149]. The precise mechanisms behind TDP-43 proteinopathies remain unknown, but 

data indicate the imbalance of nucleocytoplasmic shuttling of TDP-43 has two non-mutually ex-

clusive pathological consequences: (i) loss-of-function due to the nuclear depletion of TDP-43 

causing transcriptional dysregulation, splicing defects and loss of autoregulatory functions leading 

to overexpression of TDP-43 (ii) toxic gain-of-function from excess cytoplasmic TDP-43 that re-

sults in dysregulation of RNA metabolism, deposition of ubiquitinated and hyperphosphorylated 

TDP-43 into inclusion bodies and stress granule formation leading to an eventual loss-of-function 

pathology from cytoplasmic aggregation [150].  Stress granules (SG) are membrane-less cytoplas-

mic foci that form under stress, are reversible, and are considered a safety mechanism of eukary-

otes to protect cells against diverse cellular insults like oxidative stress, heat shock, viral infection, 

and chemical exposure. The precise sequence of events that lead to nucleocytoplasmic transport 

defects is heavily debated; however nuclear depletion of TDP-43 appears to occur before inclusion 

body formation indicating stress granules and TDP-43 aggregation are results of some other patho-

logical mechanisms that cause nuclear depletion [151, 152].  

 Some of the common pathological post-translation modifications (PTMs) observed in 

TDP-43 proteinopathies are phosphorylation, ubiquitination, acetylation, and cysteine oxidization 

and regulate TDP-43s localization, oligomerization, RNA-binding, and phase-separation [109]. 
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TDP-43 has 41 serine (S), 15 threonine (T), and 8 tyrosine (Y) residues that may act as potential 

phosphorylation sites and many of the ALS-linked mutants in the CTD change to additional phos-

phorylation sites thought to further force cytoplasmic accumulations (Figure 2C). Interestingly, 

phosphorylation at S48 of the NTD was shown to regulate oligomerization and phosphomimetic 

mutation S48E was found to reduce oligomerization without impacting dimerization, underscoring 

an avenue targeting the NTD to reduce pathologic oligomerization without impacting essential 

functions that require dimerization [113, 117, 153]. Mutagenesis studies of full-length TDP-43 

identified ubiquitinylated lysine’s within the nuclear localization sequence (NLS), K84 and K95, 

as well as K160, K181, and K263 within the RRMs [154]. The K263E FTLD-associated TDP-43 

mutant has been found excessively ubiquitinated probably due to misfolding in RRMs, as changing 

a positively charged lysine with negatively charged glutamic acid disrupts proper electrostatic in-

teractions necessary for interdomain contacts responsible for cooperative RNA-binding and further 

exposes the RRMs to more post-translational modifications [102, 148, 155]. Of the 20 lysine res-

idues within the TDP-43 sequence, acetylation at K145 and K192 of RRM1 and RRM2 was shown 

to impair RNA binding, disturb mitochondrial functions, and promote the accumulation of insolu-

ble and hyperphosphorylated TDP-43 aggregates in neuronal cultures [156]. An antibody, Ac-

K145 has been raised against acetylated TDP-43 and could identify positive acetylated TDP-43 

within inclusions of ALS patients’ spinal cord, possibly implicating acetylation of TDP-43 as part 

of the aggregation process[157, 158]. All the cysteine residues within the NTD, RRM1, and RRM2 

domain of TDP-43 can undergo cysteine oxidation and TDP-43 cross-linking resulting in loss-of-

function and aggregation both in vitro and in vivo [159]. Importantly, it seems that oxidization-

induced conformational change of RRM1 is crucial for TDP-43s aggregation propensity and ALS 
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pathology, further suggesting modifications of RNA-protein interactions may be critical in TDP-

43 proteinopathies [12, 160-162]. 

 The CTD of TDP-43 has a central role in its proteinopathies, as this prion-like domain is 

intrinsically disordered, aggregation-prone, and harbors most of the ALS-linked mutations. Hy-

peractive cleavage of wtTDP-43 by caspase and calpain proteases increases the generation of C-

terminal fragments (CTFs) of ~25-35 kDa. CTFs are the prominent species found in inclusion 

bodies of ALS-affected spinal tissue. Both native TPD-43 and cleaved CTFs contain amyloido-

genic cores prompting amyloid-like fibril formation which has prion-like seeding abilities. Spo-

radic and familial mutations in the CTD enhance cytoplasmic mislocalization, aggregation pro-

pensity, amyloid-like fibril formation, and liquid-to-solid phase separation (LSPS) forming irre-

versible protein aggregates observed in vivo and in vitro. As the CTD and CTFs are the primary 

sequences found within the inclusion bodies of the brain and spinal cord of ALS patients, targeting 

methods have largely focused on these structures. Being intrinsically disordered and highly prone 

to aggregation largely impacts the biochemical and biophysical studies investigating these prion-

like sequences. Peptides and antibodies have had some success but only target already aggregated 

TDP-43 fragments that may be too late for therapeutic intervention [157, 163-165].  Targeting the 

folded domains of TDP-43 has the potential to modulate pathological functions prior to severe 

disease onset providing a promising strategy using a structure-based drug discovery pipeline. 
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3. Structure-Based Drug Discovery (SBDD) 

SBDD is a systematic method used by pharmaceutical companies and academic scientists 

that can be divided into several steps (i) selecting a drug target, (ii) determining the 3D structure 

of the chosen target and identifying potential binding sites, (iii) high throughput screening of com-

pounds either in vitro or in silico from databases, (iv) test lead compounds using biochemical or 

biophysical assays, and (v) structure-activity relationship (SAR) studies and lead optimization 

[166-169]. SBDD is an iterative process with each step requiring a considerable amount of infor-

mation needed to proceed effectively. Target identification for an SBDD pipeline needs high-res-

olution protein structures to identify targetable binding sites with biological relevancy as well as 

proven feasibility of recombinant or native protein production at sufficient levels for hit identifi-

cation, validation, assay development, and lead optimization. This section covers some of the 

methods used to develop an SBDD pipeline with examples of our work targeting TDP-43 in neu-

rodegenerative diseases. 

3.1  Protein Structure Determination by NMR Spectroscopy 

Nuclear magnetic resonance (NMR) is a physical phenomenon where a given nucleus ab-

sorbs and re-emits electromagnetic radiation discovered by Isidor Rabi in 1938 earning him the 

Nobel Prize in Physics in 1944 [170, 171]. Felix Bloch and Edward Purcell advanced NMR appli-

cations into a spectroscopic technique for liquid and solid materials using radio wave frequencies, 

eventually sharing the Nobel Prize in Physics in 1952 [172-174]. Since these initial observations, 

NMR spectroscopy has become a useful tool in astonishingly diverse fields from organic chemis-

try, oil surveying, food analysis, and patient imaging. In fact, magnetic resonance imaging (MRI) 

was developed using the principles of NMR when Dr. Raymond Damadian concluded that 
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cancerous tissue contained more water than healthy tissue detected using 1H-NMR back in 1978 

[175-177]. Furthering this discovery, Professor Paul Lauterbur and Professor Peter Mansfield de-

veloped the use of pulse-field gradients enabling the creation of 2D images and an efficient tool 

for clinical medicine, awarding them the shared Nobel prize in Medicine in 2003. 

NMR spectroscopy is notably recognized as an indispensable tool in structural biology and 

drug discovery, as well as for the study of biomolecules including metabolites of bodily fluids, 

carbohydrates, membranes, and nucleic acids [178, 179].  The first 1H-NMR spectrum of a protein, 

ribonuclease, was recorded at 40 MHz in 1957. Although it was of poor resolution, by 1967 de-

velopments using 220 MHz magnets could then be used to distinguish folded and unfolded proteins 

(Figure 3A,B) [180]. One-dimensional NMR provides limited information about proteins, as most 

protein signals overlap and are indistinguishable from each other. In 1980, the first protein struc-

ture by NMR spectroscopy was solved using 2D 1H-1H NMR measuring through-space network 

interactions of residues in solution making protein structure determination feasible [181, 182]. The 

1H-only approach fails for proteins larger than about 12 kDa because of severe spectral crowding 

due to overlapping resonances and line broadening resulting from cross-relaxation events. To over-

come this, waves of improvements in sensitivity from the generation of magnetic field strengths 

up to 950 MHz, the introduction of cryo-probes, and most importantly Richard Ernst's introduction 

of pulsed Fourier transform NMR allowing for the extension of 2D-NMR spectroscopy using or-

ganic heteronuclei [180, 183]. The introduction of organic NMR-active isotopes (13C and 15N) 

brought two main advantages to 2D-NMR as it extends the overlapped 1D resonances into another 

dimension increasing the resolution and could now be exploited for biological applications [183, 

184] (Figure 3C).  
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Figure 3. Evolution of single and 
multidimensional NMR spectros-
copy of proteins 
(A) Water-suppressed 1H-NMR spec-
trum of a 20 kDa protein at 50 μM in 
20 mM Hepes pH 7.4, 300mM NaCl, 
and 4mM DTT that appears unfolded 
due to broad shallow peaks in the am-
ide region (6-10ppm) and poor me-
thyl peak resolution (0-1ppm). (B) 
Folded protein under identical condi-
tions as indicated by the sharp re-
solved peaks in the amide region and 
methyl region. Large, folded proteins 
have severe overlap in one-dimen-
sional experiments. (C) 15N-labeled 
protein acquired using 2D [1H,15N] 
HSQC-NMR resolving the spectral 
overlap seen in 1H-NMR acquisi-
tions.  

 

Commonly, E. coli cells are grown in 

minimal media that uses 15NH4Cl or 13C-D-Glucose as the sole nutrient source of nitrogen or car-

bon forcing the bacteria to isotopically label amino acids for protein translation. 15N labeling of a 

protein backbone produces peaks of all the amide protons resulting in one peak per residue gener-

ating an atomic map as a chemical fingerprint of the protein structure (Figure 4A). 13C-labeling 

will show all carbons in a protein, including Cα, Cβ, CO, and even sidechains. 13C-labeling of pro-

teins is best understood when comparing the spectra of [1H,15N] HSQC-NMR to [1H,13C] HSQC-

NMR (Figure 4B). Unlike 1H,15N peaks in a 2D-HSQC that do not correlate with amino acid type, 

amino acids each have characteristic 13C chemical shifts for their Cα and Cβ that distinguish the 

residue. With large proteins, 2D 13C-HSQCs become overcrowded and difficult to analyze and 

require additional dimensions for accurate analysis. 3D NMR techniques require double 15N and 
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13C isotopically labeled protein to allow magnetization transfer from the amide protons to the Cα 

and Cβ of the amino acid backbone. Comparing the axes of each spectrum, 15N resonances range 

from 100-130 ppm coupled to amide protons [1HN] ranging from 6-10 ppm versus 13C resonances 

ranging from 1-80 ppm coupled to aliphatic and methyl protons [1HC] ranging from 0-5.5 ppm, 

allowing for selective filtering between these frequencies (Figure 4). 3D triple resonance experi-

ments combine these approaches by applying pulses called out-and-back experiments by which 

magnetization transfer is applied to the amide proton through 15N [1H-15N], followed by magneti-

zation transfer to connected 13C-labeled atoms of the protein backbone [15N-13Ca/Co/Cb], and fi-

nally transferred back to the amide proton for detection [15N-1H] (Figure 4C). 

Figure 4. 1D, 2D, and 3D [1H,15N,13C] Protein NMR Experiments. 
(A) 2D [1H,15N] HSQC-NMR correlates 1H resonances in the x-axis (6-10ppm) with 15N reso-
nances in the y-axis (100-135ppm) representing the amide bonds of a protein backbone. (B) 2D
[1H, 13C] HSQC-NMR shows 1H resonances in the x-axis (0-5ppm) correlated with 13C resonances
in the y-axis (5-75ppm). (C) Schematic of out-and-back three-step magnetic transfer between 1H,
15N, and 13C in a 3D HNCACB experiment highlighting the ambiguous transfer to i and i-1 residue.
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Using combinations of these triple resonances experiments allows for the direct correlation 

of a 1H,15N peak with its respective Cα and Cβ chemical shifts to identify residue-specific second-

ary chemical shifts. 3D HNCACB, HNCA, HNCB, HN(CO)CACB, HN(CO)CA, HNCO, and 

HN(CA)CO are all known combinations for protein backbone resonance assignments [185]. The 

names of these experiments directly translate to the route of magnetic transfer and omit recording 

for atoms in parentheses for selective polarization energy transfer. The 3D HNCACB is the most 

acquired, but least sensitive triple resonance experiment as it provides secondary chemical shifts 

for both i and i-1 residues because in this pulse scheme magnetization transfer from the [1H-15N] 

bond can occur in both directions of the protein backbone. The 3D HNCACB results in four peaks 

for each amide proton, two from the i residue and two from i-1 except for glycine as it has no Cβ.  

With large proteins, signal crowding and poor sensitivity of the 3D HNCACB cause am-

biguous identifications of secondary chemical shifts (Figure 5A). This requires alternative acqui-

sitions with higher sensitivity, usually, the 3D HNCA or HNCB as the decreased spectral width 

improves resolution but only provides the Cα or Cβ chemical shifts respectively. To further separate 

this ambiguity, specific triple resonance experiments can filter the magnetization transfer from the 

[1H-15N] to the [15N-13Co] of the backbone first, essentially filtering out i residue magnetization 

transfer. For example, using the HN(CO)CACB, the magnetization is transferred through the car-

bonyl carbon, and peaks of Cα and Cβ from only i-1 residue will be recorded (Figure 5B). Com-

bining these experiments one can sequentially solve the 13Cα and 13Cβ chemical shifts of each res-

idue using a strip analysis, thus providing the residue type and sequence location of the amide 

resonances in the [1H,15N] 2D HSQC-NMR spectrum (Figure 5C).  
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Figure 5. Applying Multidimensional 
NMR spectroscopy of 15N-, 13C-labeled 
proteins for structure determination  
(A) 3D HNCACB links all three frequen-
cies for direct correlation between 2D
[1H,15N] HSQC amide resonances (top of
the cube, f2, and f3) and their respective
13Cα and 13Cβ backbone secondary chemi-
cal shifts (blue and green respectively, f1).
The red dashed line is a single 15N plane 
of 1046 collected. (B) 2D plane extracted 
from a 3D HNCACB containing both 13Cα 

(blue) and 13Cβ (green) resonances for any given 1HN peak. HNCA has the highest sensitivity of 
the triple resonance experiments and provides insights into i and i-1 13Cα information. 
HN(CO)CACB will filter out magnetization transfer to the i residue, only providing the 13Cα and 
13Cβ of i-1 residues (glycine for reference has no 13Cβ) (C) Example of an HNCACB Strip plot 
analysis used to sequentially assign backbone resonances in the 13C dimension. 

The 3D HNCO experiment provides carbonyl chemical shifts of the i and i-1 residue and 

combined with the HN(CA)CO sequential assignment of the carbonyl groups within the protein 

backbone can be solved. Triple resonance techniques alone can rarely solve a protein structure as 

they do not provide intramolecular interactions of sidechains, but a well-known observation is that 

many kinds of secondary chemical shifts are highly correlated with aspects of secondary protein 
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structure [186-188]. Therefore, solving the backbone resonances can be used to calculate protein 

backbone structures. A popular approach submitting experimental chemical shifts through TA-

LOS+, a software that uses artificial neural networks to mine databases of NMR-solved protein 

structures along with their chemical shifts to predict the secondary structure of a given protein 

sequence [189]. TALOS+ provides y/j angle restraints that when combined with experimental 

chemical shifts can be submitted through CS-ROSETTA, a neural network that curates fragments 

from the PDB and exploits information from the given backbone chemical shifts to predict full 

protein structures [190, 191]. 

3.2 Molecular Modeling and De Novo Protein Structure Prediction 

Of the ~134 million protein sequences deposited in Uniprot, only 189,735 structures are 

available from the Protein Data Bank (PDB) [192-195]. This is due to many limiting factors of 

biochemistry and structural biology as proteins are difficult to express, purify or stabilize, partic-

ularly membrane proteins and intrinsically disordered proteins, making many protein structures 

slow and expensive to solve. It is unlikely structural biology will be able to solve this problem 

alone creating a demand for new ways to acquire protein structures. Computational approaches 

using homology modeling or de novo sequence to structure predictions have delivered an express-

way for generating structures of proteins. Homology modeling is the most accurate computational 

method to create structural models as it is based on the biological fact that two sequences sharing 

high similarity often have similar structures [196, 197]. Generally, a BLAST template search of a 

target sequence finds sequence alignments from known sequences to identify homologs while en-

suring the conserved residues are aligned properly. Using homologous structures, a backbone 

structure is generated using either Monte Carlo or Molecular Dynamics simulations followed by 
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loop and side-chain modeling. Lastly, these models will be optimized using energy minimization 

for global energy landscape conformational searches followed by stereochemical evaluation using 

residues in the allowed regions of a Ramachandran plot.  

Ab initio or de novo sequence to structure predictions are pivotal in solving non-homolo-

gous protein structures and have been a longstanding 

challenge in computational biology. The goal is de-

rived from the thermodynamic hypothesis by Anfinsen 

in 1962, where he explained the native conformation of 

protein structure is “determined by the totality of inter-

atomic interactions and hence by the amino acid se-

quence, in a given environment” (Figure 6) [198]. 

Since this discovery, computational biologists have 

rigorously tested equations that can predict and model 

the folding propensity and interatomic interactions of 

an amino acid sequence, i.e. primary protein structure 

[199]. CASP (Critical Assessment of Structure Predic-

tion) is a competition created to assess the state of the 

art in techniques modeling protein structure from 

amino acid sequences [200]. In 2018, CASP13 saw 

dramatic progress in computational structure prediction from advances in deep-learning architec-

ture, as opposed to traditional machine learning approaches that do not allow for continuous learn-

ing during simulations [201, 202]. Also important for this advance are the growing number of 

Figure 6. Primary protein sequence 
encodes for secondary and tertiary 
protein structures 
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sequences and structures accessible today for deep-learning applications. The total number of en-

tries in the Protein Data Bank has more than doubled in the last ten years (86,197 entries in 2012 

vs. 189,915 entries available in 2022). Moreover, sequences from metagenomics have multiplied 

creating databases like Uniprot, NCBI GenBank, Metaclust, and EBI MGnify that deep-learning 

algorithms can exploit to iteratively estimate contact predictions and distance estimation between 

residue pairs [203].  

With abundant sequence information from databases, these advanced de novo techniques 

leverage the very high degenerative nature of the sequence-structure relationship by using a mul-

tiple sequence alignment (MSA). MSAs identify co-evolutionary sequences across species for the 

combined contextual information of sequence and structural similarities for extrapolating domain 

boundaries, function predictions, and folding estimations. Models are then built from generated 

templates or ab initio fragment assembly creating structural models of a protein sequence back-

bone. Molecular mechanics and dynamics simulations are then applied to iteratively refine loop, 

sidechain, and domain orientations, and to relax the system to find the global minimum energy of 

stable conformations providing atomic coordinates of a 3D structure model [199, 204]. The gen-

eration of the MSA and 2D contact maps can be as computationally exhaustive as generating the 

3D coordinates and has thus been broken into two different pipelines: “End-to-X learning” gener-

ates MSAs and 2D contact maps for inter-residue distances, like trRosetta and rawMSA versus 

“X-to-End learning” that uses pre-generated MSAs to output atomic distances and bond angles in 

a 3D structure coordinate system [205]. In 2021, CASP15 occurred in which AlphaFold2 by Deep-

Mind became the revolutionary first End-to-End learning for protein structure prediction only re-

quiring a primary protein sequence [206].  
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Although this innovative work will surely have groundbreaking applications, especially in 

drug discovery [207-211], many targets still do not follow predictable rules and models alone will 

not account for all the nuances that go into protein structure [210, 212, 213]. These predictions are 

suitable for globular, monomeric proteins but are still incapable of properly predicting important 

aspects of protein structures like metal ions, co-factors, nucleic-acid complexes, or post-transla-

tional modifications. Researchers applying these de novo approaches should also be cautious for 

use in multimeric proteins, membrane proteins, multi-domain proteins, and intrinsically disordered 

domains but the groups of Baker, Zhang, and Xu have been addressing these concerns with new 

releases of RosettaFold, I-TASSER, and RaptorX [214-220].  

3.3  Molecular Dynamics Simulations of Protein Structures 

Conceptually a Molecular Dynamics (MD) simulation of biomolecules is straightforward: 

known atomic coordinates of a biomolecular system are used to calculate the intermolecular forces 

exerted among each atom. Applying Newton’s laws of motion to predict the spatial position and 

velocity of each atom as a function of time, from femto- to picosecond (10-15-10-12 s), each step 

repeatedly calculates the forces on each atom. The combined sum of those forces describes the 

configuration of a system creating a trajectory map as a three-dimensional movie of all atoms 

during every simulated time interval. Most biological events such as ligand binding, domain mo-

tions, allosteric changes, and other functionally important structural changes of proteins occur on 

a nanosecond, millisecond, or longer time scales requiring a typical computation to have thousands 

to millions of time steps and is computationally exhaustive. The forces in an MD simulation are 

calculated using a molecular mechanics force field that typically incorporates terms to capture 

interatomic interactions and maintain physical restraints of covalent bonds in the system [221]. 
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Most software packages use various versions of three common force fields, AMBER, CHARMM, 

and OPLS, that all rely on similar formulations but each has certain applications, i.e., CHARMM 

has been extensively optimized for proteins, lipids, and drug-like ligands, whereas AMBER 

A99SB-disp is used to model disordered proteins, and OPLS4 is optimized for challenging protein-

nucleic acid studies [129, 222-225]. Within these force fields, solvation models are used to mimic 

the water, salt, temperature, pressure, and even pH to best mimic experimental or physiological 

conditions. As these simulated systems can be highly controlled, environmental conditions such 

as metals, co-factors, ligands, and many other contributions can be investigated using MD simu-

lations. 

Molecular simulations have a symbiotic relationship with structural biology as X-ray 

struc-tures are often refined by MD-based simulated annealing [226], atomic-level molecular 

models are derived from MD-based protocols for low-resolution cryo-EM density maps [227], 

and MD energy minimization and conformational analysis is used to calculate an ensemble of 

NMR struc-tures [196, 215, 228, 229]. An extremely useful application is determining how a 

biomolecular system will respond to some perturbations to the system e.g., by removing a bound 

ligand from an experimentally determined protein structure [230]. Many other MD studies 

embody biomolecular processes such as ligand binding, ligand- or voltage-induced 

conformational changes of mem-branes, protein folding, membrane transport, mutagenesis 

predictions, post-translational modifi-cations, changes in protonation states of acidic or basic 

amino acids, and various other changes in the molecular environment.  
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3.4 In-silico Molecular Docking 

Once a structure is available, in silico high-throughput screening can be used to identify 

potential ligands within an identified binding pocket [231, 232]. High-throughput virtual screening 

(HTVS) by either using a lead identification approach or molecular docking is a robust, cost-ef-

fective method that can screen millions of drug-like or lead-like compounds [204]. Molecular 

docking is essentially broken into two parts (i) a conformational search algorithm and (ii) a scoring 

function. The conformational search algorithm helps find optimal binding poses for ligand-protein 

interactions by either stochastic, simulation or systemic search methods from identified binding 

sites. There are three main scoring functions: force field-based, which uses a collection of model 

equations to evaluate van der Waals and electrostatic interactions between the docked molecules; 

empirical scoring uses weighted coefficients to calculate total hydrophobic and hydrophilic inter-

actions, along with the number of hydrogen bonds and rotatable bonds; and knowledge-based, a 

statistical mechanics-based method that uses training sets of ligand-protein complexes from the 

PDB to calculate the fitness of the molecularly docked ligands.  

A perfect scoring function would be able to predict the binding free energy between the 

ligand and its target. Both the computational methods and the computational resources put re-

straints on this goal, so most often methods are selected that minimize the number of false positives 

and false negatives with regard to the possessed computational power. Force-field-based simula-

tions are deemed the most reliable and accurate as all types of atoms and intermolecular forces can 

be accounted for and manipulated, but this results in being the most computationally exhaustive. 

Empirical scoring functions are developed to reproduce experimental affinity data using coeffi-

cients as weighted functional terms representing intermolecular forces responsible for the protein-

ligand interaction. Empirical, as well as knowledge-based scoring functions greatly rely on high-
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resolution protein structures and ligand-protein complexes and consequently are limited in appli-

cation to difficult targets. 

A popular approach is rigid receptor docking where compounds are scored regarding their 

fit into a grid representing the receptor shape and physicochemical properties of a given binding 

site. Binding site identification can be done in silico, especially of well-conserved domain se-

quences, using models such as POCKET, LIGSITE, and SiteMap. These search algorithms use 

geometric properties of well-defined binding pocket architectures to identify intermolecular forces 

contributing to stereochemical properties of known ligand-protein complexes (Figure 7A). Then 

the conformational search and scoring functions are applied in an iterative aspect using large li-

braries of diverse chemoprofiles for the initial screening step that are quickly sorted with minimal 

ligand flexibility or conformations, followed by hierarchical filters that provide a progressively 

more accurate scoring [233-235] (Figure 7B).  From this, many conformations of top ligands are 

sampled within the binding site that are scored by top binding poses, which are then minimized 

within the receptor giving full ligand flexibility for high accuracy providing hit compounds to be 

validated in vitro [236-238] (Figure 7C).  
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Figure 7. High Throughput Virtual 
Screening (HTVS)  
(A) SiteMap pocket prediction finds two
formations in the NMR structure of the
RRM domains of TDP-43 (PDB 4bs2
[129]). Colors indicate intermolecular
forces within the pockets including posi-
tive (blue) negative(red) and hydrophobic

(yellow) (B) After a defined pocket is found, rigid body docking generates a grid to restrain com-
pounds during the screening process (C) HTVS results in hierarchical filtering of top compounds 
and their binding poses for optimal conformational landscapes. 

Structures of ligand-protein complexes offer enormous power for in silico optimization of 

lead-like compounds because knowing specific interactions responsible for ligand stabilization can 

be extrapolated to find new compounds with similar chemical properties, known as a common 

pharmacophore hypothesis [239] (Figure 8A). Essentially, the structural information specifies hy-

drogen acceptors and donors, hydrophobic interactions, negative and positive ions, or aromatic 

rings of the ligand that are essential components of the ligand-receptor complex (pharmacophore). 

After retaining interactions deemed essential for ligand binding, large chemical libraries can be 

screened for similarity against the retained pharmacophore (Figure 8B). Screening for ligands 

matching pharmacophore features from a ligand-generated hypothesis alone would provide all 

compounds within a chemical library that match the compound properties with no regard to 
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binding pocket properties or formation [240]. By defining an exclusion volume represented by the 

Van der Waals and electrostatic surfaces of the receptor, specific rigidity is enforced on the ligand 

screen limiting the stereochemical orientations allowed for a specified binding site, effectively 

filtering out many compounds that would unlikely fit properly (Figure 8C).  

Figure 8. Pharmacophore modeling for lead optimization 
(A) ligand-protein complexes provide insights into intermolecular interactions responsible for sta-
ble interactions. (B) From a known ligand with proven affinity, specific moieties can be identified
to determine essential interactions necessary for binding (C) Ligand screening alone is not optimal
as ligand size and pocket formations are not accounted for. Using exclusion volumes (blue spheres)
the receptor formation is described for better compound fitness

Combining molecular docking predictions with in vitro validation of binding and activity, 

comparative analysis of pharmacophore properties can be scored to define core structures of lead-

like compounds. Further refinement can be done through structure-activity relationship (SAR) 

studies combined with medicinal chemistry to have a cost-effective lead optimization pipeline. 

Protein NMR spectroscopy is a versatile technique that can be applied for in vitro validation, bio-

physical characterization, and SAR studies for lead optimization. These are crucial steps in clinical 

drug development as strategic improvements can be designed for better potency, metabolic stabil-

ity, affinity, selectivity, oral bioavailability, CNS delivery, and reduced side effects [241]. Many 

successes have been seen from SBDD pipelines that combine molecular docking and NMR 

46



spectroscopy that is gaining significant popularity for their ease of use and efficiency in the drug 

discovery process [196, 242].  The development of protease inhibitor Saquinavir, followed by the 

generation of its class of drugs was identified and characterized via an SBDD pipeline and has 

made HIV-AIDS a treatable condition [167, 243]. Currently, SBDD pipelines have led to FDA-

approved treatments for Tuberculosis (Isoniazid) [244], Cancer (Pim-1 Kinase inhibitors) [245], 

Diabetic neuropathy (Epalrestat) [246], and Glaucoma (Dorzolamide) [247] 

3.5 NMR Applications in an SBDD Pipeline 

NMR-based screening methods have shown to be a reliable and valuable tool for the iden-

tification, validation, and optimization of SBDD pipelines as it provides the structure, dynamics, 

and affinity of protein-ligand complexes sensitive enough to see weak interactions that would oth-

erwise go undetected by ELISA or fluorescence resonance energy transfer (FRET)-based high-

throughput screening (HTS) [248, 249]. Pharmaceutical NMR methodologies can be divided into 

the observations between two groups, ligand-based resonances, or protein-based resonances. Lig-

and-based approaches are popular as they are rapid one-dimensional 1H or 19F NMR experiments 

that do not require isotopically labeled protein and have no upper limit on protein size [250]. Mul-

tidimensional protein-observed NMR experiments can be used to measure chemical shift pertur-

bations validating key intermolecular interactions for protein-ligand complexes [251, 252]. This 

technique does require high yields of labeled proteins, but it is the go-to method for SAR studies 

[253-256]. At the hit-to-lead optimization stage, both approaches are useful as ligand-based tech-

niques are efficient for screening predicted hit compounds, while protein-based approaches are 

useful for hit validation, false-positive and non-specific binder identification, as well as for 

solving protein-ligand complexes [251, 252]. For these reasons, NMR spectroscopy 

experiments are synergistic techniques when applied with HTVS for a structure-based drug 

discovery pipeline (Figure 9) [256].  
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Figure 9. The synergistic relationship between in silico docking and NMR spectroscopy in a 
structure-based drug discovery (SBDD) pipeline. 
(A) Using the 3D structure of a given target acquired from experimental methods (X-ray, NMR
spectroscopy, cryo-EM) or modeling (homology, de novo predictions) hit identification can be
done using High-throughput Virtual Screening (HTVS). (B) NMR spectroscopy is commonly used
in hit-to-lead SBDD for hit validation, characterization, and optimization. Protein NMR spectros-
copy requires the isotopic labeling of proteins to yield high-resolution NMR spectra acquired in
high-field magnets at 800 MHz. Further binding kinetics studies within this work use Surface
Plasmon Resonance (SPR). Multiple triple resonance experiments used to assign 2D [1H,15N]
HSQC-NMR spectra are instrumental for structure-activity relationships (SAR) studies. (C) As-
signed 2D [1H,15N] HSQC-NMR can biophysically characterize protein interactions by measuring
chemical shift perturbations (CSP). CSPs are directly translatable to protein structure and dynam-
ics that can be implemented into in silico hit-optimization approaches. This shows the synergistic
iterative process by combining in silico molecular modeling with NMR spectroscopy [249, 250].
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3.5.1  1D Saturation Transfer Difference (STD) - NMR 

STD-NMR is a screening technique commonly used to identify ligand binding to a target 

that requires no immobilization or labeling and minimal protein (~5 µM). To do so, the target 

protein is saturated with a ligand and two 1H-NMR pulses are applied and recorded with the first 

being an off-resonance frequency (ex. -50ppm) that will only allow magnetization transfer through 

direct 1H-bonded interactions known as J-coupled bonds that will display peaks for all analytes in 

the system. The second pulse is the on-resonance at a unique protein frequency (generally the 

methyl peaks <1.0 ppm) causing excitation of all protons within a protein through spin diffusion. 

