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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 

*Corresponding Author M.K. maykhanna@email.arizona.edu. 

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschembio.9b00481.
Additional methods, structures, chemical names, docking scores, and docking poses of top 8 hits from in silico docking, 1H STD 
NMR of binding of small molecules to TDP-43 RRM, phenotypic screening of rTRD compounds, and cytotoxicity in NSC34 cells of 
rTRD01 (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2019 December 14.

Published in final edited form as:
ACS Chem Biol. 2019 September 20; 14(9): 2006–2013. doi:10.1021/acschembio.9b00481.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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.

Graphical Abstract

Ahallmark 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, investigations 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. 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 hypothesis 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
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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. 

Computational 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.

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 
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with Gly146, a residue from the ribonucleoprotein 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 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 spectroscopy (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 
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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 ± 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 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.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 
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interactions relevant in ALS. Moreover, 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 encephalopathy (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).
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rTRD01 (log P = 1.3) has not been previously reported as an aggregator, or to be similar to 

an aggregator, as predicted by 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 Resonance (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 Magnetic 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:
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d = 1
2 δH

2 + 0.14δN
2

The population standard deviation from the average change38 for the entire protein was 

calculated using

σ = ∑ Xi − μ 2/N

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 instructions. 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 concentrations 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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).

François-Moutal et al. Page 12

ACS Chem Biol. Author manuscript; available in PMC 2019 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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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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).

François-Moutal et al. Page 14

ACS Chem Biol. Author manuscript; available in PMC 2019 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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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