After proton excitation, a transfer of energy from the excited population of spin-active nuclei oc-

curs through cross-relaxation to any other nucleus close enough in space– known as the nuclear 

Overhauser effect (NOE). NOE efficiency is strictly dependent on the distance (1/r6 Å) from the 

excited protons of the protein and ligands within 5-6 Å will be excited. By taking the difference 

between the on-resonance and off-resonance spectra, one can subtract peaks arising from J-coupled 

atoms and detect if energy transfer occurred through space indicative of binding [257]. 

A limitation of these experiments is the propensity for false positives and negatives. Ac-

quiring a 1H NMR spectrum of ligands to be screened can provide important insights into the 

feasibility of STD-NMR being a successful screen. Most often, aromatic proton resonances of the 

ligand are observed because their chemical shifts appear between 6-9 ppm and have no spectral 

overlap with other peaks in the spectrum. A ligand without aromatic protons could be missed in 

the STD-NMR screen resulting in a false negative as the ligand may bind through other moieties. 

Another helpful aspect of the acquired 1H NMR spectrum of the ligand is the identification of 

resonance peaks furthest upfield (<1.0ppm) that may overlap with the protein on-resonance 
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frequency. In this case, the STD-NMR experiment would simultaneously irradiate the protein and 

small molecule causing auto-excitation of the small molecule resonances resulting in a false posi-

tive. Ensuring no methyl overlaps or the on-resonance”being specific enough to the protein reso-

nances will ensure fewer false positives. 

3.5.2  2D Heteronuclear Single Quantum Correlation (HSQC-NMR) 
 

First described by Geoffrey Bodenhausen in 1980, this two-dimensional NMR experiment 

uses the transfer of magnetization from the proton (1H) to a second nucleus, generally 15N or 13C 

[178, 258, 259]. The basic scheme applies a radio-pulse to the proton which is then transferred to 

a second nucleus via insensitive nuclei enhanced by polarization transfer (INEPT). Briefly, the 

INEPT pulse sequence is applied to compensate for the difference in gyromagnetic ratio between 

different nuclei since a proton has a high gyromagnetic ratio (g= 42.57!"#
$%&'(

)  and high sensitivity, 

while the gyromagnetic ratio of 15N (g= -4.316!"#
$%&'(

)   or 13C (g= 10.71!"#
$%&'(

) is significantly lower 

[260, 261]. Therefore, to increase sensitivity INEPT uses nuclear spin polarization from the proton 

enhancing energy transfer to the heteronuclear via J-coupling. After this step, there is a time delay 

(t1) that allows the magnetization to return to the proton for detection with the resulting 2D spec-

trum containing a peak for each unique proton attached to a heteronuclear atom.  

2D [1H,15N] heteronuclear single quantum coherence (HSQC)-NMR spectroscopy is a 

technique that provides atomic-resolution information of the amide backbone of a protein in solu-

tion.  2D [1H,15N] HSQC-NMR is the acquired spectrum of choice as it is a chemical fingerprint 

of protein structure providing a two-dimensional contour map with each peak in the spectrum rep-

resenting a single residue in the protein sequence. In theory, each residue will produce a resonance 

peak in the spectrum, except for proline residue as it has no amide proton. In practice, many factors 
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contribute to the peak count of a 15N-HSQC spectrum; for instance, charged terminal residues will 

readily exchange with solvent and are generally not observed, as well as dynamic loop structures, 

linkers, and intrinsically disordered regions have poor signal-to-noise ratios due to solvent expo-

sure and dynamic conformations. The peak frequencies, called chemical shifts, are consistent and 

highly sensitive to changes in their environment, which when perturbed cause the peak frequency 

to change and thus provide high sensitivity for detecting ligand interactions. These chemical shift 

perturbations (CSPs) provide quantitative analysis of ligand-protein interactions down to picomo-

lar concentrations [262]. CSPs are directly correlated to the stoichiometry and concentration of a 

given ligand; thus, titratable binding events can be used to extract binding affinities without any 

information needed on specific binding pockets. A CSP analysis described as: 

𝛿) = #1
2 [(𝛿")

* + (0.14(𝛿+))*] 

normalizes proton and nitrogen shifts for each assigned residue concerning a given analyte con-

centration the concentration of a given analyte, specifying residue information responsible for in-

teractions that are directly translatable to protein-ligand structure and dynamics. The real power 

comes from an assigned 2D [1H,15N]-HSQC spectrum that is unprecedented in structural biology 

and drug discovery, as once a target is assigned NMR spectroscopy can be used to characterize 

peptide-, nucleic acid- compound-, and protein-protein interactions at atomic resolution.  

3.5.3  2D Carr-Purcell Meiboom-Gill (CPMG) – NMR 

CPMG-NMR is a form of relaxation-edited NMR spectroscopy that is widely used in drug 

discovery pipelines as there are applications for both ligand-observed and protein-observed screen-

ing [263]. Relaxation is an NMR phenomenon describing the time dependence involved in signal 

51



 
 
 
 
 

 

intensity after an induced radiofrequency pulse is applied [264, 265]. After radiofrequency pulses, 

the bulk magnetization will move in the transverse plane (XY) and gradually return to its original 

equilibrium (z-axis). The details of NMR relaxation are rather complicated but can be described 

in two categories: (i) T1 relaxation refers to the longitudinal rate a system returns to equilibrium 

(z-axis) and T2 relaxation measures the transverse spin-spin relaxation that occurs in the XY plane 

after pulse magnetization. T2 is independent of the longitudinal relaxation and is dependent on the 

tumbling rates of molecules in solution. T2 values are drastically different for small molecules and 

biologics as they are inversely proportional to molecular weight and spin-diffusion properties 

[266], i.e. T2 measurements of small molecules are very large compared to proteins due to the 

significant differences in molecular weight and the limited rotational and spin-spin diffusion of 

small molecules. Using this, small molecule observed 1H T2-filtered NMR can be used as an effi-

cient screen for small molecules because bound ligands will display shorter T2 values similar to 

proteins compared to its non-bound T2 [267]. Additionally, protein observed T2-filtered NMR can 

be used to identify transient protein-protein interactions as large complexes will also show changes 

in T2 relaxation, but not to the same effect as small molecules vs proteins [268].  

  

52



4. Summary and Aims of this Thesis

In this work, I cover the conceptual storyline of how our lab built a structure-based small

molecule drug discovery pipeline targeting TDP-43 for the therapeutic development of neuro-

degenerative diseases. Of the five steps composing an SBDD pipeline, three of them are covered 

here: (ii) determining the 3D structure of a chosen target and identifying potential binding sites, 

(iii) high throughput virtual screening of compounds from databases, and (iv) test lead compounds

using biochemical or biophysical assays. Chapter 1 covers our work on solving the TDP-43 RRM 

domains and discusses our analysis of the structural dynamics and druggability of TDP-43 RRM 

domains with and without RNA using triple resonance NMR spectroscopy and MD simulations. 

Chapter 2 covers our two successful hits targeting the structured domains of TDP-43, specifically 

the RRMs and NTD, that applied in silico HTVS to identify novel RNA inhibitors. In this chapter, 

we use STD-NMR as our hit validation screen followed by 2D [1H,15N] HSQC-NMR for biophys-

ical characterization of lead compounds. Intriguingly, we were able to modulate RNA binding to 

the RRM domains by targeting the NTD suggesting a new mechanistic role for NTD functions on 

RNA binding. In Chapter 3 we investigate proposed mechanisms from targeting the NTD inhibit-

ing RNA binding of TDP-43. Applying a combinatorial approach we used HSQC-NMR, relaxa-

tion-edited NMR, SPR, molecular modeling and de novo sequence-to-structure predictions to an-

alyze NTD-RRM interdomain contacts. Our data suggests evidence of the NTD competing or reg-

ulating RNA binding by direct interactions with the ribonucleoprotein recognition sequences RNP-

1 and RNP-2 that impacted RNA binding dynamics. This is a novel insight into the functions of 

TDP-43 domains and may provide a new landscape for therapeutic intervention. 
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Chapter 1: Development of a Structure-Based Drug Discovery Pipeline 
Targeting TDP-43 for Neurodegenerative Diseases 
 

Introduction 
TDP-43 contains the NTD, two RRM domains RRM1 and RRM2, and an intrinsically dis-

ordered C-terminal domain that contains most of the disease-linked mutations identified to date. 

TDP-43 RRM domains (TDP-43102-269) are known to bind nucleic acids with the canonical sub-

strate being UG-rich or TG-rich nucleic acids. More recently, TDP-43 was found to bind and 

transport G- quadruplex RNA including the GGGGCC repeat expansion from the ALS-linked 

C9orf72 gene [70] that was found to sequester TDP-43 in cytoplasmic inclusions in vitro [68]. 

Moreover, mutations in the RRM domains have been shown to reduce RNA-binding activity and 

impact protein-protein interactions with Ataxin-2, a polyglutamine (poly Q) protein co-localizing 

with TDP-43 into pathological inclusions within ALS motor neurons [269, 270]. The only ALS-

related mutation of TDP-43 in the RRM domain is D169G that was found to increase RRM1 sta-

bility and lead to a higher susceptibility to caspase-3 cleavage [119]. Structure-based targeted ap-

proaches have been difficult as full-length characterization of TDP-43 has eluded scientists thus 

far, but seven structures of TDP-43 RRM domains have been solved (Table 1). Of these structures, 

only three are solved by NMR spectroscopy and provide backbone resonances of the RRM do-

mains that are essential for an SBDD pipeline relying on NMR spectroscopy. These include 

apoRRM1 (PDB 1WF0 unpublished), apoRRM2 (PDB 2CQG unpublished), and a tandem RRM1-

RRM2 construct bound by AUG12 RNA (PDB 4bs2) [129], with little to no information concerning 

the tandem RRM structure without RNA bound. 
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Table 1. All deposited structures of the NTD and RRM domains of TDP-43 

Due to TDP-43-centric pathologies in neurodegenerative diseases (NDs), this protein is a 

target of choice for therapeutic intervention. However, the domain localization – NTD, RRM or 

CTD – and the precise form or state of TDP-43 – RNA bound, RNA free, monomer, condensates, 

or aggregates – to be targeted to modulate TDP-43 cytotoxicity remain to be determined. Defining 

small molecules that can distinguish and target RNA-bound vs RNA-free forms of TDP-43 of the 

RRM domain, would help in evaluating through chemical biology which form of TDP-43 can be 

targeted and more importantly which form reduces neurotoxicity. However, to date, there is no 

apo structure of the RRM domains in tandem solved either by NMR or X-ray, likely due to the 

presence of a highly flexible loop connecting the RRM domains (178-191), that confers adaptabil-

ity to different nucleic acid partners by allowing different orientations of the RRM domains [130]. 

Given the importance of those domains in TDP-43 physiological and pathological roles, such as-

signment would prove useful in the study of TDP- 43 interaction with non-canonical RNA or 

RRM-binding proteins necessary for complex formations. Thus, we utilized multi-dimensional 

NMR experiments to assign the backbone resonances of TDP-43102-269 and calculate a diverse 
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conformational landscape further confirmed by MD simulations investigating the structure and 

dynamics of TDP-43 RRM domains in the absence of RNA (apoTDP-43102-269).  

Results 

1H, 15N, and 13C backbone resonance assignment of apoTDP-43 RRMs 

We expressed TDP-43102-269 in a minimal media using 15NH4Cl as a sole nitrogen source 

followed by Ni2+-affinity and size exclusion chromatography. Pure 15N TDP-43102-269 was then 

used to acquire high-resolution 2D [1H,15N] HSQC-NMR as a reference spectrum. After acquiring 

all the 3D triple resonance backbone experiments, we used the combinatorial analysis of these 

spectra to successfully assign and deposit the 1H, 15N, and 13C backbone resonances of apoTDP-

43 RRMs (Figure 10). Our analysis of triple resonance NMR data was able to assign resonances 

for 142 out of 167 peaks (89% of amides) of the apoTDP-43 RRM 2D [1H,15N] HSQC-NMR 

spectrum (except for prolines). From these 142 assigned peaks, several resonances were absent: 

K102, W113, K192, R208, Q209, F210, K224, and A228, as well as the expected resonances 178-

192 that span the disordered linker between the RRM domains will not appear due to fast hydrogen 

exchange. In the RNA-bound tandem RRM structure, the 5’-G1 nucleotide of the UG-rich RNA 

forms p-stacking interactions with W113 and is absent in the apo TDP-43 spectrum, which further 

supports our observations are in the absence of RNA as W113 is now likely surface exposed and 

has an increase in solvent exchange resulting in such severe line broadening that the peak disap-

pears. The chemical shift assignments of 1HN, 15N, Co, 13Cα and 13Cβ have been deposited in the 

BioMagResBank (http://www.bmrb.wisc.edu) under the accession number 27613.  
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Figure 10. Assigned 1H-15N TROSYHSQC-NMR spectrum of 15N apoTDP-43102-269.  
Spectrum was recorded at 298K on a Bruker Avance NEO 600 MHz spectrometer using 450µM 
protein in 40 mM HEPES, pH 6.5, 500 mM NaCl, 4 mM DTT, 10% (v/v) D2O and 90% H2O, and 
0.5% (v/v) sodium azide. Inset: Zoomed-in representation of the crowded region. 

The secondary structural elements of TDP-43 were predicted based on all chemical shifts 

using Talos-N [271] (Figure 11A) and were compared to the NMR structure of TDP-43 in com-

plex with RNA (PDB code: 4bs2 [129]) (Figure 11B). We find that 95.4% of secondary structure 

overlaps indicative of well-folded RRM composition, but with some extended β-sheets that will 

need to be further investigated.  

57



 
 
 
 
 

 

 
Figure 11. Predicted secondary structures using TALOS-N from chemical shifts of assigned 
15N apoTDP-43102-269.  
(A) Secondary structure diagram of the Talos-N predicted secondary structures of the apo structure. 
Positive values (green) in the Talos-N plot represent alpha helix structures and negative values 
(dark blue) represent beta sheets. (B) Sequence of TDP-43 is shown along with corresponding 
secondary structures solved from holo TDP-43 (PDB code: 4bs2 [129]) (turquoise for beta sheets 
and yellow for alpha helices) and compared to the Talos-N predicted secondary structures of the 
apo TDP-43 structure (dark blue for beta sheets and green for alpha helices). 

 

We then submitted these NMR chemical shifts along and TALOS-N y/f restraints through 

CS-ROSETTA, a neural network that curates fragments of NMR-solved proteins in the PDB to 

exploit information from the given backbone chemical shifts to predict protein structures de novo. 

Limited by the size of our protein and having no distance restraints of inter- or intra-domain 

contacts, CS-Rosetta calculated 3,000 simulated structures and provided 10 minimized structures. 

Importantly, most models converged similarly to TALOS-N predicted secondary structures, as 

both domain segments show the RRM structure core of four beta-strands and two helices arranged 

in an alpha/beta-sandwich. The 14aa-linker between the domains is highly flexible and would 

allow many orientations of the RRM1-RRM2, as predicted and conceivably the reason for the lack 
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of convergence. Specifically, RRM1 shows consistent results between all CS-ROSETTA models 

with similar alignments but large deviations are seen between the RRM2 segments, highlighting 

the evident dynamic nature of apo RRM domains in solution (Figure 12A,B). All 10 structures 

were aligned to the RNA-bound structure (PDB 4bs2 [129]) but none align well without RNA 

anchoring the tandem RRM domains forcing interdomain contacts, the extended linker allows for 

diverse orientations and distances that would decrease interdomain contacts. A representative 

model with the lowest RMSD (6 Å) was selected to compare, showing the RRM2 domain is rotated 

by ~90º from the proper cooperative binding interface with RRM1 (Figure 12C). As these results 

indicate dynamic orientations between the two domains, we further probed the interdomain 

contacts and domain orientations using MD simulations.  

 
Figure 12. CS-Rosetta Calculated structures of apoTDP-43102-269.  
Using our chemical shift assignments of the apo RRM domains of TDP-43, 3000 structures were 
calculated, and 10 top models were chosen. (A) The top 10 models aligned show strong conver-
gence between all models forming the RRM1 domain (yellow). (B) No convergence was seen for 
the RRM2 (green) with many orientations found but still properly predicted to have RRM struc-
tures. (C) Alignment of 10 models to the RNA bound structure [129] (AUG12 orange) show sig-
nificant deviations, especially regarding the positioned alignment of the inter-domain interactions 
responsible for cooperativity of the RRM domains. 
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Molecular Dynamics simulations of TDP-43102-269 in the presence and absence of RNA 

With our new knowledge indicating dynamic conformations of apoTDP-43102-269 using 

NMR spectroscopy, we wanted to further validate our results using Molecular Dynamics simula-

tions. By exploiting the RNA-bound structure we simulated the dynamic nature of RNA removal 

from the RRM domains of TDP-43102-269 by selecting 5 of the 20 structures from the NMR ensem-

ble based on energy and structural diversity (PDB 4bs2 [129]). For each structure, we performed 

3 random seeds using 1 µs molecular dynamics simulations with and without the RNA present 

using Desmond with the OPLS3e forcefield [223, 225, 272]. Simulated frames were saved every 

0.1ns and all analyses were performed by interpolating the combined frames of all 15 simulations 

(5 structures x 3 random seeds) for a total of 75,000 frames. Root-mean-square-fluctuation 

(RMSF) analysis measures the positional variance of each residue over the course of the trajectory 

and indicates residue flexibility over the course of the trajectory (Figure 13A). We observe a sig-

nificant global increase in backbone flexibility in the absence of bound RNA. Particularly large 

increases in flexibility occur around residues K140 and P225, located in loop regions (Figure 

13B).  
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Figure 13. Differences in RMSF between RNA-free and RNA-bound simulations of TDP-43. 
(A) Plot of the RMSF values for RNA-free (red) and RNA-bound (green) simulations. Error bars 
are the standard error among 15 simulations. The black lines represent the 99.9% confidence in-
terval for the difference between means. (B) The structure of TDP-43 colored by difference in 
RMSF between RNA-free and RNA-bound from white (minimal RMSF difference) to red (maxi-
mum RMSF difference). The RNA strand is shown as a cyan ribbon for reference.  Nearly all 
residues of RNA-free TDP-43 show a significant increase in fluctuations compared to the RNA-
bound TDP-43, exceptions being the N- and C-termini and a short span between the two domains. 

We next performed a contact analysis of TDP-43 to assess any global changes or rearrange-

ments in structure upon removal of RNA from the initial NMR structure. The contact maps show 

that the structural integrity of individual domains is maintained even in the absence of bound RNA 

(Figure 14 A,B). However, we observe a greater decrease in interdomain contacts as compared to 

the formation of new contacts. Specifically, we observe significant decreases in contact probability 

(p<0.05) between that salt-bridge formed between R151-D247 and residue pairs D247-S104, 

D247-D105, I249-L131, I249-M132, I249-R151, G252-M132, S254-D105, and S254-M132. Only 

two new contacts are predicted to form between residues E261-K192 and F231-P223 (Figure 

14C). 

61



 
 
 
 
 

 

 
Figure 14. Contact maps of RNA-free and RNA-bound TDP-43.  
Contact maps were computed from concatenating all 15 trajectories with frames sampled every 
0.2 ns over the 1000 ns simulation (75000 frames total). A contact exists between residues i and j 
if any heavy atom of residue i is within 4.5 Å of any heavy atom of residue j. Contacts are only 
shown if the interaction is present for >= 39% of the concatenated trajectory (p<0.01 from a one-
sided test from zero). Contact maps show that the structural integrity of each individual domain 
(upper left and lower right quadrants) is maintained between (A) RNA-free and (B) RNA-bound 
simulations. A major change between the contact maps is decreased interdomain contacts in the 
RNA-free simulations compared to RNA-bound simulations (lower left and upper right quadrants). 
(C) Residues showing significant changes in contacts between the two systems are highlighted as 
sticks on the TDP-43 structure and colored by residue type white – nonpolar, green – polar, red – 
acidic, and blue – basic. The bound RNA is shown as a cyan ribbon. In the absence of RNA, the 
two domains are held less rigidly together and are freer to adopt other conformations with respect 
to each other. 
 

Intra- and Inter-domain Motion Analysis   

Cross-correlation matrices were generated to determine changes in correlated motion be-

tween all atoms during RNA-free and RNA-bound simulations (Figure 15). Motion can be corre-

lated (residues move in the same direction), anti-correlated (residues move in opposite directions), 

or uncorrelated (the movement of one residue is independent of the other residue). Cross-correla-

tion matrices of RNA-free and RNA-bound simulations show much stronger correlations in RNA-

free simulations than in RNA-bound simulations. Most of the increased correlated motion is likely 

the result of the overall increased motion in RNA-free simulations compared to RNA-bound 
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simulations. In several instances, however, we observe increased interdomain correlated motion 

that significantly exceeds the increased intradomain correlated motion. The magnitude of the in-

crease in intradomain correlated motion is likely indicative of the magnitude of the effect coming 

from an overall increase in motion. The fact that the interdomain correlated motion exceeds the 

intradomain correlated motion highlights its significance.  

Figure 15. Cross-correlation matrices for RNA-free (A), RNA-bound (B), and the difference 
between RNA-free and RNA-bound (C). 
Cross-correlation matrices were computed from concatenating all 15 trajectories with frames sam-
pled every 0.2 ns over the 1000 ns simulation (75000 frames total) based on Cα atoms. Significance 
filters were applied so only correlations passing a 5σ threshold are shown.  

To further characterize inter-domain motion, we performed domain angle analysis exam-

ining the relative orientation of the two domains with respect to each other (Figure 16A). Meas-

uring both a dihedral twisting angle (τ) and an RRM1 opening angle (α), our analysis shows that 

in the absence of RNA there is a significant increase in orientational variability from what is ob-

served in RNA-bound simulations. The increases come from variations in both angles; however, 

several distinct populations can be observed indicating the presence of multiple stable confor-

mations (Figure 16B). These results are consistent with increased inter-domain cross-correlated 

motion in the absence of RNA-binding. 
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Figure 16. Inter-
domain angle analysis.  
(A) To measure domain 
rotation along the axis 
of the protein, we chose 
residues G148 and 
A230 as the center of 
each domain (blue) and 
residues C173 and R191 
(red) defines the axis of 
rotation (cyan line). The 
4 Cα atoms of these res-
idues defined the dihe-
dral angle (τ) reflecting 

the relative twisting of these two domains with respect to each other. The RRM1 opening angle 
was measured using the angle G148 - C173 - R191 (α) centered on Cα atoms of each residue. (B) 
Contour map of the dihedral angle (τ) vs the RRM1 opening angle (α) for RNA-bound (green) and 
RNA-free (red) simulations. We observe that both angles assume significantly broader distribu-
tions in the RNA-free simulations compared with RNA-bound simulations. Furthermore, the 
RNA-free simulation can be observed in multiple stable conformations. 
 

As a final analysis of the dynamic changes between RNA-free and RNA-bound simula-

tions, we analyzed φ/ψ angle distributions for each residue over the equilibrated time course (the 

final 900 of 1000 ns) and analyzed the differences between RNA-free and RNA-bound simula-

tions. We used a 2-dimensional Kolmogorov-Smirnov test for two samples to identify significant 

changes in φ,ψ angle distributions. The only residues showing a significant (p<0.05) difference 

between RNA-free and RNA-bound simulations were A228 (p=0.006), R227 (p=0.008), E261 

(p=0.013), and A260 (p=0.02) (Figure 17). Residues A260 and E261 lie near the C-terminus, 

while residues R227 and A228 lie at the end of a loop running from I222 to A228. It is worth 

noting that most changes cluster in the RRM2 domain of TDP-43. The changes in φ,ψ angle dis-

tribution could be related to changes in the conformation of the (222-228) loop. In the RNA-free 
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system, the loop can access a conformation that seems to be restricted by the presence of RNA 

which brings P223 in closer contact with F231, consistent with our distance analysis. 

Figure 17. Distribu-
tions of φ and ψ angles 
for R227 and A228. 
Two distinct populations 
of ψ angles were ob-
served in RNA-free (A, 
B) and RNA-bound (C,
D) for residues R227 (A,
C) and A228 (B, D) in
the simulations of TDP-
43. In structure bundles
of RNA-free (E) and
RNA-bound (F) TDP-
43, loop conformations

(residues I222 to A228) are colored grey and magenta corresponding to upper and lower ψ angle 
clusters of R227, respectively. The larger ψ angle population in RNA-free simulations (lower dis-
tribution, magenta) corresponds in a loop conformation shifted towards where RNA would be 
bound. This movement also corresponds with the shrinking distance between P223 and F231.  

Comparing AlphaFold2 predicted structures and MD simulations using SiteMap analysis to define 

druggable pocket formations 

AlphaFold2 (AF2) is a revolutionary de novo sequence to structure prediction platform that 

can predict 3D atomistic models of protein structures in minutes [206, 216]. We compared the top 

5 structures predicted by AF2 and not surprisingly, the structures of the individual RRM domains 

were well folded in all models. These models were aligned to the RNA-bound structure of TDP-

43 (PDB ID: 4bs2 [129]), as well as to seven structures derived from the MD simulation (named 

MD_01 through MD_07) and the corresponding RMSD were analyzed. Most could not align to 

the RNA-bound structure, but model AF_1 exhibited the lowest RMSD (2.203 Å) when aligned 

as well as four different MD-derived models, with MD_02 being the closest structure (RMSD = 
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5.423 Å; Figure 18A). Interestingly, we found that the AF2 predicted TDP-43 RRM domains 

exhibit structural elements similarly to the RNA-bound structure and the MD simulated apo struc-

tures (Figure 18B-F). More specifically, the secondary structures a2 of RRM1 (Y155-S162) and 

β2 of RRM2 (V217-F221) are more similar between AF2 and MD predictions, while loops regions 

(C198-T203 and K136-G146) are more similar between AF2 prediction and the RNA-bound TDP-

43 NMR structure. Finally, both MD and AF2 are predicting a longer beta strand in b5 of RRM2 

(Figure 18B), strongly correlating with our NMR backbone assignments that also found extended 

beta-sheet structures. 

 
 
Figure 18. Structural comparison of 
MD simulated apo TDP-43 with Al-
phaFold2 predicted apo TDP-43 and 
RNA bound known TDP-43 struc-
tures.  
(A) AlphaFold2 predicted structure 
(TDP-43_AF1) was overlayed to pub-
lished RNA bound (4bs2 [129]) and 
MD derived structure of TDP-43RRM 
(TDP-43_MD_02). (B) Zoomed in 
structure of β4 and 5 in RRM2 (aa. 
G245-I250). (C) Zoomed in structure 
of a2 of RRM1 region (aa Y155-
S162). (D) Zoomed in structure of β2 
in RRM2 (aa. V217-F221). (E) 
Zoomed in structure of loops in RRM2 
(aa. C198-T203). (F) Zoomed in struc-
ture of loop regions in RRM1 (aa. 
K136-G146). 
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Utilizing the models from AF2 and structures from MD simulations, we applied Sitemap 

[168] to predict druggable pockets of apoTDP-43 RRM domains compared to the RNA bound

structure. A SiteMap calculation begins with an initial search stage that determines one or more 

regions on or near the protein surface, called sites, that may be suitable for binding of a ligand to 

the receptor [231]. From this, two important characteristics of pocket interactions can be addressed 

using SiteScore and DScore. SiteScore determines the probability of ligand-receptor interactions, 

while DScore determines the druggability of the pocket [169]. Taking the average structure from 

the RNA-bound NMR ensemble five druggable sites were identified, while only three pockets 

were predicted for both MD and AF2 predicted structures (Figure 19). Our analysis shows that 

MD structures have poorer SiteScore (0.71 vs 0.779) and DScore (0.58 vs 0.76) compared to AF2 

(Table 2), indicating AF2 predicted structures may have better pocket formation than MD simu-

lations of apo TDP-43. Importantly, a druggable pocket was found in the central region of the 

RNA-bound RRM domains that anchors a G-nucleotide between RRM1 and RRM2 [129], which 

was also identified in the MD structures and AF2 predicted models.  

Figure 19. Sitemap Results of TDP-43 structure models. Representative image of Sitemap re-
sults from all models overlaid onto NMR solved structure PDB 4bs2 [129]. Spheres represent 
contact points within surface pocket density. 
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Table 2: Sitemap pocket prediction results for Molecular Dynamics, AlphaFold2, and RNA-
bound TDP-43 models of the RRM domains. 

Discussion 
Defining targetable pockets of TDP-43 is of therapeutic interest in neurodegenerative dis-

eases. While several targeting approaches have been met with various successes, defining which 

form of TDP-43 will efficiently offer toxicity relief is still being debated. Diversifying the TDP-

43 targeting chemical space may bring new opportunities, particularly if small molecules can dis-

tinguish RNA-bound and RNA-free forms of TDP-43. 

Structural determination of the apo RRM domains of TDP-43 has been technically chal-

lenging using traditional NMR and X-ray techniques, due to the dynamic nature of the construct. 

Nonetheless, in this work, we found stable conditions for multidimensional NMR acquisition of 

TDP-43 RRM domains in the absence of RNA. In doing so, we show the integrity of individual 

RRM domains is not affected but does impact interdomain contacts and domain orientations pro-

vide a diverse conformational landscape. We then used MD simulations starting from RNA bound 

structure of the tandem domains solved by NMR spectroscopy [129] to sample conformations of 

the apo TDP-43 structure [222]. From the analysis of the simulations, we generally observed an 

increase in the dynamics upon removal of the RNA as seen in both RMSF and contact-map 

Title SiteScore Dscore volume contact phobic philic balance
Ideal scores ≥ 0.80 ≥ 1.0 -- 1 1 1 1.6

sitemap_RRMs_MD_model2_site_1 0.76 0.698 136.171 0.996 0.658 1.071 0.615
sitemap_RRMs_MD_model2_site_2 0.656 0.575 108.045 0.855 0.223 1.079 0.206
sitemap_RRMs_MD_model2_site_3 0.721 0.486 136.514 1.204 0.594 1.503 0.395

Average MD Sitemap results 0.712333333 0.586333333 126.91 1.018333333 0.491666667 1.217666667 0.405333333

sitemap_RRMs_AF2_model1_site_1 0.87 0.862 234.269 0.803 0.197 1.08 0.182
sitemap_RRMs_AF2_model1_site_2 0.746 0.742 197.911 0.642 0.054 0.895 0.061
sitemap_RRMs_AF2_model1_site_3 0.721 0.678 173.901 0.789 0.166 1.063 0.156

Average AF2 Sitemap results 0.779 0.760666667 202.027 0.744666667 0.139 1.012666667 0.133

sitemap_avergae4BS2_site_1 0.971 0.951 219.863 0.93 0.42 1.171 0.358
sitemap_avergae4BS2_site_2 0.975 0.855 157.094 1.099 0.48 1.377 0.349
sitemap_avergae4BS2_site_3 0.872 0.905 124.166 0.904 0.836 0.77 1.085
sitemap_avergae4BS2_site_4 0.778 0.788 122.108 0.817 0.512 0.884 0.579
sitemap_avergae4BS2_site_5 0.811 0.776 150.234 0.798 0.253 1.141 0.222
Average 4BS2 Sitemap results 0.859 0.831 138.4005 0.9045 0.52025 1.043 0.55875
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analysis. Some of the increased dynamics can be explained by the additional flexibility allowed to 

the loops previously contacting the RNA. Notably, the loop spanning residues 138 to 146 showed 

a particularly large increase in flexibility after the RNA was removed. We also noticed the φ/ψ 

distributions for some residues of the loop138-146 were changed, though the change was not as sig-

nificant as observed for the loop222-228. While loop flexibility contributed to the dynamics, most of 

the additional motion upon removing the RNA came from interdomain motion between RRM1 

and RRM2. Contact map analysis reveals that intra-domain contacts are almost unchanged be-

tween RNA-free and RNA-bound simulations. However, the RNA-free simulations show a signif-

icant decrease in interdomain contacts compared with the RNA-bound simulations. In fact, of the 

11 residue pairs with a significant difference between RNA-free and RNA-bound simulations, only 

two (E261-K192 and F231-P223) were not at the interdomain interface and correspond to new 

contacts observed in the RNA-free versus RNA-bound simulations. The nine remaining residue 

pairs were all at the interface and showed decreased contact in RNA-free versus RNA-bound sim-

ulations. The result is consistent with previous observations noting a decrease in inter-domain hy-

drophobic contacts in much shorter time-scale simulations (100ns) [125]. We also note that the 

result is consistent with experimental evidence of intrinsic low affinity between RRM1 and RRM2 

of TDP-43 and the requirement of a linker for interaction [123, 125, 149, 273, 274].  

Looking at the cross-correlation matrix, we detect a significant increase in the positive 

correlation between residue H143 and residues 212 to 217 in the RNA-free vs RNA-bound simu-

lation, as well as significant increases in negative cross-correlation between H143 and residues 

129, 152, 153, 194, and 260. Together this is likely due to a more global clam-shell movement 

between the two domains, which appears when the RNA is removed. This clam-shell movement 
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is particularly highlighted by our inter-domain angle analysis. In particular, the increased distribu-

tion of the α angle in RNA-free simulations highlights this broadening of the angle between RRM1 

and RRM2 in RNA-free compared to RNA-bound simulations. The results presented in Figure 15 

further serve to highlight the increased sampling of varying orientations between the two domains 

in the absence of RNA. However, we observe some conformational preference for some states in 

this plot as indicated by contour peaks where there was a greater sampling of a given conformation 

with respect to neighboring conformations. While the timescales presented in this paper are not 

likely sufficient to claim an exhaustive sampling of the accessible conformational space, the use 

of multiple starting structures and multiple random seeds significantly increases the ability to cover 

the locally accessible conformational space.  

 Our interest has been to define druggable sites in TDP-43, either in the RRM or the NTD 

domain. We hypothesized that the RNA-free RRM domains of TDP-43 might exhibit pockets dis-

tinct from RNA-bound TDP-43, which could lead to new targeting opportunities. As the first step 

to drug RNA-free RRM domains, we predicted the apo structure using MD simulations and Al-

phaFold2. Sitemap predictions of apo RRM and RNA-bound structures revealed fewer pockets in 

the RNA-free compared to the RNA-bound structures. While this might indicate that small mole-

cules may recognize both RNA-bound and RNA-free, there are more opportunities to specifically 

target RNA-bound TDP-43. A higher resolution of the RNA-free structure may offer more sites. 

However, based on our results of the increased dynamics of the apo TDP-43 using NMR spectros-

copy, it may be more challenging to obtain a high resolution of the RNA-free structure. 

 

 

70



Methods and Materials 

Cloning of TDP-43102-269.  
The coding sequence of human TDP-43 (residues 102-269) was amplified by PCR using 

primers 5’-AATGGGTCGCGGATCCAAAACATCCGATTTAATAGTGTTGG-3’ (forward) 

and 5'-GTGCGGCCGCAAGCTTCTACTGTCTATTGCTATTGTGCTTAG-3’ (reverse) and 

subcloned into the pET28 vector between BamHI and HindIII restriction sites, resulting in a con-

struct with an N- terminal His tag (MGSSHHHHHHSSGLVPGSHMASMTGGQQMGRGS). 

Amplified sequences were verified by DNA sequencing. 

Protein expression and purification.  

TDP-43102-269 was transformed into E. coli BL21 and then grown in LB media containing 

50 µg/mL kanamycin at 37 °C overnight. Culture was inoculated into M9 media supplemented 

with uniformly labeled 15NH4Cl and 13C-labeled D-glucose (Cambridge Isotope Laboratories, And-

over, MA, USA). After the OD600 reached 0.8, 0.5 mM isopropyl β-D-1-galactopyranoside was 

used to induce protein expression at 17 °C for 24 hours. Cells were collected by 4500 rpm centrif-

ugation and resuspended in 40 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM DTT, 30 mM imidaz-

ole 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, West-

wood) and cell debris was removed by centrifugation at 34,000 rpm for 1 h at 4°C. Supernatant 

was then loaded on a His-Trap (GE Healthcare, Uppsala, Sweden) 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 DTT). Dialyzed protein was concentrated with Amicon Ultra 15 centrifugal filters 
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(Regenerated cellulose 10,000 NMWL; Merck Millipore, Darmstadt, Germany). Protein concen-

tration was determined by BCA assay using bovine serum albumin as the standard. Purity of eluted 

protein was verified by SDS-PAGE. 

NMR data collection and processing 

NMR spectra were acquired in NMR buffer with added 10% D2O and 0.5% Sodium Azide 

using 5mm Shigemi NMR tubes. NMR data were collected at 298 K on a Bruker Avance NEO 600 

MHz spectrometer with TCI-H&F/C/N probe at a concentration of 450 µM. NMR processing and 

analysis was done using NMRpipe and NMRDraw (Delaglio et al. 1995). Peak picking was done 

using NMRFAM-Sparky (Lee, Tonelli, and Markley et al. 2015) and automated backbone assign-

ment was performed by PINE (Bahrami et al. 2009). Successive backbone resonance assignments 

for HN, 15N, 13CO, 13Cα, and 13Cβ were performed by 2D [1H,15N] TROSY-HSQC, 3D HNCA, 3D 

HNCACB, HN(CO)CA, 3D CBCA(CO)NH, HNCO and HN(CA)CO. A 3D NOESY-TROSY was 

collected on a Bruker Avance III 600 MHz equipped with a 5mm TCI Prodigy cryoprobe with a 

separate sample at a 1.2 mM protein concentration. This 3D experiment was collected with sweep 

widths of 14.03, 34.0, 14.03 ppm; and 1176, 128, and 128 points in the F3 (direct), F2 (15N and 

F1 (1H) dimensions respectively with a mixing time of 120ms. Non-Uniform sampling (NUS) was 

used at the 50% level. NUS processing software qMDD was used for reconstruction of NOESY 

data, with 100 components per sub-region, a noise level of 0.5 and 100 iterations. 3D NOESY-

TROSY was used for verification of expected NOEs and confirmation of assignment. 

Assignments and data deposition 

NMRPipe was used for data processing to convert the data to NMRFAM-SPARKY for 

peak picking and assignment. Using backbone triple-resonance spectra, we were able to identify 

142 peaks in the TROSY-HSQC. From that total, 68 residues were manually assigned and then 
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submitted to I-PINE automated assignment server for verification. This pre-assignment was sub-

mitted with the TROSY and all 3D data as well as the previously resolved RNA-bound TDP-43 

RRM1/2 NMR structure (PDB code: 4bs2 [129]) to help with PINE backbone-automation accu-

racy. 

Molecular Dynamics of ApoTDP-43 
Five structures were selected from the NMR ensemble of TDP-43 (PDB ID: 4bs2[129]) 

based on energy and structural diversity. For each structure, we performed three 1 μs molecular 

dynamics simulations using three different random seeds. Simulations were performed both with 

and without the RNA present in the simulation using Desmond with the OPLS3e forcefield12, 13. 

Each simulation system was immersed in a cubic water box with a 1 nm buffer distance. The 

system was neutralized and included 150 mM NaCl. Prior to production runs, each system under-

went 100 ps of Brownian dynamics simulation (NVT, 10 K). Restraints were gradually released 

over 24 ps of NPT simulation (1 bar, 310 K). We used 9 Å cutoffs for VDW and coulombic inter-

actions and a 2 fs timestep. Simulation frames were saved every 0.1 ns. All analyses, unless oth-

erwise noted, were performed on the combined frames of all 15 simulations (5 structures × 3 ran-

dom seeds) sampled every 0.2 ns. For root mean square fluctuation (RMSF) and cross-correlation 

analysis, reference residues used for the alignment were those contained within secondary struc-

tural elements minus those with an RMSF greater than three standard deviations from the mean. 

Contact Map analysis comparing RNA-bound and RNA-free MD simulations 

For contact map and cross-correlation analysis, the first 100 ns of simulation (500 frames) 

of each simulation were discarded and all 15 simulations were concatenated. A contact between 

residues i and j was assigned if any heavy atom of residue i is within 4.5 Å of any heavy atom of 

residue j. Contacts were only considered in the final analysis if the interaction was present for >= 
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39% of the concatenated trajectory (p<0.01 from a one-sided test from zero). Post-hoc analysis 

was performed by computing the p-value of the difference between the means of the two Bernoulli 

distributions. 

Interdomain Angle Analysis 
For interdomain angle analysis, the first 100 ns of simulation (500 frames) were also dis-

carded and the remaining frames of all 15 simulations were concatenated. To measure relative 

orientations between the two domains we measured both a dihedral twisting angle (τ) and an 

RRM1 opening angle (α). For the τ angle, we chose residues G148 and A230 as the center of each 

domain and residues C173 and R191 to define the axis of rotation. The full dihedral angle is de-

fined using Cα atoms of the residue list G148 – C173 – R191 – A230. The α angle was measured 

using Cα atoms of the residue list G148 - C173 - R191. 

AlphaFold 2 predictions of apoTDP-43 RRM domains 

Computational approaches -first with AlphaFold and then with AlphaFold 2 (AF2) [206, 

275], a neural network-based algorithm that integrates multi-sequence alignments and training 

procedures based on the evolutionary, physical, and geometric constraints of protein structures- 

are now able to predict protein structures with high accuracy. We thus used AF2 to predict apo 

TDP-43 RRM domains and obtained five models (named here AF_1-5). Only the RRM domains 

(102-269 amino acids) construct was submitted for structure prediction.  

Sitemap Analysis 
Sitemap analysis was done using Schrodinger [169, 231] as previously described [169]. 

We attempted to converge an average structure from the multiple structures generated by MD 

simulations and AF2 models, but they resulted in non-physical structures. Therefore, the best rep-

resentative structure based on minimal energy refinement was used.  
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Chapter 2: Structure-Based Targeting of TDP-43 Identifies Allosteric 
Modulation of RNA Binding to TDP-43 RRM Domains 

Introduction 

TDP-43 proteinopathies have been associated with a cytoplasmic accumulation of full-

length and fragmented TDP-43 protein in detergent-resistant, ubiquitinated, and hyperphosphory-

lated aggregates. A current working hypothesis is that stress granule formation facilitates or pro-

motes cytoplasmic aggregation of TDP-43 in motor neurons [276-278]. Furthermore, localization 

of TDP-43 to stress granules was shown to be driven by both its RRM1 domain as well as its C-

terminal glycine-rich/prion-like domain [279, 280]. But, previous efforts to disrupt TDP-43 aggre-

gates using peptides against TDP-43 C-terminus were unsuccessful in decreasing the cytotoxicity 

[164]. Interestingly, degenerative ALS phenotypes induced by overexpression of TDP-43 in Dro-

sophila melanogaster were completely reversed by deletion of RRM1 or by mutations 

(W113A/R151A) that ablated or reduced RNA binding to TDP-43 [281]. In a cellular model of 

ALS, TDP35, a pathological cleaved fragment of TDP-43, was shown to sequester TDP-43 

through RNA binding and mutations in RRM1, but not RRM2, dramatically reducing the ability 

to form inclusions [282]. While it is unclear if RNA binding is the driving event of toxic aggregate 

formation, deletion of RRM1 was found neuroprotective in the Drosophila model of ALS [130, 

281]. Therefore, our hypothesis was to develop RNA inhibitors by targeting the RRM1 domain to 

investigate the effects of modulating TDP-43 interactions with nucleic acids.  

Two mutations, Trp113Ala and Arg171Ala were shown to be the most deleterious for RNA 

binding as they increased the Kd of TDP-43 for nucleic acid by 6-fold [124]. For this reason, we 

designed a high-throughput virtual docking grid targeting these residues (Figure 20). 
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Computational in silico docking and biochemical experiments, identified a compound – 6-(3-(4-

fluorobenzyl)-3-(hydroxymethyl) piperidine-1-yl) pyrazine-2-carboxamide (hereafter designated 

as rTRD01 for RRM TDP-43 RNA Disruptor 01) that bound to TDP-43 in the 100 µM range. As 

it is critical for TDP-43 to maintain normal nucleic acid binding activity in the cell, we tested 

rTRD01 for its ability to bind normal and disease-linked nucleic acids. rTRD01 was able to reduce 

TDP-43 interactions with disease-linked nucleic acid while not interfering with a TDP-43 canon-

ical substrate (UG-rich binding sequence) in vitro. Finally, rTRD01 reduced ALS-like locomotor 

phenotypes in a Drosophila model.  

The NTD is the only other structured domain of TDP-43 and is known to dimerize and 

form higher-order reversible oligomers that are essential for TDP-43 splicing activity. The NTD 

also contains a nuclear localization sequence and a mitochondrial targeting sequence (M1) making 

it responsible for the subcellular localization of TDP-43. Mislocalization of TDP-43 is the hall-

mark of its pathology and recently, an M1 peptide derived from the NTD reduced TDP-43 locali-

zation to the mitochondria and protected against pathology in vitro, supporting targeting NTD 

functions as a therapeutic avenue [110, 283]. The NTD has recently been found to be essential for 

liquid-liquid phase separation (LLPS) and as LLPS is an RNA-driven event, the NTD is hinted at 

providing some scaffold for nucleic acid binding, although a binding interface has yet to be deter-

mined. With these potential roles of the NTD in nucleic acid binding, protein localization, and 

aggregation, we targeted oligomerization and aggregation of TDP-43 by identifying small mole-

cules that modulate NTD functions. Our hypothesis of targeting the dimerization interface of the 

N-terminal domain yielded nTRD22 that caused allosteric modulation of the RNA binding domain 

(RRM) of TDP-43 resulting in decreased binding to RNA in vitro (Figure 20). Moreover, 
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incubation of primary motor neurons with nTRD22 induced a reduction of TDP-43 protein levels, 

similar to TDP-43 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. Overall, these are the first small molecules to successfully target the structured 

domains of TDP-43. 

Figure 20. Targeting the NTD and RRM domains to identify small molecules modulating 
TDP-43 functions. 
TDP-43 is shown as a homodimer with one molecule in surface and the other in ribbon represen-
tations. A grid is built around the dimerization interface that occurs between two NTD units in a 
head-to-tail orientation (blue) yielding N-terminal RNA disruptors (nTRDs). A grid was designed 
around the RNA-protein interactions that occur within the RRM interface (RRM1 yellow, RRM2 
green, RNA teal) yielding RRM RNA disruptors (rTRDs).  
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Results 
 
In silico docking of TDP-43 RNA-protein interface reveals RRM1 is a druggable site 

The crystal structure of RRM1 with single-stranded DNA bound [124] allowed us to iden-

tify pockets overlapping with nucleic acid binding sites for targeted in silico docking experiments. 

Using the Schrödinger modeling program, we created an active site pocket that includes residues 

L109, G110, P112, W113, and R171 (Figure 21A,B) in the RRM1 domain. Moreover, residues 

Leu109 and Gly110 are known to be part of the ribonucleoprotein domain 2 (RNP2, Leu-Ile-Val-

Leu-Gly-Leu), which stacks with the bases and the sugar rings of nucleic acids. RNP-1 ([RK]-G-

[FY]-[GA]-[FY]-[ILV]-X-[FY]) and RNP-2 ([LI]-[FY]-[VI]-X-[NG]-L) are known consensus se-

quences in RRM domains [284], usually located in β2 and β3 stacking with the bases and the sugar 

rings of the nucleic acid. Virtual screening of a 50,000-compound library from Chembridge re-

sulted in the identification of small molecules that stack with Trp113 on one side and Arg171 on 

the other side of the active site cleft (Figure 22A). The docked compounds displayed a significant 

overlap with the nucleic acid binding surface and mimicked several interactions between the 

RRM1 domain and nucleic acid bases. The top 8 compounds from this screen were selected based 

on Glide score and visual examination for further studies. We sourced the top 8 compounds and 

tested their binding to recombinantly purified TDP-43102-269-His using Saturation Transfer Differ-

ence NMR (STD-NMR). STD-NMR profiling demonstrated that 5 of the 8 compounds bound 

TDP-43 (Figure 22B).  
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Figure 21: In silico docking to the RNA recognition motif of TDP-43 identifies compound 
rTRD01. 
(A) TDP-43-RRM1 domain (surface representation) in complex with DNA (stick and ball repre-
sentation) (PDB code:  4iuf [124]). (B) Top 10 compounds (green, sticks, and balls representation)
from in-silico docking on TDP-43-RRM1. (C) Structure of rTRD0, where i is a pyrazinamide
group and ii is a fluorobenzyl group, is shown to interact with TDP-43 by STD-NMR (8.2 ppm
and 6.9–7.2 ppm, respectively). (D) 2D representation of the rTRD01 binding pocket which in-
cludes residues from the ribonucleoprotein motif 1 (RNP1) and ribonucleoprotein motif 2 (RNP2)
of TDP-43 RRM1. (E) Docking pose of rTRD01 (green, sticks, and balls representation) on RRM1
domain of TDP-43 (surface representation). (F) 1D 1H STD NMR showing on-resonance differ-
ence spectrum of 500µM rTRD01 with 5 µM TDP-43102-269. The aromatic region of the NMR
spectrum (6-9ppm) is shown. (G) MST values from thermographs of NT-647 labeled TDP-43102-

269 in presence of increasing concentrations (0.03μM – 1mM) of rTRD01were used to determine
the dissociation constant for binding of rTRD01 to TDP-43102-269. The data were fitted as described
in the Methods section yielding an apparent Kd of 89.4±0.8 μM (r2=0.93). Data: Mean ± SEM (n=3 
independent replicates). 
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Figure 22: Top hits from in 
silico docking poses screen-
ing rTRD compounds with 
TDP-43 RRMs.  
(A) RRM TDP-43 RNA Dis-
ruptor (rTRD) 1 to 09 docking 
poses (stick and ball represen-
tation, green) on 4iuf (surface 
representation, gray) are 
shown. (B) 1D 1H STD NMR 
showing on-resonance differ-
ence spectrum of 1 mM small 
molecules with 5 µM TDP-
43102-269. The aromatic region 
of the NMR spectrum (6-
9ppm) is shown. Asterisks 
correspond to protons that 
were found in independent ex-
periments. 
 

 

In-silico docking of TDP-43 NTD dimerization interface  

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 (5mdi [118]) nor NMR structures (2n4p [112]) of TDP-43 reveal any obvious surface 

pocket(s) or large cleft(s) capable of accommodating small molecules. The program SiteMap [238, 

242] 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, A66, and N70. A 

slightly different site was found on the X-ray structure and surrounded the following residues: 

Y43, L56, and D65. 
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Figure 23. Sitemap druggability prediction of TDP-43 NTD.  
Surface representation of docking pockets (blue) found using SiteMap on the average NMR struc-
ture (PDB ID: 2n4p) Docking of small molecules on N-terminal domain of TDP-43 shows top 10 
compounds (green, sticks and balls representation) from in silico docking on TDP-43-NTD. 

A 50,000-compound library was then docked onto a grid of 6 angstroms surrounding the 

Sitemap pockets using Glide’s virtual screening workflow [237]. Even though the initial pockets 

were different on the NMR and crystal structure, compounds docked around Ser48, Ala66 and 

Asn70 in both structures (Figure 23). 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. Visual inspection of the docking poses was implemented to remove unrealistic 

poses as they might result in high scoring. Saturation transfer difference nuclear magnetic 

resonance (STD-NMR) spectroscopy was then used to screen the binding of the compounds to 

TDP-431-260 (Figure 24A).  As a negative control, binding to TDP-43102-269, a construct lacking the 

NTD was also determined (Figure 24B). We observed nTRD12–14 and nTRD22, nTRD25–28 as 

positive hits on TDP-431-260 that did not bind to TDP-43102-269 (Figure 24C).  
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Figure 24. STD-NMR screening of nTRD compounds with TDP-431-260 and TDP-43102-269.  
(A) 1D 1H STD-NMR showed an on-resonance difference spectrum of 500 μM of compounds 
nTRD09-28 with 5 μM TDP-431-260. (B) Two different constructs were used for STD-NMR screen-
ing, TDP-431-260 and without the NTD TDP-43102-269. (C) Positive hits from the first round of STD-
NMR screening were tested against TDP-43102-269 in the same conditions. Asterisks indicate a pos-
itive signal. 
 

Biophysical characterization of rTRD01 

We selected the top in-silico docking hit, rTRD01 (Figure 21D,E) as it showed the highest 

XP Glide score for the TDP-43 RRM1 domain. The fluorobenzyl group of rTRD01 is predicted to 

interact with Trp113, and Arg171 while the pyrazinamide group interacts with Asp174, similarly 

to guanine G6 in the X-ray crystal structure of TDP-43 RRM1 domain with DNA. rTRD01 is also 

predicted to make hydrogen bonds with G146, a residue from the ribonucleoprotein sequence 1 

(RNP1) of TDP-43 RRM1 and with R171, Y172, and D174. We demonstrated that rTRD01 binds 

to TDP-43102-269 using STD-NMR, while no binding was observed with a control protein (TEV 

protease) (Figure 21F). The positive peaks for rTRD01 in the presence of TDP-43102-269 were in 

the region of the fluorobenzyl group (ii., 6.9–7.2 ppm) and the pyrazinamide group (i., 8.2 ppm), 
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confirming the binding implied by virtual screening. Microscale thermophoresis (MST), an assay 

that allows sensitive measurement of molecular interactions in solution was used to measure the 

affinity of rTRD01 binding to TDP-43102-269 (Figure 21G). Thermographs of TDP-43102-269 with a 

range of concentrations of rTRD01 gave an apparent dissociation constant of 89.4±0.8 µM.  

To further confirm the binding site for rTRD01, we utilized 1H,15N heteronuclear single 

quantum correlation spectroscopy (HSQC) using 15N-labeled TDP-43102-269. 1H,15N HSQC spectra 

of TDP-43102-269 were obtained free, and in complex, with rTRD01 (1:4 TDP-43102-269: rTRD01 

ratio) (Figure 25A). Using our recently assigned NMR structure of apo TDP-43102-26918 (Biological 

Magnetic Resonance Bank ID 27613), we were able to map the residues shifted based on the in-

teraction of rTRD01 in increasing concentrations compared with apo TDP-43102-269. Specific 

chemical shift perturbations were observed in the 1H,15N HSQC-NMR spectra of TDP-43102-269 

upon the addition of rTRD01, thus permitting calculation of the geometrical distance covered by 

each peak as described in the Methods section. Particularly, G110 and G148 (from TDP-43 RRM1) 

and F194, A260, and E261 (from TDP-43 RRM2) peaks were shifted (Figure 25B -F). To get a 

better understanding of the rTRD01 binding site(s) to TDP-43, we mapped the chemical-shift per-

turbations induced by rTRD01 interaction onto the solved crystal structure of TDP-43 (PDB: 4bs2 

[129]) using a color gradient (Figure 25G). rTRD01 can bind G146, a residue from the ribonucle-

oprotein motif 1 (RNP-1), and G110, from the RNP-2 (Figure 25C,G), of TDP-43 RRM1, thus 

validating our predicted pocket (Figure 25C). However, additional TDP-43 residues that were 

shifted upon rTRD01 binding included F194 from the RNP-2 of RRM2, and A260 and E261. We 

docked rTRD01 on the crystal structure of RRM2 of TDP-43 (Figure 25H-J) and the compound 

binding site overlaps with the nucleic acid binding site in RRM2. This is not surprising since we 
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targeted RNP sequences, which are highly conserved among RRM domains. Since the RRM do-

main is an RNA recognition motif shared by greater than 500 proteins with at least one RRM 

domain (up to six per protein), which have important normal, non-pathological functions in the 

cell [285], there is a critical need to assess the potential of rTRD01 to bind to other RRM domains. 

 

Figure 25. Mapping the binding of rTRD01 on TDP-43.  
(A) Superposition of 1H-15N heteronuclear single quantum correlation spectroscopy (HSQC) spec-
tra of 15N-labeled human TDP-43102-269 (150 µM), free (blue) and in complex with rTRD01 in a 
TDP-43102-269: rTRD01 ratio of 1:4 (red). Close-up of shifts around TDP-43 residues G110 (B), 
G146 (C), F194 (D) and A260 (E). (F) Average chemical shift changes for assigned residues of 
the 15N-labeled TDP-43102-269 upon complex formation with rTRD01. The average chemical shift 
changes of cross-peaks were calculated as described in the Methods section. The horizontal line 
(0.09ppm) is the threshold, calculated as described in the Methods section, above which a shift is 
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considered significant.  (G) Residues with chemical-shift perturbations upon rTRD01 binding are 
plotted onto the solution structure of TDP-43 (PDB code: 4bs2 [129]) using a color gradient in-
dicative of the extent of the perturbation. (H) TDP-43-RRM2 domain (surface representation) 
crystallized with DNA (stick and ball representation) (PDB code: 3d2w [111]). (I) TDP-43-RRM2 
domain (surface representation) docked with rTRD01 (stick and ball representation). (J) 2D rep-
resentation of rTRD01 binding pocket that includes residues from the RNP1 and RNP2 of TDP-
43 RRM2. The arrows represent predicted bonds (p-p interaction, green, and hydrogen bond, pur-
ple). 

rTRD01 reduces TDP-43/RNA interactions 

Since our target was the TDP-43-nucleic acid interface, we tested the effect of rTRD01 on 

TDP-43 binding to two different nucleic acid sequences: (i) the canonical substrate of TDP-43, 

namely (UG)6 repeats [129, 285, 286], (ii) the (GGGGCC)4 hexanucleotide repeat expansion 

(HRE) from the gene c9orf72, which is a disease-linked RNA known to bind TDP-43 [70, 287]. 

Two different constructs of TDP-43 were tested: TDP-43102-269 which only contains the RRM do-

mains and TDP-431-260 which also encompasses the N-terminus domain, previously shown to par-

ticipate in the nucleic acid binding [288]. 

First, we used an Amplified Luminescent Proximity Homogeneous Alpha assay (ALPHA) 

to measure binding between biotinylated (UG)6 RNA and TDP-43. Identical apparent Kd values 

were observed for both TDP-43 constructs binding to (UG)6:  0.62±0.3 nM for TDP-43102-269 and 

0.61±0.2 nM for TDP-431-260 (Figure 26A). Binding was also observed between TDP-43 and 

(GGGGCC)4, albeit with a lower affinity than (UG)6, with 5.1±0.6 nM for TDP-43102-269 and 

1.21±0.24 nM for TDP-431-260 (Figure 26B). Interestingly, TDP-431-260 bound (GGGGCC)4 with 

a higher affinity than the RRM-only construct, indicating the involvement of the NTD in RNA 

binding. The ability of the NTD to bind nucleic acids, albeit weakly, has been described previously 

and two regions within this domain have been suggested as binding nucleic acids [112]. A recent 

study showed the ability of TDP-43 NTD to undergo liquid-liquid phase separation induced by 
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ssDNA in a length-dependent manner and could explain why (GGGGCC)4 binds TDP-431-260 bet-

ter than TDP-43102-269, while (UG)6 had the same affinity for both constructs. Next, we measured 

inhibition of TDP-43/RNA binding at a single concentration of RNA with an increasing concen-

tration of rTRD01; we used both protein constructs (102-260 and 1-260) as well as (UG)6 and 

(GGGCC)4 RNA. rTRD01 had a limited effect on TDP-43 association with (UG)6 sequence for 

TDP-43 constructs (Figure 26C). In contrast, rTRD01 inhibited (GGGGCC)4 interaction for TDP-

43102-269 to a maximum of 50% inhibition with an IC50 of ~150µM. For the TDP-431-260 construct, 

rTRD01 was able to inhibit 50% of (GGGGCC) 4 interactions at 1 mM (Figure 26D). 

 

Figure 26. RNA/TDP-43 disruption 
by rTRD01 using ALPHA assay. 
Proteins TDP-43102-269-His or TDP-431-

260-His (0.75nM) were incubated with 
increasing concentrations of biotinyl-
ated UG6 (A), or (GGGGCCC)4 (B). 
The Y-axis displays the ALPHA signal. 
A nonlinear regression was fit to the 
data, using a one-site specific binding 
equation. UG6 RNA bound to TDP-
43102-269 with an apparent Kd of 
~0.1µM. Some error bars are smaller 
than the symbols. (C-D) Concentration-
dependent curves were obtained for 
rTRD01’s disruption of nucleic acid-

TDP-43 interaction at a single RNA concentration (arrow) indicated on the panels above. Data is 
represented as mean ± SEM (n=3). 
 
 
Biophysical characterization of nTRD22 

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. Using TDP-431-260, small 

molecules were added at a 4:1 molar ratio. The addition of 5 out of 6 compounds either caused 
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protein aggregation or showed little to no binding, possibly due to weak binding, and was not 

further characterized. However, the addition of nTRD022 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 (Figure 27A). 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) (Figure 27B) confirming the p-stacking interaction of the benzene 

group of nTRD22 with Tyr43 that was predicted by virtual screening. Using MST, we measured 

an apparent Kd of 145 ± 3 µM (Figure 27C) for TDP-431-260 and 96 ± 36 µM for TDP-431-102 

(NTD only). 

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 (Figure 27D-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 the direct binding of nTRD22 to TDP-43102-269 (RRM region), we collected a 

2D 15HSQC-NMR on TDP-43102-269 with nTRD22 at a 4:1 molar ratio (Figure 27G,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 and was submitted to 1H NMR and mass 

spectrometry for validation. 

To define which residues in the RRM domains were affected, we mapped the chemical-

shift perturbations (CSP) induced by nTRD22 onto the known structure of TDP-43102-269 (PDB: 

4bs2 [129]) using a color gradient (Figure 27I,J). Interestingly, in addition to peak broadening, 
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several of the shifted residues are involved in RNA binding i.e., I107 and K145 within RNP-2 and 

RNP-1 of RRM1 respectively and R227 within RNP-1 of RRM2. Although the shifts are small, 

RNP-2 remains consistently shifted even in different CSP 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 ALPHA 

assay to detect TDP-431-260 binding to its canonical RNA sequence (UG6) and measured with 

varying concentrations of compound nTRD22 found to inhibit 50% of the interaction with an 

IC50 of ~100 µM (Figure 27K). We also used Surface Plasmon Resonance (SPR) to measure 

disruption  of TDP-43 - RNA binding (Figure 27L, M) and calculated an IC50 of ~145 µM and 

~30% inhibition of TDP-43 RNA interactions.   
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Figure 27. 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)
p-p stacking (in green) with Tyr43, (iii) a salt bridge (in blue) with Glu3 and (iv) a p-cation
interaction (in red) with Tyr4.  (B) Structure of nTRD22. (C) MST values from thermographs of
NT-647 labeled TDP-431-260 in presence of increasing concentrations (0.03 µM – 1 mM) of
nTRD22 were used to determine dissociation constant for binding of nTRD22 to TDP-431-260.
Apparent Kd of 145 ± 3 µM. Data is presented as mean ± SD (n=3). (D) Superposition of 1H-15N
heteronuclear single quantum correlation spectroscopy (HSQC) spectra of 15N-labeled human
TDP-431-260 (100 µM), free (blue) and in complex with nTRD22 with different ratios. Close-up of
shifts around TDP-43 residues from TDP-431-260 Cys173 (E) and Gly148 and Gly110 (F) or from
TDP-43102-269 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 horizontal lines are thresholds, calculated as previously described, above which a
shift is considered significant with 2 sigma (black 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 TDP-431-260 were mapped on TDP-43102-269 (PDB ID: 4bs2 [129]).
(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. 

nTRD22 recapitulates RNA-deficient TDP-43 in primary rodent cortical neurons 

Previous studies indicated that disruption of TDP-43 RNA binding in neuronal cells via the 

expression of RNA binding-deficient TDP-43 elicits the formation of intranuclear droplet-like 

structures and higher TDP-43 protein turnover [131]. 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 μM to 100 μM, and imaged GFP positive cells 

90



by automated fluorescence microscopy [131, 289]. As expected, control cells incubated with 

DMSO exhibited a diffuse GFP signal, mainly in the nucleus, consistent with normal TDP-43 

localization (Figure 28A). 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-EGFP (Figure 28B,C). This was accompanied by a dose-dependent reduction in 

TDP-43-EGFP steady-state levels in treated neurons (Figure 28D). No change in the 

fluorescence of control cells transfected with EGFP was observed (Figure 28E). At higher doses, 

we noted toxicity upon application of nTRD22 to primary neurons, 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 (Figure 26K-M), these data suggest that nTRD22 likely elicits 

TDP-43 phase separation and TDP-43 degradation by blocking RNA binding.  

Figure 28. nTRD22 effect on primary 
cortical neurons.  
Confocal images of rodent primary cortical 
neurons with transfected TDP-43-EGFP with (A) 
DMSO, or (B) 100 µM 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 are 
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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rTRD01 reduces ALS-like locomotor defects in a model of ALS in larvae of the fruit fly 

To assay possible in vivo neuroprotective effects of rTRD01, we used a Drosophila model 

of ALS, based on TDP-43 overexpression, which has been shown to recapitulate several aspects 

of the disease [290-292]. Larval turning time, an assay that measures neuromuscular coordination 

and strength, was used as described [291]. Larvae expressing TDP-43WT or TDP-43G298S in motor 

neurons using the GAL4-UAS bipartite expression system exhibit locomotor defects in turning 

time compared to w1118 (genetic background control) larvae (Figure 29A). While rTRD01 was 

not able to rescue locomotion in TDP-43WT expressing larvae (Figure 29B), it significantly 

improved larval turning time in TDP-43G298S expressing larvae, from 19.3s to 12.3s (P value = 

0.00 (Figure 29C).

Figure 29. rTRD01 improves larval turning in a Drosophila model of ALS.  
(A) Larvae expressing D42 GAL4-driven human wild-type (TDP-43WT) or G298S mutant TDP-
43 (TDP-43G298S) take significantly longer to turn over following a ventral-up inversion. D42 
GAL4 crossed with w1118 larvae were used as control. Asterisks indicate statistical differences 
assessed by Kruskal-Wallis (p <0.0001, n=20-30). (B) rTRD01 has no significant effect on the 
turning time of larvae expressing TDP-43WT. (C) rTRD01 reduced the turning time of larvae ex-
pressing TDP-43G298S from ~19s to less than ~13s, on average from n≥20 larvae tested. rTRD01 
was fed at a concentration of 20 µM within the food. Data are presented as mean ± SEM. Asterisks 
indicate statistically significant differences as assessed by a Mann-Whitney test (p <0.0001, n≥20).

nTRD22 rescues TDP-43 induced toxicty in a model of ALS in the adult fruit fly 

We also tested nTRD22 in a Drosophila line overexpressing human TDP-43, a well-known 

model of ALS. This model was shown to recapitulate important neuropathological and clinical 
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features of the human proteinopathy, including TDP-43 aggregate formation, neuronal loss in an 

age-dependent manner, motor defects, and reduced survival [293]. Moreover, because of the 

advantages endowed by its small size, 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 negative geotaxis. A 

sensitized version of the negative geotaxis assay that allows for earlier detection of milder defects 

over time was used according to [294] (Figure 30A). Flies expressing TDP-43 in motor neurons 

using the GAL4-UAS bipartite expression system exhibited locomotor defects in negative 

geotaxis. nTRD22 was significantly able to rescue climbing defects compared to DMSO treated 

or naive flies (Figure 30B). This rescue effect was increased in aged flies. 

Figure 30. nTRD22 
mitigates motor defects 
in a Drosophila model 
of ALS overexpressing 
TDP-43 
(A) Principle of the
sensitized version of the
negative geotaxis
assay22. 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 µM) resulted in increased motor performance compared to naïve 
or DMSO treated flies. (n = 60, **** p<0.0001, Two-Way ANOVA). 
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Discussion 

In this work, we applied a SBDD pipeline to the well-folded domains of TDP-43, the NTD 

and RRM domains, to identify small molecules that can modulate TDP-43 functions. Both targeted 

measures follow identical schemes which used in silico molecular docking to classify druggable 

sites followed by HTVS identifying potential small molecule hits. Top hit compounds were then 

biophysically screened using STD-NMR to determine binding to the TDP-43 domains using re-

combinant constructs that contain only structured domains. Successful binders screened by STD-

NMR were further evaluated using SPR and MST to refine binding kinetics before biophysical 

characterizations. Biophysical characterizations were then performed using assigned 2D [1H,15N] 

HSQC-NMR spectra of TDP-43 RRM domains defining the binding modes of each top hit. From 

this, we found two separate molecules than can inhibit RNA binding, both orthosterically 

(rTRD01) and allosterically (nTRD22), providing chemical tools to better investigate TDP-43 pro-

teinopathies.  

Reducing pathological interactions without impacting normal RNA function of TDP-43 is 

challenging. Nevertheless, rTRD01 can attenuate ALS locomotor defects in a Drosophila model 

of ALS while not affecting TDP-43’s interaction with (UG)6 substrate in vitro. It is important to 

note that while Drosophila does not seem to express (GGGGCC)4, rTRD01 could reduce other 

non-canonical RNA-TDP-43 interactions relevant in ALS. It is possible that rTRD01 helps restore 

some normal level of TDP-43 function, we cannot rule out the possibility that binding of the 

c9orf72 RNA to TDP-43 is the only contributing factor important for c9orf72-linked ALS as 

c9orf72 expansions have many other effects (e.g., loss of C9orf72 protein, RNA foci formation 

etc.) which may also contribute to ALS. 
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A limitation of our study is that the reduction in motor defects caused by rTRD01 is un-

likely to occur only through the disruption of specific TDP-43/RNA interactions as initially hy-

pothesized. Other mechanisms may also be at play since the RRM domain is the site of several 

pathological modifications. Acetylation of TDP-43, seen in the spinal cord of ALS patients, as 

well as oxidation of TDP-43, found in frontal cortex extracts of FTLD‐TDP brains, are both con-

sequences of oxidative stress, and both enhance TDP-43 aggregation. Furthermore, both mecha-

nisms have been suggested for therapeutic targeting. Importantly, both modifications – K145, for 

acetylation, and C173 for oxidation – are within the rTRD01 binding pocket. Quantifying acetyla-

tion and oxidation of TDP-43 in the presence of rTRD01 in the context of oxidative stress is likely 

to provide additional insights into the compound’s mode of action. Future efforts will also focus 

on determining if a pan effect of rTRD01 - i.e., hitting several RRM domains - in ALS is part of 

the mechanism by which the compound reduces ALS symptoms or if off-targeting is to be ex-

pected.  

Although the full mechanism of action of rTRD01 is currently under investigation, our 

work provides evidence that: (i) RNA-protein interfaces are druggable in ALS and (ii) TDP-43 is 

a valid target for the development of small molecules. An advantage of rTRD01 is its ability to 

selectively inhibit interactions with RNA derived from c9orf72 while sparing physiologically rel-

evant canonical interactions (UG)6 RNA. This approach is quite exciting as it will be of therapeutic 

interest for ALS in addition to several other TDP-43 related neurodegenerative diseases including 

the very recently described limbic-predominant age-related TDP-43 encephalopathy (LATE), a 

type of dementia mimicking Alzheimer’s dementia. Our study provides an instructive example of 
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a chemical biology approach pivoted to discover small molecules targeting RNA-protein interac-

tions in a broad spectrum of neurodegenerative diseases. 

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 by [295] or (ii) modifying the orientation of RRM1 and 

RRM2 towards each other as previously discussed [131] or (iii) stabilizing an RNA-free form of 

TDP-43. The first hypothesis was tested by measuring chemical shift perturbations using 2D 15N-

HSQC NMR. The compound nTRD22 offers new opportunities as a tool to further study allostery 

within TDP-43 and validate the 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. The potential of interdomain communication between 

TDP-43 domains is unknown and needs to be further addressed. 
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Methods and Materials  

Materials  

All reagents were purchased from Sigma (St. Louis, MO, USA) and Fisher Scientific (Hampton, 

NH) unless otherwise indicated. 6-(3-(4-fluorobenzyl)-3-(hydroxymethyl)piperidine-1-yl)pyra-

zine-2-carboxamide (rTRD01) was purchased from Chembridge Inc. (www.hit2lead.com). 

rTRD01 (logP 1.3) has not been previously reported as an aggregator, or to be similar to an aggre-

gator, as predicted by Aggregator Advisor. A similar query of rTRD01 in the Zinc15 database 

revealed no hits to molecules containing PAINS chemotypes. 

Cloning of TDP-43 subdomains 

The coding sequence of human TDP-431-260 was amplified by PCR using the following primers 

(Fw: 5’-AATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACC-3’ and Rv: 5’-

GTGCGGCCGCAAGCTTCTAGGCATTGGATATATGAACGCTGA-3’) (Eurofins Genomics, 

Louisville, KY), and subcloned using the CloneTech in-Fusion kit into the pET28a (+) vector 

between BamHI and HindIII restriction sites, resulting in a construct with an N-terminal 6xHis tag. 

Amplified sequences were verified by DNA sequencing.   

Purification of recombinant TDP-43 subdomains 

Human TDP-431-260 and TDP-43102-269 were transformed into E. coli BL21 and then grown in LB 

media containing 50 µg/mL kanamycin at 37 °C overnight. The culture was inoculated into M9 

media supplemented with uniformly labeled 15NH4Cl and 13C-labeled D-glucose (Cambridge Iso-

tope Laboratories, Andover, MA, USA). After the OD600 reached 0.8, 0.5 mM isopropyl β-D-1-

galactopyranoside was used to induce protein expression at 17 °C for 24 hours. Cells were col-

lected by 4500 rpm centrifugation and resuspended in 40 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1 
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mM DTT, 30 mM imidazole and an EDTA-free protease inhibitor cocktail. Cell disruption was 

performed by two rounds of high-pressure homogenization at 12,000 PSI with an LM10 Micro-

fluidizer (Microfluidics, Westwood) and cell debris was removed by centrifugation at 34,000 rpm 

for 1 h at 4°C. The supernatant was then loaded on a His-Trap (GE Healthcare, Uppsala, Sweden) 

previously equilibrated using a 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 DTT). Dialyzed protein was concentrated with Amicon 

Ultra 15 centrifugal filters (Regenerated cellulose 10,000 NMWL; Merck Millipore, Darmstadt, 

Germany). Protein concentration was determined by BCA assay using bovine serum albumin as 

the standard. The purity of eluted protein was verified by SDS-PAGE. 

In silico docking using Schrodinger  

Molecular docking studies were performed using the Schrodinger suite of programs including 

Glide docking. X-ray structure of the human TDP-43 RRM1 PDB code: 4iuf 13) was used for 

virtual screening of small molecule libraries. Docking grids were generated using TDP-43 active 

sites. We focused our docking on a 10Å3 pocket on Leu109, Gly110, Pro112, Trp113, and Arg171 

in the RRM1 domain. Virtual screening was performed using a stepwise virtual screening protocol 

in the Glide program. DIVERSet-CL library, a small molecule library of 50,000 compounds from 

Chembridge Inc., was used as input for virtual screening. The resulting docking poses were ana-

lyzed using the docking score and the top 8 compounds were selected for further screening. The 

resulting complexes were ranked using the Glide score and other energy-related terms. 

Saturation Transfer Difference (STD) -NMR Spectroscopy for small molecule binding 
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1D 1H saturation transfer difference nuclear magnetic resonance (STD NMR) 38spectra with a 

spectral width of 12 ppm were collected for samples containing 500 µM of the compound and 5 

µM proteins in phosphate buffer (1:100 dilution was always maintained) as we have previously 

done for small molecule binding. STD NMR spectra were collected with a spectral width of 12 

ppm, 16 K data points, and a 3-second repetition delay. Saturation of the protein was achieved by 

a 2-second train of selective 50 ms Gaussian pulses centered at 0.74 ppm (on-resonance) and 30 

ppm (off-resonance). A 20-ms spin-lock was used to suppress the protein signal, followed by the 

double PFG spin echo to remove the residual water signal. We acquired 512 scans per experiment. 

The on-resonance and off-resonance spectra were acquired interleaved, and the difference spec-

trum was acquired by phase cycling. Spectra processing and analysis were performed with the 

VNMRJ 3.2 (Agilent Technologies, Santa Clara, CA) and MestReNova 7.1 (Mestrelab Research, 

S.L., Santiago de Compostela, Spain).  

Heteronuclear Single Quantum Correlation - Nuclear Magnetic Resonance (HSQC-NMR) 

All NMR data were collected on Bruker Avance NEO 800 Mhz spectrometer with TCI-H&F/C/N 

probe at 25⁰C. A Transverse relaxation optimized spectroscopy (TROSY) with a solvent suppres-

sion pulse sequence was used to acquire all HSQC data. 15N labeled TDP-43102-269-His (100µM) 

was incubated with rTRD01. 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 a 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-
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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 and visualized in NMRFAM-SPARKY (Goddard and Kneller, 

Sparky 3, University of California, San Francisco). Chemical shift differences were calculated 

using the following equation:  

𝑑 = #1
2 [d"

* + (0.14 ∙ d+* )] 

The population standard deviation from the average change for the entire protein was calculated 

using: 

𝜎 = 12(𝑋, − 𝜇)*/𝑁 

Chemical shifts that were greater than 1 standard deviation (σ) were considered significant. 

Microscale Thermophoresis 

Purified TDP-43102-269-His was labeled using the Monolith Protein Labeling Kit RED-NTA (Nan-

otemper, Germany) according to the manufacturer’s instructions. Microscale thermophoresis ex-

periments were performed as reported previously. Briefly, 50 nM of labeled protein was mixed 

with a range of concentrations of rTRD01 in PBST buffer. The thermographs were recorded using 

MST premium capillaries at 20% LED and medium MST power. Data analysis was performed 

with the MO Affinity Analysis software (Nanotemper) and the data was fit using the specific bind-

ing with the Hill model in GraphPad. 

Amplified luminescent proximity homogeneous alpha assay (ALPHA)  
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TDP-43 proteins (0.75 nM) were mixed with 10 μg/mL of anti-His acceptor beads (Perkin Elmer) 

and RNA sequences (biotinylated-UG6 or biotinylated-(GGGGCC)4) at various concentrations 

were incubated with streptavidin donor beads (Perkin Elmer). The protein and the RNA were then 

mixed in a final volume of 20 μL of 25 mM Tris, pH7.4, 0.1% BSA, 0.1% Triton X-100, 0.2mM 

DTT in white, opaque low volume 384-well plates. After 90 min incubation at room temperature, 

the AlphaScreen® signal was measured using an EnSpire Alpha instrument (Perkin Elmer). For 

measuring the effect of rTRD01 on TDP-43 interaction with RNA sequences, the proteins were 

pre-incubated 30min with ranging concentrations of rTRD01, in the presence of anti-His beads. 

The RNA with the streptavidin beads was then added and incubated for 90min at room tempera-

ture. 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. 

Larval turning assay 

Assays were performed as previously described. Briefly, wandering third instar larvae were placed 

on a grape juice plate, containing rTRD01 or vehicle, at room temperature. After becoming accli-

mated, crawling larvae were gently turned ventral side up and monitored until they were able to 

turn back (dorsal side up) and continue their forward movement. The amount of time that it took 

each larva to complete this task was recorded.  

Molecular Modeling  

Molecular docking studies were performed using the Schrodinger suite of programs and Glide 

virtual screening workflow. X-ray structure of the N-terminal domain of TAR DNA-binding pro-

tein 43 (TDP-43) (PDB ID: 5mdi) and an average NMR structure (PDB ID: 2n4p) was used for 

virtual screening of DIVERSet-CL, small molecule library of 50,000 compounds from 
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ChemBridge. The top-ranked potential receptor binding sites were generated using siteMap 

screening for residues in the N-terminal domain. The resulting docking poses were analyzed using 

XP G-score and the top compounds from the X-ray structure, and the NMR structure was 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 

µg.mL-1 kanamycin at 37 °C overnight. The 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 over-

night. 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 an EDTA-free protease inhibitor cocktail. 

Cell disruption was performed by two rounds of high-pressure homogenization at 12,000 PSI with 

an LM10 Microfluidizer (Microfluidics) and cell debris was removed by centrifugation at 34,000 

rpm for 1h at 4°C. The supernatant was then loaded on a His-Trap (GE Healthcare) previously 

equilibrated using a resuspension buffer. Protein was then eluted with a linear gradient of imidaz-

ole 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 DTT). Dialyzed protein was concentrated with Amicon 

Ultra 15 centrifugal filters (Regenerated cellulose 3,000 NMWL; Merck Millipore, Darmstadt, 

Germany). 

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 
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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. The binding of TDP-431-

260 onto the immobilized NTD (TDP-431-102) was tested under 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 col-

lection 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. Euthanasia was fully consistent with 

the recommendations of the Guidelines on Euthanasia of the American Veterinary Medical Associ-

ation. 

Cell culture and transfection  

Rodent primary cortical neurons were prepared as before. Briefly, neurons dissected from em-

bryonic 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). rTRD022 
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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 previ-

ously. 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, and Chroma ET 

Sedat filter sets, Sutter 4-2-1 multiLED system, and Andor Zyla 4.2+ sCMOS camera. Stage move-

ments 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 cham-

ber 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 scripts were used to identify neurons and draw regions of 

interest (ROIs) based upon the size, morphology, and fluorescence intensity. Additional scripts were 

used to identify and draw regions of interest (ROIs) surrounding each cell and measure fluores-

cence intensity within individual ROIs. Boxplots were generated using the ggplot package in R, 

and statistical comparisons were accomplished using one-way ANOVA with Tukey’s test. Time 

of death was indicated by disruption of neuronal processes, rounding of the soma, or loss of fluo-

rescence intensity. With this information, neuronal survival was assessed using the survival pack-

age in R, and differences in survival among neuronal populations were determined by Cox propor-

tional hazards analysis. To identify nuclear puncta, we measured the nuclear coefficient of varia-

bility (nCV) using code described previously that first draws ROIs around each neuron, then draws 

104



 
 
 
 
 

 

a second ROI around the nucleus defined by a nuclear marker such as Hoechst or the low-intensity 

diffuse TDP-43-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 before, and a threshold was chosen based on maximal specificity to minimize false positives. 

This threshold was applied to all neurons to predict TDP-43-EGFP puncta formation, and percent-

ages were calculated on a per-well basis. 

Drosophila genetics 

Flies were raised at 23°C on a 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 [269] 

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 the 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 medium spotted with a fresh dab 

of yeast paste. Flies were allowed to lay eggs for 24 hours at room temperature. Eggs were col-

lected using a fine paintbrush dampened with water and gentle brushing of the plate to dislodge 
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eggs from the agar. Eggs were then transferred to cornmeal food vials containing either Dimethyl 

sulfoxide (DMSO 0.05%) solvent or nTRD022 (50 µM). After eclosion, the adult flies were trans-

ferred 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 exper-

iments (for both genotypes) were conducted at the same time of day and in ambient light. 
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Chapter 3: The N-Terminal Domain of TDP-43 Acts As the Gatekeeper 
of RNA Binding by Direct Interactions With the RNA Recognition Motifs 
 
Introduction 

Due to the interest in targeting TDP-43 for ND therapeutics, our laboratory has focused on 

finding druggable sites for TDP-43 with an emphasis on targeting RNA/protein interactions. We 

identified compounds targeting the RNA-binding domain yielding rTRD01 [296] and the N-ter-

minal domain of TDP-43 yielding nTRD22. In the process of developing these chemical probes, 

we discovered potential allosteric modulation of RNA binding. Specifically, nTRD22 targeted the 

N-terminal domain (NTD) of TDP-43 but observed shifted peaks in the NMR spectrum of the 

RRM domains, without binding to the RRM domains, indicative of the allosteric modulation [297, 

298]. Based on these findings, we hypothesized that there could be crosstalk with NTD either 

through allostery or direct interaction between the N-terminal and the RRM domains as has been 

previously suggested [295]. More recently, a small-angle X-ray scattering (SAXS) study also sup-

ports NTD interacting with the RRM domains, although they used a TDP-431-258 construct where 

all tryptophan residues were mutated to alanine residues [299]. In this study, we acquired 2D 

[1H,15N] HSQC-NMR spectra of tandem RRM domains TDP-43102-260 and TDP-431-260, a construct 

containing the RRMs and NTD connected by TDP-43’s nuclear localization sequence and found 

significant chemical shifts within the RNA binding sites of the RRM domains (Figure 31).  
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Figure 31. Domain architecture of recombinant TDP-43 constructs  
Full-length TDP-43 contains the N-terminal Domain (aa 1-77) with a disordered linker known as 
the NLS (aa 77-101) connecting the RRM domains in tandem (aa 102-177 and 192-260). Recom-
binant constructs of independently folded domains of TDP-43 used in our work include the NTD 
and NLS (aa 1-102), the RRMs (102-260), and a tandem construct including all three domains 
(NTD, RRM1, and RRM2 aa 1-260). 
 

To explore this, we simulated the NTD1-102 (PDB: 5MRG [117]) and apo RRM102-260 (PDB: 

4bs2 [129]) protein-protein interactions using high ambiguity-driven protein-protein docking 

(HADDOCK) and the ClusPro protein-protein docking server resulting in NTD stacking onto 

RRM residues with high similarity to the shifted residues seen in NMR. Interestingly, de novo 

sequence to structure predictions using ITASSER-MTD and RaptorX also converge to interdomain 

stacking between the NTD and RRM domains. Subsequently, we provide evidence of NTD1-102 

binding to the RRM domains using surface plasmon resonance (SPR) and detect multi-cooperative 

binding with nanomolar affinity. Using Carr-Purcell-Meiboom-Gill (CPMG)-NMR we also detect 

an increase in T2 relaxation of TDP-43102-260 in the presence of the NTD1-102, indicative of increased 

molecular weight and complex formation. As previous results indicated the NTD interacts with 

RNA-binding residues of the RRM domains, we investigated the effects NTD has on RNA binding 

using Homologous Time-Resolved Fluorimetry (HTRF) and NMR spectroscopy. Using a short 

UG-rich RNA sequence, we found some differences in the nanomolar affinity found for short RNA 

sequences with TDP-43102-260 having a higher affinity than TDP-431-260. We see a change from 
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slow exchange binding with UG4 and TDP-43102-260 to fast exchange kinetics of RNA binding with 

TDP-431-260, suggesting the NTD may compete with the RRMs for RNA binding and impact RNA 

binding. Given the therapeutic interest in targeting TDP-43 and its central role in the pathophysi-

ology of multiple neurodegenerative diseases, it is critical to define how the apo structure of TDP-

43 is distinct from the RNA-bound structure and how the NTD domain can modulate TDP-43 

function. 

Results 
2D [1H,15N] HSQC-NMR of TDP-43102-260 vs. TDP-431-260 

 We investigated the effect of NTD on RRM domains by comparing the 2D [1H.15N] HSQC-

NMR spectra of two TDP-43 constructs: TDP-43102-260 containing only the RRM domains and 

TDP-431-260 which contains the NTD and RRM domains connected in tandem by the nuclear lo-

calization sequence. The TDP-43102-260 spectrum repeatedly displayed a well-folded protein indi-

cated by the sharp, well-resolved peaks as seen before with 136 identified resonances [300] (Fig-

ure 32A). For the first time, we show a high-resolution 2D [1H,15N] TROSY-HSQC spectrum of 

multiple TDP-43 domains connected in tandem by acquiring TDP-431-260 in low concentrations 

resulting in 194 combined resonances from the NTD and RRMs (Figure 32B). TDP-431-260 con-

tains three folded domains (both RRMs and the NTD) and by excluding disordered linkers and 

prolines, we could expect ~222 amide peaks in 2D [1H, 15N] acquired spectra.  
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Figure 32. High-resolution 2D [1H,15N] HSQC-NMR spectra of TDP-43102-260 and TDP-431-

260 under identical conditions 
(A) TDP-43102-260 acquired at 25 μM in NMR buffer shows a highly resolved spectrum with well-
dispersed sharp peaks. (B) TDP-431-260 shows high resolution at 25 μM resulting in well dispersed
and sharp peaks for both the RRM domains and NTD.

Superimposing the TDP-43102-260 spectrum onto TDP-431-260 shows a majority of RRM 

peaks of TDP-431-260 overlay onto TDP-43102-260 and are distinguishable from NTD resonances 

(Figure 33A). By transferring 1H,15N assigned resonances of apoTDP-43 RRM domains to the 

superimposed spectra, we found significant chemical shifts primarily of electrically charged resi-

dues from the RRM domains (Figure 33B). Notably, fALS-linked D169 is shifted, implying a 

potential link between interdomain communication and ALS pathology. Chemical shift perturba-

tion (CSP) analysis shows significant clustered shifts in the ribonucleoprotein sequences of RRM1 

and RRM2 (Figure 33C). To highlight this, we mapped the chemical shifts onto the RNA-bound 

tandem RRM structure revealing key residues involved in RNA-binding are significantly perturbed 

by the presence of the NTD in TDP-431-260 (Figure 33D).   
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Figure 33. Chemical shift perturbation analysis comparing 2D [1H, 15N] HSQC-NMR spectra 
of TDP-431-260 and TDP-43102-260 identifies NTD-RRM interactions within the ribonucleopro-
tein recognition sequences 
(A) 2D [1H, 15N] HSQC-NMR spectrum of 15N TDP-43102-260 (red) superimposed onto 15N TDP-
431-260 (blue) at 25 μM under identical conditions. (B) The most significantly shifted residues in-
dicate many polar side chains of the RRM domains are shifted in the presence of the NTD. (C) A
chemical shift perturbation (CSP) plot from resonances of TDP-43102-260 vs TDP-431-260 shows
shifts in the RNP-1 and RNP-2 motifs of both RRM domains with clusters specific to RRM1. The
cyan line is representative of the standard deviation (s) of the population and the green is 3s.
Yellow and red lines are representing B-factor values for generating a heat map scale. (D) CSP
analysis was projected as a heat map representative of shift distances (ppm) onto the tandem RRM
RNA-bound structure (PDB 4bs2) [129]

Prediction of interdomain contacts by simulating protein-protein interactions 

To further understand how the NTD interacts with RRM domains, structures of the NTD 

(PDB: 5MRG [117]) and RRMs (PDB: 4bs2 [129]) were simulated as protein-protein interactions 

using high ambiguity-driven protein-protein docking (HADDOCK) [301-303]. HADDOCK 
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molecular modeling of protein-protein interactions is unique in that it uses ambiguous interaction 

restraints (AIRs) from experimental data in combination with three-step simulated interaction us-

ing rigid-body docking, semiflexible refinement, and minimized by molecular dynamics simula-

tions in an explicit solvent shell. Using default settings, TDP-43 structures along with predefined 

active residues from the CSP analysis were submitted to the HADDOCKv2.4 webserver. HAD-

DOCK assembled 92 structures into 13 clusters, representing 46% of all water-refined models 

generated. The results were ranked using the standard energy scoring metric in HADDOCK and 

three clusters, #2, #3, and #5 containing 25 structures showed favorable HADDOCK scores with 

negative Z-Score values (Table 3).  

Table 3. Results of top three clusters from HADDOCK protein-protein docking simulations 
of TDP-431-102 and TDP-43102-260 

Visualization of these docking results displays predictions of the NTD interacting with both 

RRM domains, but with a tendency towards RRM1 (Figure 34A). Interestingly, a general trend is 

seen when comparing clusters of HADDOCK score vs RMSD and total electrostatic energy in 

which favorable clusters have the lowest electrostatic potential energy – reemphasizing the role of 

electrostatic interactions found in 2D HSQC-NMR (Figure 34B) [304]. Of these top clusters, #2 

and #5 were analogous in values for HADDOCK score, RMSD, and electrostatic energy with both 
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results stacking the NTD onto RRM1, while cluster 3 shows the NTD stacking onto RRM2 (Figure 

34C,D). From our CSP analysis, K136, D138, T141, and G146 of RRM1 along with R197 and 

F229 of RRM2 were the most significantly perturbed residues and most likely sites of NTD inter-

actions. Using the heat map projected onto the RRM structure from our CSP analysis, visualization 

of all HADDOCK clusters correlated well with the predicted interactions of both RRM domains 

(Figure 34E,F).  Using these same structures, we repeated the NTD-RRM interactions using the 

ClusPro protein-protein webserver [305]. ClusPro only uses rigid-body docking with inter- and 

intra-molecular interaction energies evaluated by force field calculations. ClusPro results also in-

dicated NTD-RRM interdomain contacts, but all force field weights including electrostatic, hydro-

phobic, or balanced replicated NTD stacking onto RRM2 (Figure 35) [233, 306].  
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Figure 34. HADDOCK protein-protein simulations of TDP-431-77 and TDP-43102-260 highlight 
electrostatic interactions stabilize NTD-RRM interactions. 
(A) Top 3 HADDOCK clusters contain 25 structures stacking the NTD (cartoons) onto the RRM
domains (surface). The CSP heat map from 2D HSQC-NMR is used to show correlations between
experimental and simulated data. (B) HADDOCK results were ranked by HADDOCK score, Z-
score, RMSD, and electrostatic potential energy. A general trend was seen that the lower-RMSD
containing top clusters also had the lowest potential electrostatic energy. (C) HADDOCK Clusters
2 and 5 stack the NTD onto RRM1. (D) Cluster 3 stacks NTD onto the RRM2 domain. (E) Clusters
2 and 5 stacked onto RRM1 with significant shifts from CSP analysis labeled. (F) Cluster 3 stacked
onto RRM2 with significant shifts from the CSP analysis labeled.
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Figure 35. ClusPro protein-protein docking of NTD to RRM1-RRM2 
(A) NMR structure of RRM1 (yellow) and RRM2 (green) shown in surface representation with
RNA as a cartoon (PDB ID 4bs2 [129]). (B) All models of docked NTD (PDB ID 2n4p [112]are
shown as ribbons, colored by scoring function: (1) balanced models in pink, (2) electrostatic-fa-
vored models in blue, (3) hydrophobic-favored models in gray, and (4) van der Waals (VdW) +
electrostatic favored models in purple. (C) Top models for all four scoring methods. (D) Location
of residues overlapping with the RNA C’5 site. (E) Electrostatic surface of RRM1-RRM2 and (F)
of NTD, where NTD was rotated 180 degrees about the vertical to show the surface that contacts
RRM1-RRM2. (G) Comparison of top model positions to chemical shift perturbations (green
spheres).

De novo sequence to structure prediction of TDP-431-260 

There have been recent advances in the template and non-template-based de novo sequence 

to structure predictions of multidomain proteins including RosettaFold, RaptorX, and I-TASSER 

[217, 219]. Iterative Threading ASSEmbly Refinement (I-TASSER) is a computational approach 
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that identifies structural templates from the PDB and produces full-length atomic models by iter-

ative template-based fragment assembly. Most recently, I-TASSER-MTD was released as a pipe-

line specially designed to automatically generate high-quality structures of proteins containing 

multiple domains from amino acid sequences alone by combining I-TASSER with inter-domain 

distances and contacts predicted by a deep convolutional neural network called DeepPotential. 

Submitting the TDP-431-260 sequence through I-TASSER-MTD shows several conformations of 

the NTD stacking onto RRM1 that agree with HADDOCK results (Figure 36A). Using RaptorX 

as a non-template contact-based de novo protein structure prediction we also show results con-

verged to NTD stacking onto RRM2, closer resembling the ClusPro results than the HADDOCK 

or I-TASSER-MTD results (Figure 36B). These results most likely differ from using a template 

vs. non-template-based algorithms, as I-TASSER-MTD is a template-based approach and modeled 

the tandem RRM domains very similarly to PDB 4bs2 [129], as opposed to RaptorX which uses 

no templates allowing extended freedom between the connected RNA binding domains. 

Figure 36. I-TASSER and RaptorX de novo sequence to structure predictions both converge 
to NTD-RRM interdomain stacking 
(A) TDP-431-260 sequences were submitted to the I-TASSER-MTD web server. Results predicted 
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folded NTD and RRM domains with template-based predicted interdomain stacking between the 
NTD and RRM1 domain. (B) RaptorX non-template contact-based structure prediction resulted in 
interdomain contacts between NTD and RRM2. These similar results embody the dynamic inter-
actions between this multidomain construct. A heat map is projected onto the predicted residues 
102-260 of each model to exemplify experimental NMR data.

Biophysical assessment of NTD-RRM interactions using CPMG-NMR and SPR 

The transient formation of protein-protein interactions can be elusive and difficult to bio-

physically characterize as many are dynamic, shallow interfaces. NMR relaxation experiments 

succeed in this dilemma as time scales from ps-ms can be observed [307]. As domain motion of 

large multidomain proteins occurs in the µs-ms timescale, CPMG – relaxation dispersion NMR 

spectroscopy is a useful approach for measuring protein dynamics over a range of timescales [308, 

309]. CPMG-NMR quantifies the line broadening that occurs by the chemical exchange between 

the ground state and one or more excited states of NMR resonances over specific time points [310, 

311]. 2D 15N HSQC-NMR spectra of 100 µM TDP-43102-260 were acquired with a CPMG filter of 

20 ms, 40 ms, 70 ms, 140 ms, 270 ms, and 540 ms. Of these, 20 ms, 70 ms, and 140 ms displayed 

significant changes in signal intensity and are appropriate ranges for relaxation rates of 20 kDa 

proteins [308]. Using these same parameters, unlabeled NTD1-102 was added to 15N TDP-43102-260 

at a 1:4 (NTD: RRM) molar ratio and showed significant changes in signal intensity compared to 

apoTDP-43102-260 (Figure 37A, B). As the NTD readily oligomerizes, concentrations above a 1:4 

molar ratio showed no signs of interaction. Integration of each peak provides a local relaxation 

constant and averaging all relaxation constants of a given spectrum provides the global tumbling 

rate of proteins in solution (T2). In doing so, we see evidence of complex formation by a measured 

increase of the T2 tumbling rate of TDP-43102-260 in solution with the NTD1-102 (Figure 37C). Fur-

thermore, using SPR we immobilized hisTDP-43102-260 by amine coupling and titrated NTD1-102 
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from 0-10 µM and found a cooperative interaction with a ~124.5nM affinity (Figure 37D). 

Figure 37. CPMG-NMR and SPR detect protein-protein interactions between the NTD and 
RRM domains of TDP-43 
(A) CPMG-NMR was acquired of 15N TDP-43102-260 at 100 µM with five T2 filters ranging from 
20-540 ms. 20 ms and 140 ms spectra are shown as representative of the decay rate for apoRRMs. 
(B) 25 µM unlabeled NTD1-102 was added to 15N TDP-43102-260 and the same T2 filters were ac-
quired using CPMG-NMR with five-time points. 20 ms and 140 ms spectra are shown as repre-
sentative of the decay rate for NTD-bound RRMs. (C) Global T2-relaxation constants were calcu-
lated for apo and bound TDP-43102-260 at each T2 filter. (D) SPR of immobilized TDP-43102-260 (50 
µM) titrated with 0-10 µM NTD1-102. Using nonlinear regression analysis for specific binding us-
ing a hill slope equation resulted in a Kd ~124.5 nM. 
 
NTD assists with RNA-binding to the RRM domains impacting the binding exchange rate 

 As NTD1-102 was proving to interact with the RRM domains and was suggested to interact 

with essential residues of RNA binding, we further examined the relationship, if any, between the 

NTD-RRM interaction and RNA-binding and by doing so identified differences between short 

UG-rich RNA sequences binding to TDP-43102-260 and TDP-431-260. Acquired 2D 15N HSQC-NMR 

spectra of 15N TDP-43102-260 with and without UGUGUGUG ((UG)4) resulted in line broadening 

and modest chemical shifts (Figure 38A). These 2D HSQC-NMR results show a slow exchange 

118



rate between (UG)4 and TDP-43102-260, as is normally seen with low nM affinity ligands that gen-

erally go undetected by the chemical shift analysis [249, 307, 312, 313]. A possible explanation 

for the minimal binding seen could be contributed to the fact that (UG)4 has two fewer nucleotides 

(eight) than the total number of RNA interaction sites of RRM1-RRM2 (ten), indicating UG4 is 

too short to engage cooperative binding between RRM1 and RRM2. Strikingly, the addition of 

(UG)4 to 15N TDP-431-260 shows large chemical shift perturbations with a very stable complex 

formation (Figure 38B). Comparing the two there is a clear change in RNA-binding activity of 

the RRM domains in the presence of the NTD, as significant shifts of most RRM residues are seen. 

Further analysis of these shifts also found resonances of NTD residues suggesting NTD-(UG)4 

interactions and further suggests a cooperative action between these domains in RNA binding.  

Figure 38. Changes in RRM-RNA binding are affected by the presence of the NTD as seen 
by 2D [1H,15N] HSQC-NMR 
(A) 2D HSQC-NMR was acquired of TDP-43102-260 with and without (UG)4. No chemical shifts
are observed but line broadening is indicative of slow exchange binding commonly seen from tight
nM binders. (B) 2D HSQC-NMR was acquired of TDP-431-260 with and without (UG)4. Significant
chemical shifts are observed in RRM residues and NTD residues, indicating that NTD plays a role
in RNA binding and a significant change in the exchange rate between RNA-TDP-43 binding.
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Discussion: 

In this work, we noticed specific perturbations in the RRM resonances when comparing 

the long construct TDP-431-260 and the RRM domains TDP-43102-260 implying that specific residues 

in the RRM domains were perturbed in the presence of the NTD. Generally, protein-protein inter-

actions can be characterized using [1H, 15N] HSQC-NMR by titrating unlabeled protein with 15N 

labeled protein. We attempted this using 15N TDP-43102-260 (RRMs) and titrated 14N TDP-431-102 

(NTD) up to a 1:16 molar ratio but saw no observed chemical shifts (Figure 39).  

Figure 39. Superposition of 
1H-15N HSQC spectra of 15N-
labeled TDP-43102-269 (100 
μM), free (black) and in com-
plex with TDP-431-102 NTD 
with different ratios.  
15N TDP-43102-269 was ac-
quired in 30mM Hepes pH 6.5, 
300mM NaCl, and 4mM DTT 
(NMR buffer). TDP-431-102 was 
exchanged three times into 
NMR buffer and titrated onto 
TDP-43102-269 up to a 1:16 mo-
lar excess. No chemical shifts 
were observed. 

To further investigate this, we expressed 15N-NTD1-102 and acquired 2D HSQC-NMR spec-

tra in the NMR buffer used for TDP-43 RRM domains and TDP-431-260 but saw poor stability and 

resolution (Figure 40C,D). Further review of NTD structures and NMR assignments suggested 

the NTD was stable in acidic conditions as low as pH 3.8, which resulted in a well-folded NTD1-

102 as seen by the HSQC-NMR spectrum (Figure 40A). We then acquired the RRMs, TDP-43102-

260 in acidic conditions which fibrillated as seen in other studies [314, 315]. We also attempted to 
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titrate TDP-431-260 into pH 4.0 but no NMR spectra could be acquired due to severe protein pre-

cipitation underscoring constructs with RRM domains are not stable in acidic conditions. This 

information suggested that neither domain is stable under similar conditions (Figure 40B). The 

instability of the NTD at pH 6.5 may be why our protein-protein titrations did not work, as it is 

either unfolding or oligomerized. Curiously, TDP-431-260 was acquired under the same NMR 

buffer conditions and showed the expected stable RRM peaks, but also peaks of the NTD spectrum 

that were only seen in acidic conditions, possibly indicating that interdomain contacts seen in TDP-

431-260 are stabilizing the NTD under conditions closer to physiological (Figure 40E,F).

Figure 40. [1H,15N] HSQC-NMR indicates differences in pH stability between TDP-43 con-
structs 
(A) TDP-43 NTD1-102 2D [1H,15N] HSQC-NMR was acquired at pH 4.0 resulting in well-folded
protein indicated by dispersed and sharp peaks. (B) TDP-43 RRMs102-260 were acquired using the
same conditions at pH 4.0 and severe signal intensity loss is seen, most likely due to fibril for-
mation seen before under its isoelectric point of 5.1. (C) The NTD1-102 was acquired in our original
conditions at pH 6.5 but results in severe aggregation and low resolution, as indicated by the broad
peaks and severe overlap between 8.0 - 8.5 ppm. (D) TDP-43 RRMs102-260 acquired at pH 6.5 show
dispersed peaks with minimal overlap with the expected RRM peaks shown. (E) TDP-431-260 con-
taining both the NTD and RRM domains is stable at pH 6.5 with minimal aggregation or peak
overlap seen. (F) TDP-431-260 shows all the expected RRM peaks but also contained NTD peaks
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only stabilized in acidic conditions. Overlay of the NTD1-102 at pH 4.0 and RRMs102-260 at pH 6.5 
are needed to fully assign TDP-431-260.  
 

 Interdomain contacts between multiple domains of TDP-43 have been proposed before but 

in low resolution and poor conditions. The first study, and comparable to ours, was the work done 

by Wei et. al. that also used NMR to characterize TDP-43 domain interactions with multiple sub-

domain constructs, including the NTD1-102, RRMs102-269, and a tandem construct TDP-431-269. Alt-

hough they acquired [1H,15N] HSQC-NMR spectra all their work was done at pH 4-5, which is the 

same pH our work shows TDP-43 RRM domains are unstable and fibrillated. This most likely 

contributed to the broad peaks seen in their work but alternating labeling schemes of subdomain 

TDP-43 constructs showed significant changes in the RRM domains when in the presence of the 

NTD or CTD, presenting the first insights into interdomain crosstalk of TDP-43. More recently, 

investigations using a full-length TDP-43 construct that had all tryptophans mutated to alanine 

solved a small-angle X-ray scattering (SAXS) envelope displaying NTD-RRM interactions [299]. 

This group also used a TDP-431-270 construct in attempts to solve X-ray crystal structures but was 

unsuccessful. Interestingly this work was able to achieve crystallization, but upon analysis, these 

crystals contained only NTD1-80 indicating cleavage of the RRMs during or before crystallization. 

Still, using X-ray crystallography this group was able to solve the NTD dimer interface that showed 

to be highly analogous to the phosphomimetic S48E NMR structure [113]. With this supporting 

evidence, our work characterized the interdomain contacts of the NTD and RRM domains at high 

resolution providing a potential protein-protein interface. Most importantly, this work further in-

vestigated the impact these interdomain actions have on RNA binding and propose a new mecha-

nism for the NTD to allosterically modulate the RRM domains. As both the NTD and RRM 
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domains are essential for TDP-43 functions, additional work should be done to investigate what 

role this newly found TDP-43 complex may have. 

Materials and Methods 

Materials 

All reagents were purchased from Sigma (St. Louis, MO, USA), Fisher Scientific (Hampton, NH) 

unless otherwise indicated, and IDT DNA. 

Purification of 15N-labeled recombinant TDP-43 subdomains 

Human TDP-43102-260 and TDP-431–260 were expressed in E. coli BL21(DE3) cells (Novagen) in 

LB rich or M9 minimal media supplemented with 15NH4Cl. After the OD600 reached 0.8, 0.5 mM 

isopropyl β-d-1-galactopyranoside was used to induce protein expression at 20 °C for 24 h. Cells 

were collected by 4500 rpm centrifugation and resuspended in 40 mM Tris–HCl, pH 7.5, 500 mM 

NaCl, 1 mM DTT, 30 mM imidazole, and EDTA-free protease inhibitor cocktail. Cell disruption 

was performed by three rounds of high-pressure homogenization at 15,000 PSI with an LM10 

Microfluidizer (Microfluidics, Westwood) and cell debris was removed by centrifugation at 50,000 

rpm for 1 h at 4 °C. Supernatant. The supernatant was then loaded on a His-Trap (GE healthcare, 

Uppsala, Sweden) previously equilibrated using a 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, 300 mM NaCl, 4 mM DTT). Dialyzed protein was 

concentrated with Amicon Ultra 15 centrifugal filters (Regenerated cellulose 10,000 NMWL; 

Merck Millipore, Darmstadt, Germany). Protein concentration was determined by Pierce660 assay 

using bovine serum albumin as the standard. The purity of the eluted protein was verified by SDS–

PAGE. 
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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 μg.mL-

1 kanamycin at 37 °C overnight. After the OD600 reached 0.8, 1 mM isopropyl β-D-1-galactopy-

ranoside was used to induce protein expression at 30 °C overnight. Purification was performed 

identically as the other TDP-43 subdomain constructs and stored in an NMR buffer. 

2D 15N-HSQC-NMR of TDP-43 constructs 

All NMR data were collected in NMR Buffer: 40 mM Hepes pH 6.5, 300 mM NaCl, and 4 mM 

DTT on a Bruker Avance NEO 800 Mhz spectrometer with TCI-H&F/C/N probe at 25ºC. A trans-

verse relaxation optimized spectroscopy (TROSY) [316] with a solvent suppression pulse se-

quence was used to acquire HSQC data for all 15N labeled HisTDP-43 at 50 µM. Under the same 

conditions, (UG)4 was titrated at a 1:1 molar ratio for all constructs. NMR data processing and 

analysis were performed using programs NMRPipe [317] and Sparky [318]Chemical shift differ-

ences were calculated using the following equation from [262]:  d=√-
*
[δH2+(0.14δN2)]. Chemical 

shifts that were greater than 3 standard deviations (σ) were considered significant. 

Surface Plasmon Resonance (SPR).  

Surface plasmon resonance was performed with a Biacore 3000instrument (GE Healthcare). 

RRMs (TDP-43102-260) were covalently immobilized on an NTA chip using standard amine cou-

pling according to the manufacturer’s protocol. Once the protein was immobilized (2500 RU), 

there was a flow of NTD1-102 from 0.01μM-10uM with HBS-EP+ buffer and 10mM DTT added to 

the immobilized protein. 
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De Novo Sequence to Structure Prediction using I-TASSER-MTD and RaptorX 

The partial sequences for TDP-43 (ID Q13148) were retrieved from the NCBI protein database 

(https://www.ncbi.nlm. nih.gov/protein).  The structure of the protein was predicted using the I-

TASSER-MTD or RaptorX server [219, 220]. The structures were analyzed and validated by Prosa 

[319] and SAVES [320] servers. Predicted models were uploaded into Pymol and ChimeraX [321].

In silico docking using ClusPro 

The ClusPro server was used for the protein-protein docking [305, 306, 322]. Briefly, ClusPro 

performs exhaustive sampling of ligand positions on the target and then scores by clustering the 

lowest-energy structures using four different scoring functions: (1) balanced, (2) electrostatic-fa-

vored, (3) hydrophobic-favored, and (4) van der Waals plus electrostatic favored. The ligand was 

the first NMR model of the N-terminal domain (2n4p [112]), prepared by removing the 6-His tag. 

The target was the first model of the RRM1-RRM2-RNA NMR structure (PDB ID 4bs2) [129], 

with the 6-His tag, the C-terminal 10 amino acid linker, and the RNA molecule clipped to (UG)4 

before docking. Default parameters were used. Docking was repeated using attractors on RRM2 

based on CSP shifts, but the results were nearly identical to the runs without attractors and are thus 

not shown. However, obtaining similar models using different parameters lends confidence to the 

output [306]. 
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Concluding Remarks 

This work covers the development of a structured-based small-molecule drug discovery 

pipeline that can directly target TDP-43, a ubiquitous RNA binding protein that is implicated in 

the pathology of many neurodegenerative diseases. Our approach applied in silico HTVS com-

bined with NMR spectroscopy to identify and characterize hit compounds targeting the RRM and 

NTD domains of TDP-43. Preliminary analysis of the structures of TDP-43 domains available was 

limited and highlighted the lack of information regarding the structural uniformity, stability, and 

integrity of the RNA binding domains in the absence of nucleic acids (apoTDP-43).  Chapter 1 

investigated the structure and dynamics of apoTDP-43 to characterize its druggability and the fea-

sibility of applying a structure-based pipeline. Using NMR spectroscopy and molecular dynamics, 

we resolved the fundamental dynamics of the apo RRM domains. This work provided the assigned 

2D HSQC-NMR resonances of apoTDP-43 RRM domains that were pivotal in the future charac-

terizations of nucleic acid-, ligand-, and protein-protein interactions. We further investigated the 

dynamic nature of RNA-binding using MD simulations to examine the necessary dynamics and 

conformations responsible for RNA binding to the RRM domains [300].  

Chapter 2 demonstrated the biophysical pipeline using in silico HTVS to target the struc-

tured domains of TDP-43 by first probing the RRMs. We hypothesized that by targeting the RRM 

domains we could develop novel inhibitors to modulate TDP-43 proteinopathies. We targeted the 

DNA-bound structure of RRM1 and found a novel inhibitor rTRD01 that was neuroprotective in 

a Drosophila model of ALS [296]. This compound was found to inhibit G-rich RNA, but not the 

canonical motif UG-rich RNA which could be a consequence of targeting the DNA-bound struc-

ture. We then targeted the dimerization interface of the NTD intending to alter dimerization to 
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reduce higher-order oligomerization and aggregation propensity. Interestingly, we could not find 

evidence that nTRD022 disrupted dimer formations but was able to bind the NTD and displace 

RNA binding from the RRM domains, revealing either allosteric mechanisms or unknown direct 

interdomain contacts. As opposed to direct competitive inhibitors that compete orthosterically with 

a natural substrate, allosteric regulators are a form of regulation where an activator or inhibitor 

binds to a protein someplace other than its active site inducing a conformational change that alters 

the orthosteric binding site. An example of orthosteric vs allosteric is seen in our work, where 

rTRD01 displaces RNA from the RRM domains as an orthosteric inhibitor targeting the active 

site, while nTRD022 binds to an alternative domain and still disrupts RNA binding. This resulted 

in a new mechanism for NTD's functional role in RNA binding and a novel therapeutic landscape 

targeting the TDP-43 proteinopathies [157, 297]. Together, rTRD01 and nTRD22 are the first suc-

cessful small molecules to target TDP-43 and provide a promising avenue for future drug devel-

opment. 

 Finally, in Chapter 3 we explored this newly proposed allostery by investigating the NTD-

RRM interactions of TDP-43. Using NMR Spectroscopy, we identified clustered perturbations of 

RRM resonances while in the presence of the NTD and without RNA – indicating interdomain 

contacts between the NTD and RRMs independent of RNA binding. Running protein-protein 

docking simulations combined with the latest de novo sequence to structure prediction algorithms, 

we propose a new structure of the NTD stacking onto the RRM domains, with and without RNA. 

Using SPR and CPMG-NMR, we biophysically measure a tight association between TDP-431-102  

(NTD) and TDP-43102-260 (RRMs), further validating our models. Investigations of RNA binding 

found significant changes between TDP-43 with and without the NTD present, proposing a newly 
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defined role in RNA binding and TDP-43’s NTD domain. 

 
Future Directions 
 

TDP-43 has shown promising potential not only as a therapeutic target but as well as a 

contributor to the fundamental understanding of neurodegenerative epidemiology. Most research 

has focused on targeting the C-terminal Domain to develop antibodies that are generally used for 

immunohistochemistry and as it is heavily implicated in TDP-43 pathology, but little was known 

about the structured domains and how they contribute to pathology. By targeting the RNA-binding 

motifs of TDP-43, we were successfully able to identify rTRD01, a small molecule that inhibits 

RNA-binding in vivo and reduces TDP-43 proteinopathies. It was also found that rTRD01 only 

inhibits G-rich nucleic acids and not the canonical UG-rich motifs, most likely due to the low 

affinity and poor specificity to the targeted RRM1 domain as RRM2 binding was also implicated. 

In hindsight, rTRD01 modulating RNA/DNA binding to many RRM domains may be its mecha-

nism of action, as FUS, hnRNPA1, TAF15, and many others have RRM domains, and possibly 

modulating RNA/DNA binding to all these results in vivo efficacies. 

One of the greatest insights gained from this work was identifying nTRD22 as a novel 

RNA inhibitor targeting the NTD of TDP-43. This was advantageous for two reasons, targeting 

the NTD of TDP-43 is more specific than the RRM domains and we identified novel inhibitors 

that do displace UG-rich RNA. While nTRD22 efficacy remains poorly understood and toxicity 

should be addressed, inhibition of canonical UG-rich RNA binding may serve as a purposeful tool 

for investigating TDP-43’s functions and pathology, e.g., investigating impacts on LLPS dynamics 

and inclusion body formation that are driven by UG-rich RNA binding. Validation of our targeted 

measures is still needed as we show binding to TDP-431-260 and not TDP-43102-260, but still were 

128



measures is still needed as we show binding to TDP-431-260 and not TDP-43102-260, but still were 

unable to show binding to the NTD1-102 alone. Further structural studies of nTRD22 would shed 

light on how this compound inhibits RNA binding. Furthermore, our last experiments hinted at a 

new role of the NTD directly interacting with the RRM domains modulating RNA binding. Solv-

ing the structure of these domains in tandem would provide a further understanding of the struc-

ture-to-function relationship the NTD and RRMs have. Both domains have implicated pathological 

functions by driving LLPS formation, RNA binding, splicing, and aggregation, and further char-

acterizing the interdomain relationship between these two may reveal the pathogenic mechanisms 

at hand.  
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Appendix A: 1H, 15N, 13C Backbone Assignments of apoTDP-43 RNA 
Recognition Motifs 
In the following work, David Scott designed and acquired the experiments under the advice of Dr. 
May Khanna and Dr. Vlad Kumirov. David Scott was responsible for data analysis and deposition 
with supervision from Dr. Kumirov. Dr. Liberty Francois-Moutal, Dr. May Khanna, and David 
Scott contributed equally to manuscript preparation. 
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Abstract
TAR DNA-binding protein 43 (TDP-43) is a ubiquitously expressed nuclear protein that influences diverse cellular processes 
by regulating alternative splicing of RNA and microRNA biogenesis. It is also a pathological protein found in sporadic ALS 
and in the most common subtype of frontotemporal lobar degeneration with ubiquitinated inclusions (FLTD-U). TDP-43 
has two tandem RNA-binding domains, RRM1 and RRM2. The NMR structure of TDP-43 was solved in the presence of 
UG-rich RNA sequences bound to the RRM1 and RRM2 domains. Here we report the backbone assignment of apo TDP-43. 
The chemical shift (HN, N, C,  Cα and  Cβ) analysis shows the predicted regions of secondary structure are in good agree-
ment with those observed for TDP-43 in complex with RNA. However, our data show that the apo structure of TPD-43 has 
increased flexibility in the regions that would normally have been used to anchor the RNA bases. The backbone chemical 
shifts assignments will prove useful in the study of TDP-43 interaction with non-canonical RNA and RRM-binding proteins.

Keywords TDP-43 · RNA recognition motif · NMR · HSQC · Chemical shift assignment · Secondary structure

Biological context

TAR DNA-binding protein 43 (TDP-43) is an ubiquitously 
expressed nuclear protein (Ou et al. 1995) that influences 
diverse cellular processes by regulating alternative splic-
ing of RNA and microRNA biogenesis (Buratti and Bar-
alle 2008). TDP-43 proteinopathy has been identified as a 
component of several neurodegenerative diseases includ-
ing amyotrophic lateral sclerosis (ALS), frontotemporal 
dementia (FTD) and to a lesser extent Alzheimer’s disease 
(Mackenzie and Rademakers 2008; Josephs 2010; Kansal 

et al. 2015), which led to an exponential increase of TDP-
43-centric publications over the last few years.

The overall structure of the protein is known and con-
tains an N-terminal domain that folds into an axin-like 
domain (Mompean et al. 2016), two tandem RNA recogni-
tion motifs (RRM1 and 2) connected by a 14 residues linker 
(Kuo et al. 2009, 2014; Lukavsky et al. 2013), and a highly 
unstructured glycine-rich C-terminus containing an amy-
loidogenic core (Jiang et al. 2016). The structures of the 
RRM domains of TDP-43 have been solved individually by 
X-ray crystallography (Kuo et al. 2009, 2014) and an NMR
structure of both RRM domains in complex with a single
stranded AUG12 RNA, is available (Lukavsky et al. 2013).
Both RRM1 and RRM2 fold into a traditional RRM domain
(β1α1β2β3α2β4) with an additional β-hairpin inserted
between α2 and β4 (Lukavsky et al. 2013) and contains
highly conserved RNA recognition motifs RNP-1 (KGFG-
FVRF) and RNP-2(LIVLGL).

TDP-43 RRM domains (TDP-43102−269) are known to 
bind nucleic acids with the canonical substrate being UG-
rich or TG-rich nucleic acids. More recently, TDP-43 was 
found to bind and transport G-quadruplex RNA, includ-
ing the GGG GCC  repeat expansion from the ALS-linked 
C9orf72 gene (Ishiguro et al. 2016), thought to seques-
ter TDP-43 in cytoplasmic inclusions in ALS. Moreover, 
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mutations in the RRM domains have shown to reduce TDP-
43 binding to nucleic acids but also to Ataxin-2, a poly-
glutamine (polyQ) protein co-localizing with TDP-43 in 
pathological inclusions in ALS motor neurons (Elden et al. 
2010). The only ALS-related mutation of TDP-43 in the 
RRM domain is D169G that increases RRM1 stability and 
leads to a higher susceptibility to caspase-3 cleavage (Chi-
ang et al. 2016).

To date, to our best knowledge, there is no assignment of 
apo TDP-43 RRM domains (that includes the RRM domains 
spanning the regions of 102–269 amino acids); given the 
importance of those domains in TDP-43 physiological and 
pathological roles, such assignment would prove useful in 
the study of TDP-43 interaction with non-canonical RNA 
or RRM-binding proteins. Thus, we utilized multi-dimen-
sional NMR experiments to assign the backbone residues 
for TDP-43102−269.

Methods and experiments

Cloning of TDP‑43102−269

The coding sequence of human TDP-43 (residues 102–269) 
was amplified by PCR using primers 5′-AAT GGG TCG CGG 
ATC CAA AAC ATC CGA TTT AAT AGT GTTGG-3′ (for-
ward) and 5′-GTG CGG CCG CAA GCT TCT ACT GTC TAT 
TGC TAT TGT GCT TAG -3′ (reverse) and subcloned into 
the pET28 vector between BamHI and HindIII restriction 
sites, resulting in a construct with an N-terminal His tag 
(MGSSHHHHHHSSGLVPGSHMASMTGGQQMGRGS). 
Amplified sequences were verified by DNA sequencing.

Protein expression and purification

TDP-43102−269 was transformed into E. coli BL21 and then 
grown in LB media containing 50 µg/mL kanamycin at 
37 °C overnight. Culture was inoculated into M9 media sup-
plemented with uniformly labeled 15NH4Cl and 13C-labeled 
d-glucose (Cambridge Isotope Laboratories, Andover, MA, 
USA). After the  OD600 reached 0.8, 0.5 mM isopropyl β-d-1-
galactopyranoside was used to induce protein expression at 
17 °C for 24 h. Cells were collected by 4500 rpm centrifuga-
tion and resuspended in 40 mM Tris–HCl, pH 7.5, 500 mM 
NaCl, 1 mM DTT, 30 mM imidazole and EDTA-free pro-
tease inhibitor cocktail. Cell disruption was performed by 
two rounds of high-pressure homogenization at 12,000 PSI 
with a LM10 Microfluidizer (Microfluidics, Westwood) and 
cell debris was removed by centrifugation at 34,000 rpm for 
1 h at 4 °C. Supernatant was then loaded on a His-Trap (GE 
Healthcare, Uppsala, Sweden) 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 DTT). Dialyzed protein was con-
centrated with Amicon Ultra 15 centrifugal filters (Regener-
ated cellulose 10,000 NMWL; Merck Millipore, Darmstadt, 
Germany). Protein concentration was determined by BCA 
assay using bovine serum albumin as the standard. Purity of 
eluted protein was verified by SDS–PAGE.

NMR data collection and processing

NMR spectra were acquired in NMR buffer with added 
10%  D2O and 0.5% Sodium Azide using 5 mm Shigemi 
NMR tubes. NMR data were collected at 298 K on a Bruker 
Avance NEO 600 MHz spectrometer with TCI-H&F/C/N 
probe at a concentration of 450 µM. NMR processing and 
analysis was done using NMRpipe and NMRDraw (Delaglio 
et al. 1995). Peak picking was done using NMRFAM-Sparky 
(Lee et al. 2015) and automated backbone assignment was 
performed by PINE (Bahrami et al. 2009). Successive back-
bone resonance assignments for HN, 15N, 13CO, 13Cα, and 
13Cβ were performed by 2D  [1H,15N] TROSY-HSQC, 3D 
HNCA, 3D HNCACB, HN(CO)CA, 3D CBCA(CO)NH, 
HNCO and HN(CA)CO. A 3D NOESY-TROSY was col-
lected on a Bruker Avance III 600 MHz equipped with a 
5 mm TCI Prodigy cryoprobe with a separate sample at a 
1.2 mM protein concentration. This 3D experiment was col-
lected with sweep widths of 14.03, 34.0, 14.03 ppm; and 
1176, 128, and 128 points in the F3 (direct), F2 (15N and F1 
(1H) dimensions respectively with a mixing time of 120 ms. 
Non-uniform sampling (NUS) was used at the 50% level. 
NUS processing software qMDD was used for reconstruc-
tion of NOESY data, with 100 components per sub-region, 
a noise level of 0.5 and 100 iterations. 3D NOESY-TROSY 
was used for verification of expected NOEs and confirmation 
of assignment.

Assignments and data deposition

NMRPipe was used for data processing to convert the data 
to NMRFAM-SPARKY for peak picking and assignment. 
Using backbone triple-resonance spectra, we were able to 
identify 142 peaks in the TROSY-HSQC. From that total, 
68 residues were manually assigned and then submitted to 
I-PINE automated assignment server for verification. This 
pre-assignment was submitted with the TROSY and all 3D 
data as well as the previously resolved RNA-bound TDP-
43 RRM1/2 NMR structure (PDB code: 4bs2) to help with 
PINE backbone-automation accuracy.

Backbone assignments of the apo-TDP-43102−269 RRM 
domains from E. coli are labeled in the 1H–15N HSQC 
spectrum (Fig. 1). Chemical shift assignments were made 
for resonances for 142 out of 167 peaks (89% of amides) 
in the HSQC are assigned (except for prolines). From these 
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142 assigned peaks, 8 protein resonances are absent: K102, 
W113, K192, R208, Q209, F210, K224, and A228, as well 
residues 178–192 that form the linker between the RRM 
domains. The unstructured 14aa linker between RRM1 and 
RRM2 stretches from P178-L192, therefore most residues 
here will remain unassigned due to fast hydrogen exchange 
leading to absence of the corresponding amide resonances 
due to the dynamic nature of these residues. It has been 
shown that 5′-G1 of the UG-rich RNA stacks with W113, 
while N179 interacts with the RNA base U4 via hydrogen 
bonding (Lukavsky et al. 2013). The loss of peaks for W113 
and N179 in the apo TDP-43 spectrum supports this data 
since they were most likely lost due to the increase in proton 
exchange from increased dynamics. In addition to resonance 
peaks, TDP-43102−269 was fused to the 33aa  His6 tag (see 
Methods) that was not cleaved and therefore contributed to 
the peak count in Fig. 1. Six peaks were determined to be 

from the His tag, seen in the HSQC, and are the unlabeled 
peaks in Fig. 1. The HSQC spectrum also shows sidechain 
signals for the HNε group of W123, 155 and 214 as well as 
several sidechain resonances peaks for arginine. The chemi-
cal shift assignments of amide protons, 15N, CO, 13Cα and 
13Cβ have been deposited in the BioMagResBank (http://
www.bmrb.wisc.edu) under the accession number 27613.

The secondary structure elements of TDP-43 were pre-
dicted based on HN, N, CO,  Cα and  Cβ chemical shifts using 
Talos-N (Shen and Bax 2014) (Fig. 2a) and are compared to 
the NMR structure of TDP-43 in complex with RNA (PDB 
code: 4bs2) (Lukavsky et al. 2013) (Fig. 2b). We find that 
95.4% of secondary structure overlaps, with some extended 
β-sheets that will need to be further investigated.

Fig. 1  1H–15N heteronuclear single quantum correlation spectros-
copy (TROSY-HSQC) spectra of 15N-labeled human TDP-43102−269. 
Spectrum was recorded at 298 K on a Bruker Avance NEO 600 MHz 
spectrometer using 450  µM sample dissolved in 40  mM HEPES, 

pH 6.5, 500 mM NaCl, 4 mM DTT, 10% (v/v)  D2O and 90%  H2O, 
and 0.5% (v/v) sodium azide. Inset zoomed-in representation of the 
crowded region
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Appendix B: Molecular Dynamics Simulation of TDP-43 RRMs in the 
Presence and Absence of RNA 
In the following work, David Scott designed the experiments under the advice of Dr. May Khanna. 
Data acquisition and analysis of Molecular Dynamics simulations were done under Dr. Anil Nair’s 
team at Ligand Pharmaceuticals that including Dr. David Mowrey and Dr. Karthi Nagarajan. Da-
vid Scott performed the de novo sequence to structure prediction and druggability analysis. Dr. 
Liberty Francois-Moutal and David Scott contributed equally to data interpretation and manuscript 
preparation under the advice of Dr. May Khanna. 
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 2 

Abstract  

Structural characterization of the prion prone TAR DNA Binding protein (TDP)-43 has been 

challenging since its intrinsically disordered regions represents 15-30% of the total protein. TDP-

43 is a nucleic acid binding protein with an N-terminal domain, two RNA Recognition Motifs 

(RRM1 and RRM2) and the C-terminal domain. In this study, we seek to define possible new 

targetable sites on the apo structure of TDP-43 RRM domains. To do so, we used molecular 

dynamic (MD) simulations on the NMR solved TDP-43RRM1-2 structure bound to RNA to predict 

the apo structure. Contact analysis of TDP-43 showed that while the integrity of the individual 

domains was maintained upon RNA removal, a decrease in interdomain contacts was observed. 

Moreover, we compared apo TDP-43 structures obtained from MD to AlphaFold 2 (AF2) 

predicted TDP-43 structures and found differences in loop regions. A Sitemap analysis identified 

five druggable sites for the RNA bound structure solved by NMR, while fewer sites were identified 

following MD simulations and AF2 predicted apo structures.  

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 16, 2022. ; https://doi.org/10.1101/2022.03.15.484514doi: bioRxiv preprint 

138

https://doi.org/10.1101/2022.03.15.484514


3 

Introduction 

TAR DNA-binding protein 43 (TDP-43) is a RNA-binding protein that is nuclear, is 

implicated in RNA metabolism reported to be present as cytoplasmic inclusions in the neurons 

and/or glial cells of a range of neurodegenerative diseases including ALS-FTLD and AD1. 

Depletion of cellular TDP-43, as a result of being trapped in inclusions, leads to the loss of 

neuronal activities regulated by TDP-43 which further results in neuronal death2. TDP-43 exhibit 

multiple functional domains, can bind more than 6000 RNA transcripts3, and may adopt higher 

order of organization such as dimers, necessary for its splicing function4. TDP-43 can also form 

higher order reversible condensates, termed LLPS (for liquid-liquid phase separation)5. TDP-43 

subdomains consist of an N-terminal domain (NTD), two RNA Recognition Motifs (RRM1 and 

RRM2) and the C-terminal domain (CTD). While the CTD is mostly unstructured, the NTD and 

RRM modules are well structured domains4, 6. 

Due to TDP-43-centric pathologies in neurodegenerative diseases (NDs), this protein is a 

target of choice for therapeutic intervention. However, the localization – NTD, RRM or CTD – 

and the precise “form” or “state” of TDP-43 – RNA bound, RNA free, monomer, condensates, or 

aggregates – to be targeted to modulate TDP-43 cytotoxicity remain to be determined. We have 

developed small molecules targeting TDP-43 NTD as well as the RNA-bound RRM domains7, 8; 

interestingly both molecules reduce RNA binding to various extent and mitigate ALS phenotypes 

in Drosophila, although further characterization of the compounds are needed. Defining small 

molecules that can distinguish and target RNA-bound vs RNA-free forms of TDP-43 of the RRM 

domain, would help in evaluating through chemical biology which form of TDP-43 can be targeted 

and more importantly which form reduces neurotoxicity.  However, to date, there is no apo 

structure of the RRM domains in tandem solved either by NMR or X-ray, likely due to the presence 
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 4 

of a highly flexible loop (178-191), that confers adaptability to different nucleic acid partners by 

allowing different orientations of the RRM domains9. Molecular dynamics (MD) offers the 

possibility to study dynamics and to integrate particle motions, more particularly long-range inter-

domain correlation motions. A recent study on the tethering of TDP-43 RRM domains used MD 

simulations, among other techniques, to show higher conformational dynamics as well as higher 

destabilization of TDP-43RRM1-2 compared to the individual domains10, further highlighting the 

dynamic nature of TDP-43.  

In this study, we used MD simulations on the NMR solved TDP-43RRM1-2 structure (PDB 

ID: 4bs26) to predict the apo TDP-43 or RNA-free structure. Contact analysis of TDP-43 showed 

that while the integrity of the individual domains was maintained upon RNA removal, a decrease 

in interdomain contacts was observed. We then compared apo TDP-43 structures obtained from 

MD simulations to AlphaFold211 (AF2) predicted structures and found differences in loop regions. 

Finally, a Sitemap analysis showed five druggable sites on the average of the RNA bound structure 

solved by NMR, while only three pockets were found for both MD and AF2 predicted apo 

structures.  

Experimental Procedures 

Molecular Dynamics of Apo-TDP43 

Five structures were selected from the NMR ensemble of TDP43 (PDB ID: 4bs26) based 

on energy and structural diversity. For each structure, we performed three 1 μs molecular dynamics 

simulations using three different random seeds. Simulations were performed both with and without 

the RNA present in the simulation using Desmond with the OPLS3e forcefield12, 13. Each 

simulation system was immersed in a cubic water box with a 1 nm buffer distance. The system 

was neutralized and included 150 mM NaCl. Prior to production runs, each system underwent 100 
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ps of Brownian dynamics simulation (NVT, 10 K). Restraints were gradually released over 24 ps 

of NPT simulation (1 bar, 310 K). We used 9 Å cutoffs for VDW and coulombic interactions and 

a 2 fs timestep. Simulation frames were saved every 0.1 ns. All analyses, unless otherwise noted, 

were performed on the combined frames of all 15 simulations (5 structures × 3 random seeds) 

sampled every 0.2 ns. For root mean square fluctuation (RMSF) and cross-correlation analysis, 

reference residues used for the alignment were those contained within secondary structural 

elements minus those with an RMSF greater than three standard deviations from the mean. 

For contact map and cross-correlation analysis the first 100 ns of simulation (500 frames) 

of each simulation were discarded and all 15 simulations were concatenated. A contact between 

residues i and j was assigned if any heavy atom of residue i is within 4.5 Å of any heavy atom of 

residue j. Contacts were only considered in the final analysis if the interaction was present for >= 

39% of the concatenated trajectory (p<0.01 from a one-sided test from zero). Post-hoc analysis 

was performed computing the p-value on the difference between the means of the two Bernoulli 

distributions. 

For interdomain angle analysis the first 100 ns of simulation (500 frames) were also 

discarded and the remaining frames of all 15 simulations were concatenated. To measure relative 

orientations between the two domains we measured both a dihedral twisting angle (τ) and an 

RRM1 opening angle (α). For the τ angle we chose residues G148 and A230 as the center of each 

domain and residues C173 and R191 to define the axis of rotation. The full dihedral angle is 

defined using Cα atoms of the residue list G148 – C173 – R191 – A230. The α angle was measured 

using Cα atoms of the residue list G148 - C173 - R191 (Fig. 1a). 
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AlphaFold 2 prediction of apo TDP-43 RRM domains 

Computational approaches -first with AlphaFold then with AlphaFold 2 (AF2)14, a neural 

network-based algorithm that integrates multi-sequences alignments and training procedures based 

on the evolutionary, physical and geometric constraints of protein structures- are now able to 

predict protein structures with high accuracy. We thus used AF2 to predict apo TDP-43 RRM 

domains (Fig. S2) and obtained five models (named here AF_1-5). Only the RRM domains (102-

269 amino acids) construct was submitted to structure prediction.  

Sitemap Analysis 

Sitemap analysis was done using Schrodinger15 as previously described8. We attempted to 

converge an average structure from the multiple structures generated by MD simulations and AF2 

models, but they resulted in non-physical structures. Therefore, the best representative structure 

based on minimal energy refinement was used. 

Results 

To assess the system equilibration the root mean square deviation (RMSD) between the 

starting structure of the simulation and all succeeding frames was assessed (Fig. S1). Plots of the 

RMSD over time show that in most cases (13 out of 15 simulations) the trajectories of RNA-bound 

simulations equilibrate within 50 ns of simulation while the other two simulations show a slight 

jump later in the trajectory10. In contrast, simulations of the RNA-free system showed much greater 

deviation from the starting structure and required significantly more time to reach equilibrium in 

this case reaching a steady trajectory after 600 ns of simulation. 
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Root-mean-square-fluctuation (RMSF) Analysis  

Root-mean-square-fluctuation (RMSF) analysis measures the positional variance of each 

residue over the course of the trajectory and indicates residue flexibility over the course of the 

trajectory (Fig. 1a). As expected and consistent with the RMSD analysis, we observe a significant 

global increase in backbone flexibility in the absence of bound RNA. Particularly large increases 

in flexibility occur around residues K140 and P225, located in loop regions (Fig. 1b).  

We next performed contact analysis of TDP-43 to assess any global changes or 

rearrangements in structure upon removal of RNA from the initial NMR structure (Fig. 2). The 

contact maps show that the structural integrity of individual domains is maintained in the absence 

of bound RNA (Fig. 2a and b). However, we observe a greater decrease in interdomain contacts 

as compared to formation of new contacts. Specifically, we observe significant decreases in contact 

probability (p<0.05) between residue pairs D247-S104, D247-D105, R151-D247, I249-L131, 

I249-M132, I249-R151, G252-M132, S254-D105, and S254-M132. Two new contacts are 

predicted to form between residues E261-K192 and F231-P223 (Fig. 2c). 

Intra- and Inter-domain Motion Analysis   

Cross-correlation matrices were generated to determine changes in correlated motion 

between RNA-free and RNA-bound simulations (Fig. 3). Motion can be correlated (residues move 

in the same direction), anti-correlated (residues move in opposite directions), or uncorrelated (the 

movement of one residue is independent of the other residue). Cross-correlation matrices of RNA-

free and RNA-bound simulations show much stronger correlations in RNA-free simulations than 

in RNA-bound simulations. Most of the increased correlated motion is likely the result of the 

overall increased motion in RNA-free simulations compared to RNA-bound simulations. In 
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several instances, however, we observe increased interdomain correlated motion that significantly 

exceeds the increased intradomain correlated motion. The magnitude of the increase in 

intradomain correlated motion is likely indicative of the magnitude of the effect coming from an 

overall increase in motion. The fact that the interdomain correlated motion exceeds the 

intradomain correlated motion highlights its significance.  

To further characterize inter-domain motion, we performed angle analysis examining the 

relative orientation of the two domains with respect to each other (Fig. 4). We measured both a 

dihedral twisting angle (τ) and an RRM1 opening angle (α). The analysis shows that in the absence 

of RNA there is a significant increase in orientational variability from what is observed in RNA-

bound simulations. The increases come from variations in both angles; however, several distinct 

populations can be observed indicating the presence of multiple stable conformations. These 

results are consistent with increased inter-domain correlated motion in the absence of RNA-

binding. 

As a final analysis of dynamic changes between RNA-free and RNA-bound simulations, 

we analyzed φ and ψ angle distributions for each residue over the equilibrated time course (the 

final 900 of 1000 ns) and analyzed the differences between RNA-free and RNA-bound 

simulations. We used a 2-dimensional Kolmogorov-Smirnov test for two samples to identify 

significant changes in φ,ψ angle distributions. The only residues showing a significant (p<0.05) 

difference between RNA-free and RNA-bound simulations were A228 (p=0.006), R227 

(p=0.008), E261 (p=0.013), and A260 (p=0.02) (Fig. 5). Residues A260 and E261 lie near the C-

terminus, while residues R227 and A228 lie at the end of a loop running from I222 to A228. It is 

worth noting that most changes cluster in the RRM2 domain of TDP-43. The changes in φ,ψ angle 

distribution could be related to changes in the conformation of the (222-228) loop. In the RNA-
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free system, the loop is able to access a conformation that seems to be restricted by the presence 

of RNA which brings P223 in closer contact with F231, consistent with our distance analysis. 

AlphaFold 2 and MD simulation predicted structures and SiteMap Analysis 

We compared the top 5 structures predicted by AlphaFold 2. Not surprisingly, the 

structures of the individual RRM domains were maintained in all models. Those models were 

aligned to the RNA-bound published structure of TDP-43 (PDB ID: 4bs26) as well as to the seven 

structures derived from the MD simulation (named MD_01 through MD_07) and the 

corresponding RMSD were analyzed (Table 1, Fig. S3). The models AF_2 through AF_5 poorly 

predicted the 4bs2 structure and any of the MD-derived structures, as the RMSDs ranged from 

8.014 to 17.018 Å. However, model AF_1 exhibited the lowest RMSDs (ranging from 2.203 to 

5.004 Å) for the RNA-bound RRM domains as well as four different MD derived models, with 

MD_02 being the closest structure (RMSD = 2.203 Å; Fig. 6a). Interestingly, we found that the 

AF2 predicted TDP-43 RRM domains exhibits structural elements close to either the RNA bound 

structure or the MD simulated apo structure (Fig. 6b-f). More specifically, the secondary structures 

a2 of RRM1 (Y155-S162) and β2 of RRM2 (V217-F221) are more similar between AF2 and MD 

predictions while loops regions (C198-T203 and K136-G146) are more similar between AF2 

prediction, and the RNA bound TDP-43 NMR structure. Finally, both MD and AF2 are predicting 

a longer beta strand in b5 of RRM2 (Fig. 6b). 

We then utilized the structures from AF2 and MD and used Sitemap16 to predict druggable 

pockets of apo TDP-43 RRM domains to define how dynamics may affect binding sites. Five 

druggable sites of the average of the RNA bound structure solved by NMR were identified, while 

only three pockets were found for both MD and AF2 predicted structures (Fig. S4). Importantly, 
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a druggable pocket in the central region of the RRM domains that anchors a G-nucleotide (G5 in 

4BS2) in the RNA-bound structure was also identified in the MD simulations and AF2-predicted 

structures. A SiteMap calculation begins with an initial search stage that determines one or more 

regions on or near the protein surface, called sites, that may be suitable for binding of a ligand to 

the receptor15. From this, two important characteristics of pocket interactions can be addressed 

using SiteScore and DScore. SiteScore determines the probability of ligand-receptor interactions, 

while DScore determines the druggability of the pocket17. Our analysis shows that MD structures 

have poorer SiteScore (0.71 vs 0.779) and DScore (0.58 vs 0.76) compared to AF2 (Table S1), 

indicating AF2 predicted structures may have better pocket formation than MD simulations of apo 

TDP-43. 

Discussion 

Defining targetable pockets of TDP-43 is of therapeutic interest in neurodegenerative 

diseases. While several targeting approaches have been met with various success, defining which 

form of TDP-43 will efficiently offer toxicity relief is still being debated. Diversifying the TDP-

43 targeting chemical space may bring new opportunities, particularly if small molecules can 

distinguish RNA-bound and RNA-free form of TDP-43. 

Structural determination of the apo RRM domains of TDP-43 has been technically 

challenging using traditional NMR and X-ray techniques, due to the dynamic nature of the 

construct. We hence used Molecular Dynamics (MD) simulations starting from RNA bound 

structure of the tandem domains solved by solution NMR6 to sample conformations of the apo 

TDP-43 structure18. From the analysis of the simulations, we generally observed an increase in the 

dynamics upon removal of the RNA as seen in both RMSD and RMSF analysis. Some of the 

increased dynamics can be explained by additional flexibility allowed to the loops previously 
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contacting the RNA. Notably, the loop spanning residues 138 to 146 showed a particularly large 

increase in flexibility after the RNA was removed (Fig. 1). We also noticed changes in the phi/psi 

distributions for some residues of the loop138-146 were changed, though the change was not as 

significant as observed for the loop222-228. While loop flexibility contributed to the dynamics, most 

of the additional motion upon removing the RNA came from interdomain motion between RRM1 

and RRM2. Contact map analysis reveals that intra-domain contacts are almost unchanged 

between RNA-free and RNA-bound simulations (Fig. 2). However, the RNA-free simulations 

show a significant decrease in interdomain contacts compared with the RNA-bound simulations. 

In fact, of the 11 residue pairs with a significant difference between RNA-free and RNA-bound 

simulations only two (E261-K192 and F231-P223) were not at the interdomain interface and 

correspond to new contacts observed in the RNA-free versus RNA-bound simulations. The nine 

remaining residue pairs were all at the interface and showed decreased contact in RNA-free versus 

RNA-bound simulations. The result is consistent previous observations noting a decrease in inter-

domain hydrophobic contacts in much shorter time-scale simulations (100ns)19. We also note that 

the result is consistent with experimental evidence of intrinsic low affinity between RRM1 and 

RRM2 of TDP43 and the requirement of a linker for interaction10, 19-22.  

 Looking at the cross-correlation matrix, we detect a significant increase in positive 

correlation between residue H143 and residues 212 to 217 in the RNA-free vs RNA-bound 

simulation, as well as significant increases in negative cross-correlation between H143 and 

residues 129, 152, 153, 194, and 260 in RNA-free vs RNA-bound simulations. Together this is 

likely due to a more global 'clam-shell' movement between the two domains, which appears when 

the RNA is removed. This ‘clam-shell’ movement is particularly highlighted by our inter-domain 

angle analysis. In particular, the increased distribution of the α angle in RNA-free simulations 
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highlights this broadening of the angle between RRM1 and RRM2 in RNA-free compared to RNA-

bound simulations (Fig. 4). The results presented in Figure 4 further serve to highlight the 

increased sampling of varying orientations between the two domains in the absence of RNA. 

However, we observe some conformational preference for some states in this plot as indicated by 

contour peaks where there was greater sampling of a given conformation with respect to 

neighboring conformations. While the timescales presented in this paper are not likely sufficient 

to be claim an exhaustive sampling of the accessible conformational space, the use of multiple 

starting structures and multiple random seeds significantly increases the ability to cover the locally 

accessible conformational space.  

 Our interest has been to define druggable sites in TDP-43, either in the RRM or the NTD 

domain7,8. We hypothesized that the RNA-free RRM domains of TDP-43 might exhibit pockets 

distinct from RNA-bound TDP-43, which could lead to new targeting opportunities. As a first step 

to drug RNA-free RRM domains, we predicted the apo structure using MD simulations and 

AlphaFold 2. Sitemap on predicted apo RRM and RNA bound structures revealed fewer pockets 

in the RNA-free compared to the RNA-bound structures. While this might indicate that small 

molecules may recognize both RNA-bound and RNA-free, there are more opportunities to 

specifically target RNA-bound TDP-43. A higher resolution of the RNA-free structure may offer 

more sites. However, based on our results of the increased dynamics of the apo TDP-43, it may be 

more challenging to obtain a high resolution of the RNA-free structure.       
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FIGURES 

 

 
Fig. 1. Differences in root mean square fluctuation (RMSF) between RNA-free and RNA-
bound  simulations of TDP43. (a) Plot of the RMSF values for RNA-free (red) and RNA-bound 
(green) simulations. Error bars are the standard error among 15 simulations. The black lines 
represent the 99.9% confidence interval for the difference between means. (b) The structure of 
TDP43 colored by difference in RMSF between RNA-free and RNA-bound from white (minimal 
RMSF difference) to red (maximum RMSF difference). The RNA strand is shown as a cyan ribbon 
for reference.  Nearly all residues of RNA-free TDP43 show a significant increase in fluctuations 
compared to the RNA-bound TDP43, exceptions being the N- and C-termini and a short span 
between the two domains. 
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Fig. 2. Contact maps of RNA-free (a) and RNA-bound (b) TDP43. Contact maps were 
computed from concatenating all 15 trajectories with frames sampled every 0.2 ns over the 1000 
ns simulation (75000 frames total). A contact exists between residues i and j if any heavy atom of 
residue i is within 4.5 Å of any heavy atom of residue j. Contacts are only shown if the interaction 
is present for >= 39% of the concatenated trajectory (p<0.01 from a one-sided test from zero). 
Contact maps show that the structural integrity of each individual domain (upper left and lower 
right quadrants) is maintained between RNA-free and RNA-bound simulations. A major change 
between the contact maps is decreased interdomain contacts in the RNA-free simulations 
compared to RNA-bound simulations (lower left and upper right quadrants). (c) Residues showing 
significant changes in contacts between the two systems are highlighted as sticks on the TDP43 
structure and colored by residue type white – nonpolar, green – polar, red – acidic, and blue – 
basic. The bound RNA is shown as a cyan ribbon. In the absence of RNA, the two domains are 
held less rigidly together and are freer to adopt other conformations with respect to each other.   
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Fig. 3. Cross-correlation matrices for RNA-free (a), RNA-bound (b), and the difference 
between RNA-free and RNA-bound (c). Cross-correlation matrices were computed from 
concatenating all 15 trajectories with frames sampled every 0.2 ns over the 1000 ns simulation 
(75000 frames total) based on Cα atoms. Significance filters were applied so only correlations 
passing a 5σ threshold are shown.  
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Fig 4. Interdomain angle analysis. (a) To measure domain rotation along the axis of the protein, 
we chose residues G148 and A230 as the center of each domain (blue) and residues C173 and 
R191 (red) defines the axis of rotation (cyan line).  The 4 Cα atoms of these residues defined the 
dihedral angle (τ) reflecting the relative twisting of these two domains with respect to each other. 
The RRM1 opening angle was measured using the angle G148 - C173 - R191 (α) centered on Cα 
atoms of each residue. (b) Contour map of the dihedral angle (τ) vs the RRM1 opening angle (α) 
for RNA-bound (green) and RNA-free (red) simulations.  We observe that both angles assume 
significantly broader distributions in the RNA-free simulations compared with RNA-bound 
simulations. Furthermore, the RNA-free simulation can be observed in multiple stable 
conformations. 
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Fig. 5. Distributions of phi and psi angles for R227 and A228. Two distinct populations of ψ 
angles were observed in RNA-free (a, b) and RNA-bound (c, d) for residues R227 (a, c) and A228 
(b, d) in the simulations of TDP-43. In structure bundles of RNA-free (e) and RNA-bound (f) 
TDP-43, loop conformations (residues I222 to A228) are colored grey and magenta corresponding 
to upper and lower ψ angle clusters of R227, respectively. The larger ψ angle population in RNA-
free simulations (lower distribution, magenta) corresponds in a loop conformation shifted towards 
where RNA would be bound. This movement also corresponds with the shrinking distance 
between P223 and F231.  
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Fig. 6: Structural comparison of MD simulated apo TDP-43 with AlphaFold predicted apo 
TDP-43 and RNA bound known TDP-43 structures. a. AlphaFold predicted structure (TDP-
43_AF1) was overlayed to published RNA bound (4bs2) and MD derived structure of TDP-43RRM 
(TDP-43_MD_02). b. Zoomed in structure of β4 and 5 in RRM2 (aa. G245-I250). c. Zoomed in 
structure of a2 of RRM1 region (aa Y155-S162). d. Zoomed in structure of β2 in RRM2 (aa. V217-
F221). e. Zoomed in structure of loops in RRM2 (aa. C198-T203). f. Zoomed in structure of loop 
regions in RRM1 (aa. K136-G146). 
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Table 1. RMSD for each AlphaFold predicted TDP-43RRM structure compared to 4bs2 and 
MD derived models. 

TDP-43_AF1       
4bs2                   2.235 (2361 atoms) 
TDP43_MD_01    3.378 (1213 atoms) 
TDP43_MD_02    2.203 (1160 atoms) 
TDP43_MD_03     4.448 (1255 atoms) 
TDP43_MD_04  5.004 (1261 atoms) 
TDP43_MD_05      9.895 (1303 atoms) 
TDP43_MD_06  12.184 (1353 atoms) 
TDP43_MD_07   13.904 (1327 atoms) 

    
TDP-43_AF2       
4bs2                  16.476 (2623 atoms) 
TDP43_MD_01  15.283 (1300 atoms) 
TDP43_MD_02    17.018 (1336 atoms) 
TDP43_MD_03     15.412 (1330 atoms) 
TDP43_MD_04  13.606 (1312 atoms) 
TDP43_MD_05  14.047 (1361 atoms) 
TDP43_MD_06  10.655 (1350 atoms) 
TDP43_MD_07  8.014 (1308 atoms) 

    
TDP-43_AF3       
4bs2                     14.164 (2648 atoms) 
TDP43_MD_01  12.604 (1321 atoms) 
TDP43_MD_02    14.106 (1325 atoms) 
TDP43_MD_03     12.805 (1356 atoms) 
TDP43_MD_04  10.655 (1348 atoms) 
TDP43_MD_05  12.943 (1318 atoms) 
TDP43_MD_06  9.424 (1352 atoms) 
TDP43_MD_07  8.490 (1309 atoms) 
    
TDP-43_AF4       
4bs2                  16.590 (2608 atoms) 
TDP43_MD_01  15.094 (1281 atoms) 
TDP43_MD_02    16.789 (1324 atoms) 
TDP43_MD_03     16.188 (1334 atoms) 
TDP43_MD_04  14.224 (1324 atoms) 
TDP43_MD_05  13.877 (1356 atoms) 
TDP43_MD_06  10.292 (1343 atoms) 
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TDP43_MD_07  7.687 (1280 atoms) 

    
TDP-43_AF5       
4bs2                16.276 (2576 atoms) 
TDP43_MD_01  15.088 (1286 atoms) 
TDP43_MD_02    16.491 (1315 atoms) 
TDP43_MD_03     15.944 (1319 atoms) 
TDP43_MD_04  14.323 (1321 atoms) 
TDP43_MD_05  13.302 (1351 atoms) 
TDP43_MD_06  9.844 (1330 atoms) 
TDP43_MD_07  7.235 (1244 atoms) 
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Appendix C: Small Molecule Targeting TDP-43’s RNA Recognition 
Motifs Reduces Locomotor Defects in a Drosophila Model of Amyo-
trophic Lateral Sclerosis (ALS)  

In this work, the experimental strategy was done by Dr. Liberty Francois-Moutal and Dr. May 
Khanna. David Scott and Victor Miranda trained using in silico docking under Dr. Samantha Pe-
rez-Millar and Dr. Vijay Gokhale. David Scott was responsible for the protein production, and 
experimental design of 1D STD-NMR and 2D HSQC-NMR for hit identification and validation, 
as well as biophysical characterization of lead compounds using CSP analysis. Dr. Liberty Fran-
cois-Moutal performed SPR for RNA-inhibition screens. Dr. Razaz Felemban and Dr. Melissa 
Sayegh performed all Drosophila work under Dr. Daniela Zarnescu and Dr. May Khanna's super-
vision. All authors contributed equally to manuscript preparation. 
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ABSTRACT: RNA dysregulation likely contributes to disease pathogenesis of amyotrophic lateral sclerosis (ALS) and other
neurodegenerative diseases. A pathological form of the transactive response (TAR) DNA binding protein (TDP-43) binds to
RNA in stress granules and forms membraneless, amyloid-like TDP-43 aggregates in the cytoplasm of ALS motor neurons. In
this study, we hypothesized that by targeting the RNA recognition motif (RRM) domains of TDP-43 that confer a pathogenic
interaction between TDP-43 and RNA, motor neuron toxicity could be reduced. In silico docking of 50000 compounds to the
RRM domains of TDP-43 identified a small molecule (rTRD01) that (i) bound to TDP-43’s RRM1 and RRM2 domains, (ii)
partially disrupted TDP-43’s interaction with the hexanucleotide RNA repeat of the disease-linked c9orf 72 gene, but not with
(UG)6 canonical binding sequence of TDP-43, and (iii) improved larval turning, an assay measuring neuromuscular
coordination and strength, in an ALS fly model based on the overexpression of mutant TDP-43. Our findings provide an
instructive example of a chemical biology approach pivoted to discover small molecules targeting RNA−protein interactions in
neurodegenerative diseases.

A hallmark feature of amyotrophic lateral sclerosis (ALS)
and related neurodegenerative diseases is the altered

subcellular localization of transactive response (TAR) DNA
binding protein (TDP-43) and subsequent formation of prion-
like TDP-43 aggregates in motor neurons in ∼95% of
patients.1 TDP-43 mutations have also been identified in
patients with familial and sporadic ALS, underscoring the
importance of TDP-43 in the pathophysiology of the
neurodegeneration seen in this disease.2 Therefore, inves-
tigations into TDP-43 offer an opportunity to study ALS

disease progression and enable development of chemical
probes with potential for therapeutic intervention.
TDP-43 is a 43 kDa protein consisting of an N-terminal

domain (NTD) and two tandem RNA recognition motifs,
RRM1 and RRM2, followed by a C-terminal glycine-rich
region where most disease-associated mutations converge.
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TDP-43 binds to nucleic acids via its RRM domains (Figure
1A) and contributes to RNA processing, including but not
limited to splicing, translation,3 and cytoplasmic stress granule
response, protein complexes that sequester mRNAs to
minimize stress-related damage.4

TDP-43 proteinopathy has been associated with a
cytoplasmic accumulation of full-length and fragmented
TDP-43 protein in detergent-resistant, ubiquitinated, and
hyperphosphorylated aggregates.5 A current working hypoth-
esis is that stress granule formation facilitates or promotes
cytoplasmic aggregation of TDP-43 in motor neurons.6−8

Furthermore, localization of TDP-43 to stress granules was
shown to be driven by both its RRM1 domain and its C-
terminal glycine-rich/prion-like domain.4,9 But, previous efforts
to disrupt TDP-43 aggregates using peptides against TDP-43
C-terminus were unsuccessful in decreasing cytotoxicity.10

Interestingly, degenerative ALS phenotypes induced by
overexpression of TDP-43 in Drosophila melanogaster were
completely reversed by deletion of RRM1 or by mutations
(W113A/R151A) that ablated or reduced RNA binding to
TDP-43.11 In a cellular model of ALS, TDP35, a pathological
cleaved fragment of TDP-43, was shown to sequester TDP-43
through RNA binding, and mutations in RRM1, but not
RRM2, dramatically reduced the ability to form inclusions.12

Based on these studies, we hypothesized that targeting TDP-
43’s RRM1 domain with small molecules might be a promising
strategy to reduce TDP-43 toxicity in ALS models. Computa-
tional in silico docking and biochemical experiments identified
a compound, 6-(3-(4-fluorobenzyl)-3-(hydroxymethyl)-
piperidin-1-yl)pyrazine-2-carboxamide (hereafter designated

as rTRD01 for RRM TDP-43 RNA disruptor 01) that
bound to TDP-43 in the micromolar range. As it is critical
for TDP-43 to maintain normal nucleic acid binding activity in
the cell, we tested rTRD01 for its ability to bind normal and
disease-linked nucleic acids. rTRD01 was able to reduce TDP-
43 interactions with disease-linked nucleic acid while not
interfering with a TDP-43 canonical substrate (UG rich
binding sequence) in vitro. Finally, rTRD01 reduced ALS-like
locomotor phenotypes in a Drosophila model.

■ RESULTS
In Silico Docking of TDP-43 RNA−Protein Interface

Reveals RRM1 Is a Druggable Site. The crystal structure of
RRM1 with single-stranded DNA bound13(Figure 1B),
allowed us to identify pockets overlapping with nucleic acid
binding sites for targeted in silico docking experiments. Using
the Schrödinger modeling program, we created an active site
pocket that includes residues Leu109, Gly110, Pro112,
Trp113, and Arg171 (Figure 1B,C) in the RRM1 domain.
Among several mutations in the RRM1, mutations Trp113Ala
and Arg171Ala were shown to be the most deleterious as they
increased the estimated dissociation constant of TDP-43 for
nucleic acid by 6-fold.13 Moreover, residues Leu109 and
Gly110 are known to be part of the ribonucleoprotein domain
2 (RNP2, Leu-Ile-Val-Leu-Gly-Leu),13 that stacks with the
bases and the sugar rings of nucleic acids. RNP-1 ([RK]-G-
[FY]-[GA]-[FY]-[ILV]-X-[FY]) and RNP-2 ([LI]-[FY]-[VI]-
X-[NG]-L) are known consensus sequences in RRM
domains,14 usually located in β2 and β3, and stack with the
bases and the sugar rings of the nucleic acid.

Figure 1. In silico docking to the RNA recognition motif of TDP-43 identifies compound rTRD01. (A) Composite linear and structure
representation of TDP-43. The N-terminal domain (NTD) of TDP-43 (orange) is important for dimerization and also contains a nuclear
localization signal, n (cyan) (PDB code 2n4p25). The RNA recognition motifs 1 and 2 (RRM1 and 2, blue and green, respectively, PDB code
4bs217) interact with RNA (purple). The C-terminal domain (CTD, gray) is largely unstructured and is considered a “prion-like” domain. Residues
M311−Q360 from the CTD were resolved using NMR (PDB 2n3x41). In unstructured regions, each dash represents a residue. ALS-associated
mutations are noted. (B) TDP-43 RRM1 domain (surface representation) in complex with DNA (stick and ball representation) (PDB code 4iuf13).
(C) Top 10 compounds (green, sticks and balls representation) from in silico docking on TDP-43 RRM1. (D) Structure of rTRD01 (6-(3-(4-
fluorobenzyl)-3-(hydroxymethyl)piperidin-1-yl)pyrazine-2-carboxamide), where i is a pyrazinamide group and ii is a fluorobenzyl group shown to
interact with TDP-43 by STD NMR (8.2 ppm and 6.9−7.2 ppm, respectively). (E) 2D representation of rTRD01 binding pocket, which includes
residues from the ribonucleoprotein motif 1 (RNP1) and ribonucleoprotein motif 2 (RNP2) of TDP-43 RRM1. (F) Docking pose of rTRD01
(green, sticks and balls representation) on RRM1 domain of TDP-43 (surface representation). (G) 1D 1H STD NMR showing on-resonance
difference spectrum of 500 μM rTRD01 with 5 μM TDP-43102−269. The aromatic region of the NMR spectrum (6−9 ppm) is shown. (H) MST
values from thermographs of NT-647 labeled TDP-43102−269 in the presence of increasing concentrations (0.03 μM to 1 mM) of rTRD01were used
to determine dissociation constant for binding of rTRD01 to TDP-43102−269. The data were fitted as described in the Methods section yielding an
apparent Kd of 89.4 ± 0.8 μM (r2 = 0.93). Data are given as mean ± SEM (n = 3 independent replicates).
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Virtual screening of a 50 000 compound library from
Chembridge resulted in the identification of small molecules
that stack with Trp113 on one side and Arg171 on the other
side of the active site cleft (Supplementary Figure 1). The
docked compounds displayed a significant overlap with nucleic
acid binding surface and mimicked several interactions
between RRM1 domain and nucleic acid bases. The top 8
compounds from this screen were selected based on Glide
score and visual examination15 (Supplementary Table 1) for
further studies.
We sourced the top 8 compounds and tested their binding

to recombinantly purified TDP-43102−269-His using saturation
transfer difference NMR (STD NMR). STD NMR profiling
demonstrated that 5 of the 8 compounds bound TDP-43
(Supplementary Figure 2).

Biophysical Characterization of rTRD01. We selected
the top in silico docking hit, rTRD01 (Figure 1D), as it showed
the highest XP Glide score16 for TDP-43 RRM1 domain
(Supplementary Table 1). The fluorobenzyl group of rTRD01
is predicted to interact with Trp113 and Arg171, while the
pyrazinamide group interacts with Asp174, similarly to guanine
G6 in the X-ray crystal structure of TDP-43 RRM1 domain
with DNA (Figure 1). rTRD01 is also predicted to make
hydrogen bonds with Gly146, a residue from the ribonucleo-
protein sequence 1 (RNP1) of TDP-43 RRM1,13,17 and with
Arg171, Trp172, and Asp174 (Figure 1E,F).
We demonstrated that rTRD01 binds to TDP-43102−269

using STD NMR, while no binding was observed with a
control protein (TEV protease) (Supplementary Figure 2 and
Figure 1G). The positive peaks for rTRD01 in the presence of

Figure 2. Mapping the binding of rTRD01 on TDP-43. (A) Superposition of 1H−15N heteronuclear single quantum correlation spectroscopy
(HSQC) spectra of 15N-labeled human TDP-43102−269 (150 μM), free (blue) and in complex with rTRD01 in a TDP-43102−269/rTRD01 ratio of
1:4 (red). Close-up of shifts around TDP-43 residues G110 (B), G146 (C), F194 (D), and A260 (E). (F) Average chemical shift changes for
assigned residues of the 15N-labeled TDP-43102−269 upon complex formation with rTRD01. The average chemical shift changes of cross-peaks were
calculated as described in the Methods section. The horizontal line (0.09 ppm) is the threshold, calculated as described in the Methods section,
above which a shift is considered significant. (G) Residues with chemical-shift perturbations upon rTRD01 binding are plotted onto the solution
structure of TDP-43 (PDB code 4bs2) using a color gradient indicative of extent of the perturbation. (H) TDP-43-RRM2 domain (surface
representation) crystallized with DNA (stick and ball representation) (PDB code 3d2w). (I) TDP-43-RRM2 domain (surface representation)
docked with rTRD01 (stick and ball representation). (J) 2D representation of rTRD01 binding pocket that includes residues from the RNP1 and
RNP2 of TDP-43 RRM2. The arrows represent predicted bonds (π−cation interaction, green, and halogen bond, purple).
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TDP-43102−269 were in the region of the fluorobenzyl group (ii,
6.9−7.2 ppm) and the pyrazinamide group (i, 8.2 ppm),
confirming the binding implied by virtual screening.
Microscale thermophoresis (MST), an assay that allows

sensitive measurement of molecular interactions in solution
was used to measure the affinity of rTRD01 binding to TDP-
43102−269 (Figure 1H). Thermographs of TDP-43102−269 with a
range of concentrations of rTRD01 gave an apparent
dissociation constant of 89.4 ± 0.8 μM.
To further confirm the binding site for rTRD01, we utilized

15N−1H heteronuclear single quantum correlation spectrosco-
py (HSQC) using 15N-labeled TDP-43102−269.

15N−1H HSQC
spectra of TDP-43102−269 were obtained free and in complex
with rTRD01 (1:4 TDP-43102−269/rTRD01 ratio) (Figure 2A).
Using our recently assigned NMR structure of apo-TDP-
43102−269

18 (Biological Magnetic Resonance Bank ID 27613),
we were able to map the residues shifted based on the
interaction of rTRD01 in increasing concentrations compared
with apo-TDP-43102−269. Specific chemical shift perturbations
were observed in the 1H−15N HSQC spectra of TDP-43102−269
upon addition of rTRD01, thus permitting calculation of the
geometrical distance covered by each peak as described in the
Methods section. In particular, Gly110 and Gly148 (from
TDP-43 RRM1) and Phe194, Ala260, and Glu261 (from
TDP-43 RRM2) peaks were shifted (Figure 2B−F).
To get a better understanding of rTRD01 binding site(s) to

TDP-43, we mapped the chemical-shift perturbations induced
by rTRD01 interaction onto the solution crystal structure of
TDP-43 (PDB 4bs2) using a color gradient (Figure 2G).
rTRD01 is able to bind Gly146, a residue from the
ribonucleoprotein motif 1 (RNP-1) and Gly110 from the

RNP-213 (Figure 2C,G) of TDP-43 RRM1, thus validating our
predicted pocket (Figure 2C). However, additional TDP-43
residues that were shifted upon rTRD01 binding included
Phe194 from the RNP-2 of RRM2 and Ala260 and Glu261.
We docked rTRD01 on the crystal structure of RRM2 of TDP-
43 (Figure 2H−J), and the compound binding site overlaps
with the nucleic acid binding site in RRM2. This is not
surprising since we targeted RNP sequences, which are highly
conserved among RRM domains. Since the RRM domain is an
RNA recognition motif shared by greater than 500 proteins
with at least one RRM domain (up to six per protein), which
have important normal, nonpathological functions in the cell,19

there is a critical need to assess the potential of rTRD01 to
bind to other RRM domains.

rTRD01 Reduces TDP-43/RNA Interactions. Since our
target was the TDP-43−nucleic acid interface, we tested the
effect of rTRD01 on TDP-43 binding to two different nucleic
acid sequences: (i) the canonical substrate of TDP-43, namely,
(UG)6 repeats;17,20,21 (ii) the (GGGGCC)4 hexanucleotide
repeat expansion (HRE) from the gene c9orf 72, which is a
disease-linked RNA known to bind TDP-43.22,23

Two different constructs of TDP-43 were tested: TDP-
43102−269, which only contains the RRM domains and TDP-
431−260, which also encompass the N-terminal domain,
previously shown to participate in nucleic acid binding24

(Figure 1).
First, we used an amplified luminescent proximity

homogeneous alpha assay (ALPHA) to measure binding
between biotinylated (UG)6 RNA and TDP-43. Similar
apparent Kd values were observed for both TDP-43 constructs
binding to (UG)6: 0.73 ± 0.1 nM for TDP-43102−269 and 0.4 ±

Figure 3. RNA/TDP-43 disruption by rTRD01. Proteins TDP-43102−269-His or TDP-431−260-His (0.75 nM) were incubated with increasing
concentrations of biotinylated UG6 (A) or (GGGGCCC)4 (B). The Y-axis displays the ALPHA signal. A nonlinear regression was fit to the data,
using a one-site specific binding equation. UG6 RNA bound to TDP-43102−269 with an apparent Kd of ∼0.73 ± 0.1 nM. Some error bars are smaller
than the symbols. (C, D) Concentration-dependent curves were obtained for rTRD01’s disruption of nucleic acid−TDP-43 interaction at a single
RNA concentration (arrow) indicated on the panels above. Data is represented as mean ± SEM (n = 3).

ACS Chemical Biology Articles

DOI: 10.1021/acschembio.9b00481
ACS Chem. Biol. 2019, 14, 2006−2013

2009

163

http://dx.doi.org/10.1021/acschembio.9b00481


0.04 nM for TDP-431−260 (Figure 3A). Binding was also
observed between TDP-43 and (GGGGCC)4, albeit with a
lower affinity than (UG)6, at 5.1 ± 0.6 nM for TDP-43102−269
and 1.21 ± 0.24 nM for TDP-431−260 (Figure 3B).
Interestingly, TDP-431−260 bound (GGGGCC)4 with a higher
affinity than the RRM-only construct, indicating the involve-
ment of the NTD in RNA binding. The ability of the NTD to
bind nucleic acids, albeit weakly, has been described
previously, and two regions within this domain have been
suggested as binding nucleic acids.24,25 A recent study showed
the ability of TDP-43 NTD to undergo liquid−liquid phase
separation induced by ssDNA in a length-dependent manner26

and could explain why (GGGGCC)4 binds TDP-431−260 better
than TDP-43102−269, while (UG)6 had similar affinity for both
constructs.
Next, we measured inhibition of TDP-43/RNA binding at a

single concentration of RNA with increasing concentration of
rTRD01; we used both protein constructs (102−260 and 1−
260), as well as (UG)6 and (GGGCC)4 RNA. rTRD01 had
limited effect on TDP-43 association with (UG)6 sequence for
both TDP-43 constructs (Figure 3C). In contrast, rTRD01
inhibited (GGGGCC)4 interaction for TDP-43102−269 to a
maximum of 50% inhibition with an IC50 of ∼150 μM. For the
TDP-431−260 construct, rTRD01 was able to inhibit 50% of
(GGGGCC) 4 interaction at 1 mM (Figure 3D).
rTRD01 Reduces ALS-like Locomotor Defects in a

Model of ALS in Fruit Fly. To assay possible in vivo
neuroprotective effects of rTRD01, we used a Drosophila
model of ALS, based on TDP-43 overexpression, which has
been shown to recapitulate several aspects of the disease.27−29

Larval turning time, an assay that measures neuromuscular
coordination and strength, was used as described.30 Larvae
expressing TDP-43WT or TDP-43G298S in motor neurons using
the GAL−UAS bipartite expression system31 exhibited
locomotor defects in turning time compared to w1118 (genetic
background control) larvae (Figure 4A). While rTRD01 was

not able to rescue locomotion in TDP-43WT expressing larvae
(Figure 4B), it significantly improved larval turning time in
TDP-43G298S expressing larvae, from 19.3s to 12.3s (P value =
0.0001) (Figure 4C).
Reducing pathological interactions without impacting

normal RNA function of TDP-43 is challenging. Nevertheless,

rTRD01 is able to attenuate ALS locomotor defects in a
Drosophila model of ALS (Figure 4) while not affecting TDP-
43’s interaction with (UG)6 substrate in vitro (Figure 3).
rTRD01 had limited toxicity at 50 μM in NSC-34
motoneuron-like cells (Supplementary Figure 3). It is
important to note that while Drosophila does not seem to
express (GGGGCC)4, rTRD01 could reduce other non-
canonical RNA−TDP-43 interactions relevant in ALS. More-
over, the mutation G298S, used in this study, was shown to be
associated with enlarged TDP-43 enriched neuronal RNA
granules,32 but another study did not find an altered RNA
binding for TDP-43G298S.11 It is possible that rTRD01 helps
restore some normal level of TDP-43 function. We cannot rule
out the possibility that binding of the c9orf 72 RNA to TDP-43
is the only contributing factor important for c9orf 72-linked
ALS as c9orf 72 expansions have many other effects (e.g., loss
of C9orf72 protein, RNA foci formation, etc.), which are likely
to at least contribute to ALS.
A limitation of our study is that the reduction in motor

defects caused by rTRD01 is unlikely to occur only through
disruption of specific TDP-43/RNA interactions as initially
hypothesized. Other mechanisms may also be at play since the
RRM domain is the site of several pathological modifications.
Acetylation of TDP-43, seen in spinal cord of ALS patients,33

and oxidation of TDP-43, found in frontal cortex extracts of
FTLD-TDP brains,34 are both consequences of oxidative
stress, and both enhance TDP-43 aggregation. Furthermore,
both mechanisms have been suggested for therapeutic
targeting. Importantly, both modifications, K14 for acetylation
and C173 for oxidation, are within the rTRD01 binding pocket
(Figure 2C). Quantifying acetylation and oxidation of TDP-43
in the presence of rTRD01 in a context of oxidative stress is
likely to provide additional insights into the compound’s mode
of action.
Future efforts will also focus on determining if a pan effect of

rTRD01, that is, hitting several RRM domains, in ALS is part
of the mechanism by which the compound reduces ALS
symptoms or if off-targeting is to be expected.
Although the full mechanism of action of rTRD01 is

currently under investigation, our work provides evidence that
(i) RNA−protein interfaces are druggable in ALS and (ii)
TDP-43 is a valid target for development of small molecules.
An advantage of rTRD01 is its ability to selectively inhibit
interactions with RNA derived from c9orf72 while sparing
physiologically relevant canonical interactions (UG)6 RNA.
This approach is quite exciting as it will be of therapeutic
interest for ALS in addition to several other TDP-43 related
neurodegenerative diseases including the very recently
described limbic-predominant age-related TDP-43 encephal-
opathy (LATE), a type of dementia mimicking Alzheimer’s
dementia.35 Our study provides an instructive example of a
chemical biology approach pivoted to discover small molecules
targeting RNA−protein interactions in a broad spectrum of
neurodegenerative diseases.

■ METHODS
Materials. All reagents were purchased from Sigma (St. Louis,

MO, USA) and Fisher Scientific (Hampton, NH) unless otherwise
indicated. 6-(3-(4-Fluorobenzyl)-3-(hydroxymethyl)piperidin-1-yl)-
pyrazine-2-carboxamide (rTRD01) was purchased from Chembridge
Inc. (www.hit2lead.com).

rTRD01 (log P = 1.3) has not been previously reported as an
aggregator, or to be similar to an aggregator, as predicted by

Figure 4. rTRD01 improves larval turning in a Drosophila model of
ALS. (A) Larvae expressing D42 GAL4-driven human wild-type
(TDP-43WT) or G298S mutant TDP-43 (TDP-43G298S) take
significantly longer to turn over following a ventral-up inversion.
D42 GAL4 crossed with w1118 larvae were used as control. Asterisks
indicate statistical difference assessed by Kruskal-Wallis (p < 0.0001, n
= 20−30). (B) rTRD01 has no significant effect on the turning time
of larvae expressing TDP-43WT. (C) rTRD01 reduced the turning
time of larvae expressing TDP-43G298S from ∼19s to less than ∼13s,
on average from n ≥ 20 larvae tested. rTRD01 was fed at a
concentration of 20 μM in the food. Data is presented as mean ±
SEM. Asterisks indicate statistically significant difference as assessed
by a Mann-Whitney test (p < 0.0001, n ≥ 20).
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Aggregator Advisor.36 A similar query of rTRD01 in the Zinc15
database revealed no hits to molecules containing PAINS chemotypes.
Cloning of TDP-43 Subdomains. The coding sequence of

human TDP-431−260 was amplified by PCR using the primers Fw 5′-
AATGGGTCGCGGATCCATGTCTGAATATATTCGGGTAACC-
3′ and Rv 5′-GTGCGGCCGCAAGCTTCTAGGCATTGGATA-
TATGAACGCTGA-3′) (Eurofins Genomics, Louisville, KY) and
subcloned using the CloneTech in-Fusion kit into the pET28a (+)
vector between BamHI and HindIII restriction sites, resulting in a
construct with an N-terminal 6×His tag. Amplified sequences were
verified by DNA sequencing.
Purification of Recombinant TDP-43 Subdomains. Human

TDP-431−260 and TDP-43102−269 were expressed in E. coli BL21(DE3)
cells (Novagen) in LB rich or M9 minimal media supplemented with
15NH4Cl. TDP-43102−269 and TDP-431−260 were purified exactly as
described in ref 18.
In Silico Docking Using Schrodinger. Molecular docking

studies were performed using Schrodinger suite of programs including
Glide docking. X-ray structure of the human TDP-43 RRM1 (PDB
code 4iuf13) was used for virtual screening of small molecule libraries.
Docking grids were generated using TDP-43 active sites. We focused
our docking on a 10 Å3 pocket on Leu109, Gly110, Pro112, Trp113,
and Arg171 in the RRM1 domain. Virtual screening was performed
using stepwise virtual screening protocol in Glide program.
DIVERSet-CL library, a small molecule library of 50 000 compounds
from Chembridge Inc., was used as input for virtual screening.
Resulting docking poses were analyzed using docking score, and the
top 8 compounds were selected for further screening. The resulting
complexes were ranked using Glide score and other energy related
terms.
Saturation Transfer Difference Nuclear Magnetic Reso-

nance (STD NMR) Spectroscopy for Small Molecule Binding.
One-dimensional 1H saturation transfer difference nuclear magnetic
resonance (STD NMR) spectra with a spectral width of 12 ppm were
collected as previously done for small molecule binding.15

Heteronuclear Single Quantum Correlation Nuclear Mag-
netic Resonance (HSQC-NMR). All NMR data were collected on
Bruker Avance NEO 800 MHz spectrometer with TCI-H&F/C/N
probe at 25 °C. A transverse relaxation optimized spectroscopy
(TROSY) with a solvent suppression pulse sequence was used to
acquire all HSQC data. 15N labeled TDP-43102−269-His (100 μM) was
incubated with rTRD01. NMR data processing and analysis was
performed using programs NMRPipe37 and Sparky (Goddard and
Kneller, Sparky 3, University of California, San Francisco). Chemical
shift differences were calculated using the following equation from ref
38:

d
1
2

(0.14 )H
2

N
2δ δ= [ + ]

The population standard deviation from the average change38 for the
entire protein was calculated using

X N( ) /i
2∑σ μ= −

Chemical shifts that were greater than 1 standard deviation (σ) were
considered significant.38

Microscale Thermophoresis. Purified TDP-43102−269-His was
labeled using the Monolith Protein Labeling Kit RED-NTA
(Nanotemper, Germany) according to the manufacturer’s instruc-
tions. Microscale thermophoresis experiments were performed as
reported previously.39 Briefly, 50 nM of labeled protein was mixed
with a range of concentrations of rTRD01 in PBST buffer. The
thermographs were recorded using MST premium capillaries at 20%
LED and medium MST power. Data analysis was performed with the
MO Affinity Analysis software (Nanotemper), and the data was fit
using the specific binding with Hill model in GraphPad.
Amplified Luminescent Proximity Homogeneous Alpha

Assay (ALPHA). ALPHA experiments were conducted as reported
previously.40 TDP-43 proteins (0.75 nM) were mixed with 10 μg/mL
of anti-His acceptor beads (PerkinElmer) and RNA sequences

(biotinylated-UG6 or biotinylated-(GGGGCC)4) at various concen-
trations were incubated with streptavidin donor beads (PerkinElmer).
The protein and the RNA were then mixed in a final volume of 20 μL
of 25 mM Tris, pH 7.4, 0.1% BSA, 0.1% Triton X-100, 0.2 mM DTT
in white, opaque low volume 384-well plates. After 90 min incubation
at RT, the AlphaScreen signal was measured using an EnSpire Alpha
instrument (PerkinElmer).

For measuring the effect of rTRD01 on TDP-43 interaction with
RNA sequences, the proteins were preincubated 30 min with ranging
concentrations of rTRD01, in the presence of anti-His beads. The
RNA with the streptavidin beads was then added and incubated for 90
min at RT.

Larval Turning Assay. Assays were performed as previously
described.27 Briefly, wandering third instar larvae were placed on a
grape juice plate, containing rTRD01 or vehicle, at RT. After
becoming acclimated, crawling larvae were gently turned ventral side
up and monitored until they were able to turn back (dorsal side up)
and continue their forward movement. The amount of time that it
took each larva to complete this task was recorded.
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Appendix D: An Allosteric Modulator of RNA Binding Targeting the 
N-Terminal Domain of TDP-43 Yields Neuroprotective Properties

In this work, the experimental strategy was done by Dr. Liberty Francois-Moutal and Dr. May 
Khanna. David Scott and Victor Miranda trained using in silico docking under Dr. Samantha 
Perez-Millar and Dr. Vijay Gokhale. David Scott was responsible for the protein production, 
and experimental design of 1D STD-NMR and 2D 15N-HSQC-NMR for hit identification and 
validation, as well as biophysical characterization of lead compounds using CSP analysis. Dr. 
Liberty Francois-Moutal performed RNA-inhibition screens. Dr. Niloufar Mollasalehi was re-
sponsible for MST and SPR experiments. Dr. Judith Tello was responsible for all fly work and 
Dr. Barmada’s lab was responsible for confocal imaging of rodent primary cortical neurons. 
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ABSTRACT: 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.

Transactive response (TAR) DNA binding Protein-43
(TDP-43), which is a critical factor in neurodegenerative

diseases including amyotrophic lateral sclerosis (ALS) and
Alzheimer’s disease (AD), is involved in almost all aspects of
RNA metabolism.1,2 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 subcellular 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 separation.8,11 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
toward certain nucleic acid sequences,12−14 although a
nucleotide binding interface of the NTD remains to be
determined.
In a previous study,15 we targeted the RNA-binding domain

(RRM1) of TDP-43 and found a compound, rTRD01, that
was bound to TDP-43, partially disrupted RNA binding, and
improved locomotor defects in a Drosophila model of ALS.
The current study is distinct because 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 structures (PDB 5mdi8) nor NMR structures
(PDB 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 Ser48, Ala66,
and Asn70 (Supplementary Figure 1A in the Supporting
Information). A slightly different site was found on the X-ray
structure and surrounded the following residues: Tyr43,
Leu56, and Asp65 (see Supplementary Figure 1B in the
Supporting Information).
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A 50 000-compound library was then docked onto a grid of
6 Å surrounding the Sitemap pockets, using Glide’s virtual
screening workflow. Even though the initial pockets were
different on the NMR and crystal structure, compounds were
docked around Ser48, Ala66, and Asn70 in both structures
(Figure 1). A total of 20 compounds were chosen based on
score and other energy-related terms: nTRD09−nTRD18 for
the X-ray structure and nTRD19−nTRD28 for the NMR
structure (Supplementary Table 1 in the Supporting
Information). Visual inspection of the docking poses was
implemented to remove unrealistic poses as they might result
in high scoring.16

Saturation transfer difference nuclear magnetic resonance
(STD-NMR) spectroscopy was then used to screen the
binding of the compounds to TDP-431−260. As a negative
control, binding to TDP43102−269, a construct lacking the
NTD, was also determined (Supplementary Figure 2A in the
Supporting Information). We observed nTRD12−nTRD14
and nTRD22, nTRD25−nTRD28 as positive hits on TDP-
431−260 that did not bind to TDP43102−269 (see Supplementary
Figures 2B−2D in the Supporting Information).
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 Figure 3
in the Supporting Information). Using TDP-431−260, small
molecules were added at a 4:1 molar ratio. The addition of 5
out of 6 of the compounds either caused protein aggregation or
showed little to no binding, possibly because of weak binding,
and were not further characterized. However, the addition of
nTRD022 (Figures 2A and 2B) caused visible chemical shift
perturbations but no protein aggregation and, hence, was
chosen for further study.
In silico docking of nTRD22 predicted interactions with

Glu3, Tyr43, Ser48, Gly59, and Ala66 (see Figure 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) (see Figure
2C), confirming the Π-stacking interaction of the benzene
group of nTRD22 with Tyr43 that was predicted by virtual
screening. Microscale thermophoresis (MST) measured an
apparent Kd value of 145 ± 3 μM (Figure 2C) for TDP-431−260
and 96 ± 36 μM for TDP-431−102 (NTD only) (Supple-
mentary Figure 3 in the Supporting Information).
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 (Figures 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 (see Figures 2G and 2H). 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 the Methods section in the Supporting
Information) and was submitted to 1H NMR and mass
spectrometry for validation (see the supplementary figures
provided in the Supporting Information).
To define which residues in the RRM domains were

affected, we mapped the chemical-shift perturbations (CSPs)
induced by nTRD22 onto the known structure of TDP-
43102−269 (PDB: 4bs2

17) using a color gradient (Figures 2I and
2J). 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 RRM2.18

Moreover, Cys173 is also shown to be affected in the presence
of RNA.17 Replicates of this experiment showed a similar
profile of residues affected by nTRD22 (Supplementary Figure
5 in the Supporting Information). Although the shifts are
small, RNP-2 remains consistently shifted, even in different
CSPs (Supplementary Figure 5); in addition, 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-4315. 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 value of ∼100 μM (Figure
2K). We also used surface plasmon resonance (SPR) to
measure disruption of TDP-43-RNA binding (Figures 2L and
2M) and calculated an IC50 value of ∼145 μM and ∼30%
inhibition of TDP43-RNA interaction.

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) Two-dimensional (2D) representation of nTRD22 binding pocket in TDP-43 NTD
obtained from Glide docking. nTRD22 is predicted to make (i) hydrogen bonds (shown in pink) with Glu3, Tyr4, Gly69, and Ala66, (ii) Π−Π
stacking (shown in green) with Tyr43, (iii) a salt bridge (shown in blue) with Glu3, and (iv) a Π-cation interaction (shown 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 the presence of increasing concentrations (from 0.03 μM to 1 mM) of nTRD22 were used to
determine dissociation constant for binding of nTRD22 to TDP431−260. Apparent Kd = 145 ± 3 μM. Data are 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. (E−H) Close-up of shifts around TDP43 residues from TDP431−260 Cys173 (panel
(E)) and Gly148 and Gly110 (panel (F)) or from TDP43102−269 Cys173 (panel (G)) and Gly148 and Gly110 (panel (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 calculated as described in the Methods section in the Supporting Information. The horizontal lines are thresholds
(calculated as previously described17) above which a shift is considered significant with 2σ (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: 4bs217). (K) A concentration-dependent curve was obtained for nTRD22’s disruption of nucleic acid-TDP-
431−260 interaction at a single RNA concentration (0.6 nM). Data are 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 are represented as mean ± SEM (n = 3). Some error bars are
smaller than the symbols.
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TDP-43 NTD can be responsible for dimer formation of the
protein.11 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), because of self-interaction between TDP-
43 NTD and TDP-431−260 (Supplementary Figure 6A in the
Supporting Information). The experiment was repeated in the
presence of 200 μM nTRD22 or DMSO. Based on
quantification of the response signals, there was no significant
effect of nTRD22 on the interaction of TDP-43 NTD and
TDP-431−260 (Supplementary Figure 6B in the Supporting
Information). Thus, nTRD22 did not affect NTD dimeriza-
tion.
Previous studies indicated that disruption of TDP-43 RNA

binding in neuronal cells via the expression of RNA binding-
deficient TDP-43 elicits the formation of intranuclear droplet-
like structures and higher TDP-43 protein turnover.19 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 μM to 100
μM, and imaged GFP positive cells by automated fluorescence
microscopy.19,20 As expected, control cells incubated with
dimethylsulfoxide (DMSO) exhibited a diffuse GFP signal,
mainly in the nucleus, consistent with normal TDP-43
localization (Figure 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-EGFP19 (see Figures
3B and 3C, as well as Supplementary Figures 7A−7C in the
Supporting Information). This was accompanied by a dose-
dependent reduction in TDP-43-EGFP steady-state levels in
treated neurons (Figure 3D). No change in the fluorescence of
control cells transfected with EGFP was observed (Figure 3E).
At higher doses, we noted toxicity upon application of
nTRD22 to primary neurons (Supplementary Figure 7D in
the Supporting Information), potentially because of interfer-
ence with the 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 (Figures 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, which is a well-known model of ALS.15 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 survival.21

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 mela-
nogaster is an excellent animal model system to test
compounds.
We used the climbing assay, which is 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, which is a behavior
called negative geotaxis. A sensitized version of the negative

geotaxis assay that allows for earlier detection of milder defects
over time was used according to ref 22 (see Figure 4A).

Flies expressing TDP-43 in motor neurons using the GAL4-
UAS bipartite expression system exhibited locomotor defects
in negative geotaxis (Figure 4 and Supplementary Figure 8 in
the Supporting Information). nTRD22 was significantly able to
rescue climbing defects compared to DMSO-treated or naive
flies (Figure 4B). This rescue effect was increased in aged flies
(see Supplementary Figure 8).

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 μM nTRD22, or (C) transfected
with TDP-43-FL (RNA binding-deficient mutant). Quantitation of
GFP signal in TDP-43-EGFP (panel (D)) or EGFP (panel (E))
transfected primary neurons treated with increasing concentration of
nTRD22 or DMSO. Data are presented as mean ± SEM (n ≥ 183
neurons, from eight technical and three biological replicates).
Statistical difference was assessed by using a Kruskal−Wallis test
[legend: (***) p < 0.001; (**) p = 0.01].

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 assay.22 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 μM) resulted in increased motor performance,
compared to naiv̈e or DMSO-treated flies (n = 60, (****) p <
0.0001, two-way ANOVA).
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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 in ref 23 or (ii) modifying the
orientation of RRM1 and RRM2 toward each other, as
previously discussed,19 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 NTD: TDP-43102−269 molar ratio of 8:1. Data
showed few significant perturbations related to NTD
interacting with RRM domain (Supplementary Figure 9 in
the Supporting Information). Hence, we do not think there is
significant interaction between TDP-43 NTD and the RRM.
Unless the loop region between NTD and the RRM domains
influence binding, as this was not included in this experiment.
Therefore, all 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.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.0c00494.

Supplementary Table 1 (XLSX)

Description of the methods, spectral data, and all
supplementary figures (PDF)

■ AUTHOR INFORMATION
Corresponding Author
May Khanna − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States; orcid.org/0000-0002-9989-
6374; Phone: (520) 626-2147; Email: maykhanna@
email.arizona.edu; Fax: (520) 626-2204

Authors
Niloufar Mollasalehi − Department of Pharmacology, College of
Medicine and Department of Chemistry and Biochemistry,
University of Arizona, Tucson, Arizona 85724, United States;
Center of Innovation in Brain Science, Tucson, Arizona 85721,
United States; orcid.org/0000-0001-8777-8090

Liberty Francois-Moutal − Department of Pharmacology,
College of Medicine, University of Arizona, Tucson, Arizona
85724, United States; Center of Innovation in Brain Science,
Tucson, Arizona 85721, United States

David D. Scott − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States

Judith A. Tello − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States

Haley Williams − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States

Brendan Mahoney − Department of Chemistry and
Biochemistry, University of California, Los Angeles (UCLA),
Los Angeles, California 90095, United States

Jacob M. Carlson − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States

Yue Dong − Arizona Center for Drug Discovery, College of
Pharmacy and Pharmacology and Toxicology Department,
College of Pharmacy, University of Arizona, Tucson, Arizona
85721, United States

Xingli Li − Department of Neurology, University of Michigan
Health System, Ann Arbor, Michigan 48109, United States

Victor G. Miranda − Department of Pharmacology, College of
Medicine, University of Arizona, Tucson, Arizona 85724,
United States; Center of Innovation in Brain Science, Tucson,
Arizona 85721, United States

Vijay Gokhale − Bio5 Institute, University of Arizona, Tucson,
Arizona 85721, United States; orcid.org/0000-0003-2807-
4741

Wei Wang − Arizona Center for Drug Discovery, College of
Pharmacy and Pharmacology and Toxicology Department,
College of Pharmacy, University of Arizona, Tucson, Arizona
85721, United States; orcid.org/0000-0001-6043-0860

Sami J. Barmada − Department of Neurology, University of
Michigan Health System, Ann Arbor, Michigan 48109, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschembio.0c00494

Author Contributions
∇These authors contributed equally.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by grants from University of Arizona-
sponsored training grant, T32 grant from the National Institute
of Health (No. GM008804) and the National Institutes of
Health (No. 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., and Cleveland, D. W.
(2010) TDP-43 and FUS/TLS: Emerging roles in RNA processing
and neurodegeneration. Hum. Mol. Genet. 19, R46−R64.
(2) Ratti, A., and Buratti, E. (2016) Physiological functions and
pathobiology of TDP-43 and FUS/TLS proteins. J. Neurochem. 138,
95−111.
(3) Pinarbasi, E. S., Caǧatay, T., Fung, H. Y. J., Li, Y. C., Chook, Y.
M., and Thomas, P. J. (2018) Active nuclear import and passive
nuclear export are the primary determinants of TDP-43 localization.
Sci. Rep. 8, 7083.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Letters

https://dx.doi.org/10.1021/acschembio.0c00494
ACS Chem. Biol. 2020, 15, 2854−2859

2858

173

http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00494/suppl_file/cb0c00494_si_002.pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00494?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00494/suppl_file/cb0c00494_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acschembio.0c00494/suppl_file/cb0c00494_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="May+Khanna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9989-6374
http://orcid.org/0000-0002-9989-6374
mailto:maykhanna@email.arizona.edu
mailto:maykhanna@email.arizona.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Niloufar+Mollasalehi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8777-8090
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Liberty+Francois-Moutal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+D.+Scott"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Judith+A.+Tello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haley+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brendan+Mahoney"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jacob+M.+Carlson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingli+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+G.+Miranda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijay+Gokhale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2807-4741
http://orcid.org/0000-0003-2807-4741
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6043-0860
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sami+J.+Barmada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.0c00494?ref=pdf
https://dx.doi.org/10.1093/hmg/ddq137
https://dx.doi.org/10.1093/hmg/ddq137
https://dx.doi.org/10.1111/jnc.13625
https://dx.doi.org/10.1111/jnc.13625
https://dx.doi.org/10.1038/s41598-018-25008-4
https://dx.doi.org/10.1038/s41598-018-25008-4
pubs.acs.org/acschemicalbiology?ref=pdf
https://dx.doi.org/10.1021/acschembio.0c00494?ref=pdf


(4) Winton, M. J., Igaz, L. M., Wong, M. M., Kwong, L. K.,
Trojanowski, J. Q., and Lee, V. M. Y. (2008) Disturbance of nuclear
and cytoplasmic TAR DNA-binding protein (TDP-43) induces
disease-like redistribution, sequestration, and aggregate formation. J.
Biol. Chem. 283, 13302−13309.
(5) Nishimura, A. L., Zupunski, V., Troakes, C., Kathe, C., Fratta, P.,
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Direct targeting of TDP-43, from small molecules
to biologics: the therapeutic landscape

Liberty Francois-Moutal,ab David Donald Scottab and May Khanna *abc

Tar DNA binding (TDP)-43 proteinopathy, typically described as cytoplasmic accumulation of highly

modified and misfolded TDP-43 molecules, is characteristic of several neurodegenerative diseases such

as Amyotrophic Lateral Sclerosis (ALS) and limbic-predominant age-related TDP-43 encephalopathy

(LATE). TDP-43 proposed proteinopathies include homeostatic imbalance between nuclear and

cytoplasmic localization, aggregation of ubiquitinated and hyper-phosphorylated TDP-43, and an

increase in protein truncation of cytoplasmic TDP-43. Given the therapeutic interest of targeting

TDP-43, this review focuses on the current landscape of strategies, ranging from biologics to small

molecules, that directly target TDP-43. Antibodies, peptides and compounds have been designed or

found to recognize specific TDP-43 sequences but alleviate TDP-43 toxicity through different

mechanisms. While two antibodies described here were able to induce degradation of pathological

TDP-43, the peptides and small molecules were primarily designed to reduce aggregation of TDP-43.

Furthermore, we discuss promising emerging therapeutic targets.

Introduction

Tar DNA binding protein (TDP)-43 is a nucleic acid binding
protein consisting of three domains, a folded N-terminal
domain, two RNA Recognition Motifs (RRM1 and 2) and a
mostly unstructured C-terminal domain where most of the
known disease-associated mutations occur (reviewed in ref. 1).
Mostly localized to the nucleus, TDP-43 is a ribonucleic acid-
binding protein of the hnRNP family,2 that can translocate to the
cytoplasm and mitochondria.3–5 As a nucleic acid binding
protein, TDP-43 regulates RNA processing, including mRNA
splicing-mainly by binding to UG-rich intronic regions-, RNA
stability and transport (reviewed in ref. 6 and 7).

TDP-43 proteinopathies are usually characterized by cyto-
plasmic accumulation of misfolded and heavily modified
TDP-43, accompanied by nuclear clearance.8–10 The origin of
these aggregates is debatable, but stress granule and dynamics are
thought to play a role.11–13 Even though the exact mechanisms
remain largely unknown, pathological TDP-43 is thought to
exert a plethora of deleterious effects ranging from nuclear
transport inhibition by sequestering transport factors,14

to impaired autophagy and mitochondrial dysfunction,15

among others. The accumulation of those insults is thought

to ultimately lead to neurite loss and subsequent neuronal
death.

TDP-43 proteinopathies (review in ref. 16) include Amyo-
trophic Lateral Sclerosis – Frontotemporal lobar degeneration
(ALS-FTLD) spectrum, facial onset sensory and motor neurono-
pathy (FOSMN), Guam Parkinson-dementia complex (G-PDC)
with ALS (G-ALS), multisystem proteinopathy (MSP) and Perry
disease. Limbic-predominant age-related TDP-43 encephalopathy
(LATE) as well as cerebral age-related TDP-43 with sclerosis
(CARTS), recently discovered in older patients (Z85 years old),
have also been characterized as TDP-43 proteinopathies.
Moreover, Alzheimer’s disease and chronic traumatic encephalo-
pathy (CTE) have exhibited concomitant TDP-43 pathology.

Given the interest in targeting TDP-43 in neurodegenerative
diseases for therapeutic development, this report focuses on
the existing strategies, ranging from biologics to small molecules,
able to directly recognize or modulate TDP-43 pathology.
Structural insights on targeted regions of TDP-43 will aid our
understanding and may instruct future targeting. A more general
overview of compounds has been recently written that describes
how to mitigate pathological characteristics of TDP-43 such as
expression or mislocalization.17,18

Biologics
Antibodies targeting TDP-43

In 2012, Shodai and collaborators developed an antibody
against misfolded TDP-43 based on the assumption that
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RRM2 aberrant conformation is linked to pathological
TDP-43.19 They specifically focused their efforts on residues
E246 and D247 (Fig. 1A). Intriguingly, these residues are mostly
buried within the natively folded TDP-43 structure but they are
(i) part of an essential cleavage site in FTLD-U brains,10 (ii)
localized in a defined amyloidogenic core19,20 and (iii) implicated
in dimerization of RRM2 which is thought to lead to TDP-43
aggregation,21 similar to the dimer interface residues of SOD1
observed in familial ALS.22 Shodai and colleagues used a
subconstruct of TDP-43 consisting of amino acids 241–260, to
generate hybridomas which were later selected for their ability to
bind TDP-43 RRM2 but not E246G/D247G RRM2. The resulting
antibody was called 3B12A and recognized only highly dense
TDP-43 structures in the nucleus, cytoplasmic TDP-43 with an
impaired NLS as well as nearly 80% of TDP-43 inclusions in
anterior horn cells of ALS patients. This led to the conclusion
that exposed E246/D247 residues on TDP-43 may be a marker of
TDP-43 inclusions in ALS/FTLD.

The same group later discovered the ability of the 3B12A
antibody to induce proteasome degradation via a RIDPEDGETK
sequence found in the 3B12A heavy chain.23 That sequence
exhibits a high PEST score, which typically defines sequences
rich in proline, glutamic acid, serine, and threonine that act as
degradation signals.24,25 Further addition of a CMA (chaperone-
mediated autophagy) sequence to the 3B12A antibody, resulted

in efficient cell clearance of misfolded TDP-43 and reversed
TDP-43 induced toxicity in HEK293A cells overexpressing
cytoplasmic misfolded TDP-43 (TDP-43mNLS,C173S/C175S) as well
as in cerebral cortex of newborn mice transduced with
TDP-43mNLS,C173S/C175S.23 Even though further testing of this
strategy needs to be considered, especially in adult models and/
or patient derived induced stem cells, this was the first example
of direct targeting of TDP-43 by an antibody leading to cellular
clearance of pathological aggregates with therapeutic promise.

Another antibody was developed by Pozzi et al.,26 and is
described as targeting the TDP-43 RRM1 domain. The rationale
for this approach was based on TDP-43 RRM1 being implicated
in aggregation via its misfolding,27 similar to RRM2, and/or by
its oxidation.28 Another reason to target TDP-43-RRM1 was to
disrupt its interaction with p65 NF-kB, which binds TDP-43
NTD and RRM1 and leads to inflammation in glial cells and
sensitizes neurons to toxic insults.29 Although it should be
noted that the binding between TDP-43 and p65 was shown
through immunoprecipitation and not direct biophysical
interactions. To generate hybridomas, they used TDP-43
encompassing part of the N-terminal region, the nuclear
localization signal (NLS), and the entire RRM1 domain, which
presumably spans amino acids (aa) 31 to 176 as this is the
interface with p65 they describe.29 Then, they selected anti-
bodies based on their ability to detect the input TDP-43 protein
and to disrupt the p65 interaction, which led to the E6 anti-
body. Transfection of E6-derived vectors encoding single-chain
fragment variable (scFv) antibodies induced proteasome and
autophagy-driven degradation of TDP-43 in HEK293 cells.
Viral-mediated expression of a scFv antibody (named VH7Vk9),
further reduced LPS-induced inflammation markers in mouse
cortex. Finally, treatment with VH7Vk9 improved cognitive
function in TDP-43G348C mice, a well-known model of familial
ALS/FTD30 as well as motor performance in another model of
familial ALS/FTD, namely TDP-43A315T mice.30

Even though the exact binding site of the antibody remains
obscure and could very well implicate TDP-43-NTD, VH7Vk9’s
ability to induce TDP-43 degradation by promoting polyubiqui-
tination of TDP-43 without addition of a degradation signal is
striking. Analysis of the VH7Vk9 sequence might reveal a PEST
sequence, similar to ref. 23. Alternatively, the possibility that
VH7Vk9 disrupts aggregates leading to TDP-43 being accessible
to degradation was speculated by the authors.

Very recently, Trejo-Lopez developed two novel antibodies
against TDP-43 RRM2, specific to the human form.31 These
antibodies were raised against residues 198–216 of RRM2
(Fig. 1B), chosen based on the weaker conservation of this
sequence between human and mouse (68%) compared to the
rest of the sequence (97%). Antibodies 2G11 and 2H1 efficiently
recognized human TDP-43 over the mouse version of the
protein and were able to detect TDP-43 aggregates of ALS-FTLD
and LATE, in a comparable manner to a commercially available
anti-TDP-43 antibody. The authors describe that the novelty of
these antibodies resides in their preference for cytoplasmic
inclusions of TDP-43 over nuclear TDP-43, reminiscent of the
anti-pSer409/410, which recognizes phosphorylated-TDP43.

Fig. 1 Targeting of TDP-43 by antibodies. (A) The 3B12A antibody is able
to recognize aberrantly exposed E246 and D247 (red) in misfolded TDP-43
found in ALS tissues.23 (B) Two other antibodies, 2G11 and 2H1, developed
by ref. 31 to recognize a TDP-43 sequence specific to humans (blue) and
were able to recognize aggregates in samples from ALS-FTLD and LATE
patients (PDB ID: 4bs254).
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Structural analysis of the TDP-43 epitope recognized by 2G11
and 2H1 (Fig. 1B) reveals a sequence encompassing a loop
and alpha-helix, with no known modifications or mutations
attributable to disease state1 and this sequence is not at the
interface with nucleic acids. The recognition of this sequence by
the antibodies in cytoplasmic inclusions only, raises interesting
questions. It would be fascinating to investigate the antibodies
on normal patient samples to ascertain whether the site of
recognition does indeed contain yet undiscovered PTMs that
might not be detected by traditional mass spectrometry
techniques.

In addition to the discovery of possible therapeutic strategies
or diagnostic tools, these antibodies have uncovered unique
surfaces on TDP-43, that may be differentially exposed in the
disease state and relevant in TDP-43 cytoplasmic pathology.

Peptides targeting TDP-43

In 2013, Liu and collaborators developed peptides targeting
TDP-43-CTD to decrease TDP-43 aggregation and reduce sub-
sequent toxicity in cells.32 The assumption was that TDP-43
aggregation occurs through self-interaction and TDP-43 derived
peptides could mitigate aggregation. They defined these peptides
using a peptide array, where overlapping TDP-43 peptides were
tiled and incubated with full-length TDP-43. The interaction
peptides, named A, B, C, D and E, were all sequences from the
C-terminus region of TDP-43, but their exact sequences were not
disclosed. All five peptides were able to reduce TDP-43 interaction
with the peptide array, compared to a scrambled version of
peptide C. Tat conjugated peptides inhibited TDP-43 aggregation
of overexpressed TDP-43 as well as arsenite-induced TDP-43
inclusions in HeLa cells. The peptides were non cytotoxic but
were not able to rescue TDP-43 related toxicity either. The authors
hence concluded that inhibition of TDP-43 aggregation was not
sufficient in itself to rescue subsequent toxicity.

In another recent effort to promote clearance of TDP-43
aggregates, Gao et al. designed several multifunctional peptides
comprising a combination of three parts33 (Fig. 2A). The first
part is a hydrophobic motif consisting of adamantane, a
tricyclodecane cage-shaped compound. Adamantane-based
hydrophobic tagging has been used to mimic the unfolded
state of the target protein leading to its efficient
degradation,34,35 and has the advantage of increasing blood–
brain–barrier penetration of conjugated molecules.36,37 The
second part is a TDP-43 ‘‘recognition motif’’ consisting of TDP-43
peptides, either 311-MNFGAFSINP-320 or 246-EDLIIKGISV-255.
While the 246–255 sequence has been heavily described as an
amyloidogenic core,19,20 the sequence 311–320 is less studied but
was still reported as aggregation prone.20 It spans part of the
GaroS1 region (aa. 273–317), that contributes to the formation of
hydrogels38 and the very beginning of the hydrophobic region
(residues 318–340) that can adopt both helical and thioflavin-T-
positive filaments reminiscent of b-amyloid.39–42 The third part is
a cell-penetrating peptide: Tat (RRRQRRKKRG) or Poly-D-Arginine
(D-Arg)8. The C-terminal derived peptides were unsurprisingly not
further pursued because of low solubility. The peptide D4, which
contains E246/D247 residues, showed the strongest ability to

reduce TDP-43 levels in an N2a cell line overexpressing TDP-43,
while peptides lacking the hydrophobic adamantine moiety had no
effect. The results were recapitulated in Drosophila overexpressing
TDP-43. While enhanced degradation of TDP-43 by the D4 peptide
is implied because of the adamantane moiety, the authors did not
assess the effect of the D4 peptide on TDP-43 ability to autoregulate
its own RNA or on cytoplasmic inclusions. Nevertheless, this study
highlights again the seemingly central role of E246/D247 in TDP-43
misfolding and aggregation, making it an attractive therapeutic
target in neurodegeneration.

Small molecules

There are very few studies that focus on directly targeting
TDP-43, probably due to the lack of pockets traditionally
considered as druggable. The very first study targeting
TDP-43, in 2013, used a high-throughput alpha-screen to find
inhibitors of DNA binding.43 The emerging aminoquinoline
compounds augmented caspase-7 degradation of TDP-43 in
human neuroglioma H4 although the exact binding site and
mechanism of action of those compounds were never
elucidated.

In 2016, Prasad and collaborators44 examined the effect of
acridine derivatives potential to mitigate TDP-43 aggregation,
since acridine-based compounds were previously shown to
inhibit amyloid formation of PrPSc, among others45 (Fig. 3A).
The authors thus report AIM4, [4,5-bis{(N-carboxy methyl
imidazolium)methyl}acridine] dibromide, able to significantly
reduce in vitro TDP-43 amyloid-like aggregation as well as
TDP-43 inclusions in a yeast model cell. More recently,
Babinchak et al. showed the ability of 4,40-dianilino-1,10-
binaphthyl-5,5 0-disulfonic acid (bis-ANS), and other similar
compounds such as Congo Red, to modulate the liquid–liquid
phase separation (LLPS) of TDP-43.46 While those studies

Fig. 2 Peptides targeting TDP-43. (A) Structure of the peptides used in
ref. 33. (B) The RRM2 sequence used for peptide D4 (pink) is mapped on
TDP-43 structure (PDB ID: 4bs254). (C) The sequence MNFGAFSINP is
known to form aggregates (PDB ID: 5whn59).
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demonstrate the potential of planar molecules in binding and
mitigating TDP-43 aggregation/liquid phase separation, those
compounds will require extensive validation in terms of toxicity
and off-targeting properties since most of them are related to
intercalant molecules or are known to be extremely toxic.

In recent years, our laboratory has focused on rational,
structure-based targeting of TDP-43. Our first discovery used
an in silico approach targeting the RRMs,47 more specifically
the nucleic acid binding interface of RRM1, since mutations

inhibiting nucleic acid binding completely reversed ALS
phenotypes in TDP-43 overexpressed Drosophila models.48

We validated one compound, rTRD01, through NMR spectro-
scopy and Microscale Thermophoresis (MST), obtaining a
binding constant in the micromolar range (kD = 89.4 � 0.8 mM),
a relatively weak affinity that will be improved using structure
activity relationship (SAR) studies. Interestingly, this compound
was able to displace (GGGGCC)4 RNA, but not the native binding
of (UG)6 repeats, probably due to lower affinity of TDP-43 for

Fig. 3 Small molecules targeting TDP-43. (A) Planar molecules able to bind TDP-43 CTD and mitigate LLPS formation or CTD driven aggregation. (B)
rTRD01 (green, stick and balls representation) is thought to be able to bind both RRM domains of TDP-43 and displace nucleic acid binding (PDB ID:
4bs2).54 Residues shifted by rTRD01 binding to TDP-43 in HSQC-NMR are displayed in pink, stick and balls representation. rTRD01 is thought to bind
RRM1 and RRM2. (C) Composite figure of TDP-43 NTD (PDB ID: 5mdi63) with TDP-43 RRM domains (PDB ID: 4bs254). nTRD22 (green, stick and balls
representation) binds to TDP-43 NTD and allosterically modulates residues implicated in nucleic acid binding (pink, stick and balls representation) to
disrupt the binding. (D) Fragment compounds found to bind TDP-43.53 (E) Fragments are able to bind a pocket in TDP-43 RRM2 domain (red, stick and
balls representation). The pocket is near the residues D247 and R151 (blue, stick and balls), shown to form a salt bridge, necessary for nucleic acid binding
(PDB ID: 4bs254).
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(GGGGCC)4 (nanomolar) compared to the canonical sequence
(sub-nanomolar). Lastly, investigation of this compound in an
ALS Drosophila model resulted in reduced locomotor defects.

These experiments characterized the first small-molecule
directly targeting TDP-43 to identify therapeutics for ALS,
even though RNA-recognition pockets are more shallow than
conventional kinase ATP-binding pockets. It is important to
note that although rTRD01 was obtained from a screen against
RRM1, it could potentially also bind to RRM2 (Fig. 3B).
HSQC-NMR shifts were observed in both RRM domains and
it was not clear if this was due to allostery or direct binding to
RRM2; the simplest explanation is direct binding. Further
experiments will be used to determine if rTRD01 modulates
these RRM domains independently. Our findings also display
selective binding of TDP-43 to different RNA sequences.
Interference with binding of specific RNA sequences could
provide a therapeutic advantage by not altering native functions
of TDP-43, as well as the possible identification of pathological
biomarkers in neurodegenerative disease.

Another molecule we recently discovered is nTRD22
(Fig. 3C), found using the same pipeline as previously
described, but targeting the N-terminal domain (NTD).49 The
NTD is implicated in oligomer formation and support of
nucleotide binding,50–52 among other functions. Interestingly,
nTRD22 was shown to bind specifically to the NTD, with an
affinity of 145� 3 mM, but was also observed to (i) shift residues
in the RRM domains, as demonstrated by HSQC-NMR and (ii)
displace canonical UG6 binding, unlike rTRD01 that directly
targeted the RNA binding domains. We hypothesized that
nTRD22 could affect the RRM domain through allostery,
although current studies are ongoing to define how the NTD
portion of TDP-43 influences the RRM domains. nTRD22 was
further able to reduce TDP-43 protein levels in rodent primary
motor neurons, recapitulating TDP-43 RNA binding-deficient
mutants and supporting impaired TDP-43 binding to nucleic
acids. Finally, nTRD22 mitigated motor impairment in a
Drosophila model of ALS. This study not only shows the
possibility of TDP-43 NTD to be targeted by small molecules,
but also a possible therapeutic interest for such a strategy.

Through these works, potential allosteric interactions
between TDP-43 domains were brought to light, even though
further investigation is needed to understand the precise
mechanism. This insight proposes new intrinsic regulatory
roles of TDP-43, as well as a new landscape of therapeutics.
As stated before, targeting the NTD resulted in a better inhibition
of canonical UG6 RNA binding which might help achieve higher
specificity with fewer off-target effects than rTRD01.

Other than our studies, an effort to find molecules targeting
TDP-43 using a fragment-based NMR study identified hits that
bound to the RRM domain.53 Three different NMR techniques
were used, saturation transfer difference (STD), water ligand
observed via gradient spectroscopy (WaterLOGSY) and Carr–
Purcell–Meiboom–Gill (CPMG), to screen 89 cocktails, each
containing 10 small molecules. A secondary screen on individual
compounds, using the same NMR techniques, revealed four hits
that were further examined using Chemical Shift Perturbations
(CSPs) of the 15N-labeled tandem RRMs of TDP-43. Three of
these hits, 1, 2 and 3, were able to induce significant CSPs on
RRM2 residues G245, E246, H256, I257 and S258 (Fig. 3D and E).
This group further validated the binding of these 3 compounds
to TDP-43 RRM2 only using HSQC. Hit 1 was docked on TDP-43-
RRM (PDB ID: 4bs254) using the data driven approach
HADDOCK and was predicted to form a hydrogen bond with
the side chain of S258.

While the authors note that their hits 1–3 bind near a
nucleic acid binding site on TDP-43 and that a fragment growth
strategy can be used to target residues Asn259, and Glu261,
implicated in RNA/DNA recognition, it should be noted
that RRM2 binding to nucleic acid by itself is very weak, as
previously shown by mutations in RRM2 domain,21,55 which
questions the efficiency of this approach. An alternative strat-
egy to inhibit nucleic acid binding could be to target D247,
which makes a salt bridge with R151, stabilizing the RRM1-
RRM2 orientation when RNA is bound56 (Fig. 3D). It is also
interesting to note that the pathologically exposed and cleaved
E246 is being targeted by compounds 1–3. Given the role of
E246/D247 in ALS, as described before, this avenue represents
an interesting alternative therapeutic option.

Table 1 Summary of candidate therapeutics directly targeting TDP-43

Name
Therapeutic
type

Targeted
site Cell Fly Mice

3B12A Antibody Misfolded
RRM2

Clearance of pathological TDP-43
in HEK293A cells

N/A Clearance of TDP-43 aggregates in newborn
mice transduced with TDP-43mNLS,C173S/C175S

VH7Vk9 Antibody Misfolded
RRM1

Induced proteasome and
autophagy-driven degradation of
TDP-43 in HEK293 cells

N/A Improved cognitive function in TDP-43G348C

mice

Liu ‘‘A, B,
C, D, E’’

Peptide CTD Reduced aggregation of TDP-43 in
HeLa cells but not toxicity

N/A N/A

Gao
‘‘D4’’

Peptide CTD Reduced TDP-43 levels in an N2a
cell line overexpressing TDP-43

Recapitulated in Drosophila
overexpressing TDP-43

N/A

AIM4 Small
molecule

CTD Reduced TDP-43 inclusions in a
yeast S. cerevisiae model

N/A N/A

rTRD01 Small
molecule

RRM1/2 N/A ALS Drosophila model results
in reduced locomotor defects

N/A

nTRD22 Small
molecule

NTD Reduced TDP-43 protein levels in
rodent primary motor neurons

Mitigated motor impairment
in Drosophila model of ALS

N/A

RSC Chemical Biology Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ne
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
22

 1
1:

26
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

180

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00110h


© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2021, 2, 1158–1166 |  1163

Conclusion

Given the attractiveness of targeting TDP-43 directly to treat
neurodegenerative diseases, such as ALS-FTLD, the last few
years have seen several different strategies emerge with variable
success (Table 1). Antibodies, peptides and compounds have
been designed or found to recognize specific TDP-43 sequences
but alleviate TDP-43 toxicity through different mechanisms.
While two antibodies described here were able to induce
degradation of pathological TDP-43, the peptides and small
molecules were primarily designed to target aggregation of
TDP-43.

Despite its lack of traditional targetable pockets, we and
others have shown the ability of small molecules to bind
TDP-43, albeit with a rather low affinity.47,49,53 SAR studies
focusing on improving the affinity of existing compounds will
reveal how effective these strategies are by increasing potency
without increasing off-targeting. Alternatively, exploiting
conjugation of proteolysis targeting chimera (PROTAC) to these
small molecules is a potential new avenue. PROTAC relies on
two covalently combined molecules, one recognizing the
protein target and the other able to recruit an E3 ubiquitin
ligase for ubiquitination and subsequent degradation of the
protein target.57 Even though TDP-43 is already ubiquitinated
in pathological aggregates, antibodies targeting TDP-43 were
able to direct TDP-43 towards degradation with and without
direct ubiquitination.23,26 PROTAC targeting of TDP-43 is thus a
potential new strategy, with the caveat that the approach does
not target well-folded physiological TDP-43 over inclusions.
From this review, it is clear that targeting residues E246 and
especially D247 is of high interest, since they seem to be
exposed in TDP-43 inclusions.23 The coupling of targeting this
pathological surface with a degradation strategy led to efficient
clearing of aggregates.

In defining therapeutics that can target the predominantly
unstructured C-terminus of TDP-43, there are two plausible
modes of action: the peptides could either modulate or disrupt
protein–protein (PPI) interactions that occur through the
C-terminus. There are also other mechanisms we do not consider,
such as modulation of condensate, either directly or through
condensate formation, or binding to other non-proteinaceous
entities. On the other hand, targeting the TDP-43 CTD seems
highly challenging. Peptides targeting the CTD failed;32,33 it is
highly unstructured in the soluble form and forms polymorphic
fibrils,58 making rational design of molecules difficult. Further,
there is disease and tissue heterogeneity of TDP-43 C-terminal
fragments in terms of composition and structure. Nevertheless,
recent efforts, led by the Eisenberg laboratory among others, in
structurally characterizing TDP-43 CTD peptides,42,58–61 with
and without mutations, will help tremendously in targeting
this region. Based on similar efforts to structurally characterize
tau segments driving aggregation by MicroED, inhibitors of
tau aggregation were developed by targeting VQIINK steric
zipper interfaces with peptides derived from the same
sequence (VQIINK).62 Based on these studies, they suggest tau
amyloid polymorphism with distinct structures of tau fibrils.

Similar efforts on structurally defining patient derived TDP-43
inclusions, which are possibly polymorphic, are very likely to
provide in the future the mean to design small molecules or
biologics that might specifically target these structures.

Although none of the strategies described here have led to
compounds that have reached clinical trials, several promising
targeting options have been developed. Given the challenges
consistently faced in neurodegenerative disease drug development,
there needs to be extreme care in choosing appropriate: (i)
animal models, potentially in combination with patient derived
stem cells, to translate specific disease hallmarks being
targeted, (ii) formulation, delivery route and ability to
eventually cross the blood–brain–barrier by the drug candidates
and (iii) better clinical trial design, for optimal and successful
development of therapeutic candidates.

Further experiments are needed to define efficiency and/or
utilize combinations of therapies to achieve clearance of toxic
aggregates as well as inhibition of TDP-43 pathology.
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