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TDP-43 is a DNA/RNA-binding protein associated with different neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD-U). Here, the structural
and physical properties of the N-terminus on TDP-43 have been carefully characterized through a
combination of nuclear magnetic resonance (NMR), circular dichroism (CD) and fluorescence anisotropy
studies. We demonstrate for the first time the importance of the N-terminus in promoting TDP-43 olig-
omerization and enhancing its DNA-binding affinity. An unidentified structural domain in the N-terminus
is also disclosed. Our findings provide insights into the N-terminal domain function of TDP-43.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

TAR DNA binding protein (TDP-43) is a ubiquitously expressed
DNA/RNA-binding protein implicated in gene transcription, pre-
mRNA splicing and translational regulation [1,2]. It represses tran-
scription in HIV-1 and causes exon skipping of the cystic fibrosis
transmembrane regulator (CFTR) gene [3,4]. TDP-43 contains two
RNA recognition motifs (RRMs), RRM1 and RRM2, which primarily
recognize single-stranded (TG),/(UG), repeats, although recogni-
tion of other pyrimidine-rich sequences at lower affinity has also
been reported [2,5,6]. The C-terminus of TDP-43 is an intrinsically
disordered region which interacts with heterogeneous nuclear
ribonucleoprotein (hnRNP) A2 and fused-in-sarcoma/translated-
in-liposarcoma (FUS/TLD), and might be involved in RNA process-
ing [7,8].

Recently, TDP-43 has also been shown to be the major compo-
nent associated with two important neurodegenerative diseases
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including amyotrophic lateral sclerosis (ALS), a common motor
neuron disease, and frontotemporal lobar degeneration with ubiq-
uitin inclusions (FTLD-U), the second-most common dementia
afflicting humans [4]. In the neuronal inclusions of these patients,
N-terminally truncated TDP-43 could be easily found. These find-
ings implied TDP-43 as a major culprit in neuropathology, a subset
now known as TDP-43 proteinopathies. While the C-terminus has
been shown to be the major region associated with ALS/FTLD-U
due to its ability to form aggregates [9-12] and amyloid fibers
in vitro [13], other studies have also suggested that the DNA/RNA
binding activity of TDP-43 could play a role in these diseases
[6,14,15].

In contrast, the biochemical and pathological roles of the N-ter-
minus have been seldom studied. Research in yeast and mamma-
lian cells have shown that the loss of the N-terminus may
enhance aggregation, thus underscoring its potential importance
in TDP-43 function and possible roles in pathogenesis [16,17].
Here, we have characterized the structural and physical properties
of the N-terminus of TDP-43. Our results indicate that the N-termi-
nus contains an unidentified structural domain and promotes olig-
omerization in a concentration-dependent fashion. Moreover, the
presence of the N-terminus enhances the binding of the two
RRM domains towards single-stranded (TG)s DNA. The conse-
quences of our findings are discussed in the context of TDP-43
function.
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2. Material and methods
2.1. Plasmid construction

TDP;_105, TDP1g6-265 and TDP;_,65 were subcloned from vector
containing full-length TDP-43 (a generous gift from Dr. Benjamin
Tu, Academia Sinica) into pET-17b plasmid (Novagen, MA) with se-
quences encoding a short Hisg-tag inserted at the N-terminus of
the protein for purification purposes. pQE-30 (Qiagen, CA) vectors
encoding TDP101-191, TDP192_265, or TDP1g1-265 with a N-terminal
Hise-tag was a kind gift from Dr. Hanna Yuan (Academia Sinica).

2.2. Protein expression and purification

Different experimental conditions were applied to obtain prop-
er expression and purification of the truncated TDP protein (details
in Supplemental Materials). Truncated TDP proteins were ex-
pressed in Escherichia coli BL21 (de3) or M15 strains in LB media
and the cells lysed by French press or microfluidizer. The lysate
was centrifuged at 15,000g for 1 h. His-tagged proteins were puri-
fied by passing the soluble lysate through Ni%*-chelated resin and
washed/eluted with buffer containing 20-400 mM imidazole.
Eluted proteins were subjected to further purification with a size
exclusion column. The purified protein was confirmed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
with the NuPage SDS-PAGE system (Invitrogen, CA). Isotope-
labeled protein samples were prepared by culturing the cells in
M9 media supplemented with >’NH,4CI (Isotec, OH) and, in the case
of deuterated samples, D,0. Protein concentrations were deter-
mined by measuring the optical absorbance at 280 nm with a Beck-
man DU-800 (Beckman Coulter, IN) or Nanodrop ND-1000 (Thermo
Scientific, MA) spectrophotometer.

2.3. Nuclear magnetic resonance (NMR) spectroscopy

Proteins were dissolved in buffer (25 mM HEPES, 150 mM Na(l,
1 mM DTT, 10% D,0, pH 6.3 or 7.4) for NMR experiments. Protein
concentration and buffer pH were chosen on the basis of protein
stability/solubility. Spectra were acquired at 25°C on a Bruker
Avance III 600-MHz spectrometer equipped with a TCI cryoprobe.
Data were processed with TopSpin 3.0 (Bruker, Germany) and
iNMR (Nucleomatica, Italy). The 'H chemical shift was referenced
to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm and
the N chemical shift was referenced indirectly according to the
[UPAC recommendations [18].

2.4. Circular dichroism (CD) spectroscopy

CD measurements were performed on 5 LM protein with a Jasco
J-815 spectropolarimeter (Jasco, Tokyo, Japan) by scanning the
wavelength from 260 nm to 190 nm at 25 °C. A cuvette with a
pathlength of 1 mm was used. The secondary structure content
was estimated on the DICHROWEB server with the CDSSTR algo-
rithm using Reference Set #7, which contains a mix of structured
and disordered proteins, as the reference database [19,20].

2.5. Analytical size-exclusion chromatography (SEC)

All SEC experiments were performed on AKTA fast protein li-
quid chromatography (FPLC) systems at 4 °C with the elution pro-
files monitored through absorbance at 280 nm. Protein in running
buffer (25 mM HEPES, 150 mM NaCl, 1 mM DTT, 50 mM arginine,
50 mM glutamic acid, pH 7.4) was passed through a Superdex-
75/60 HiLoad column (GE Healthcare, MA) pre-calibrated with
the Gel Filtration LMW Calibration Kit (GE Healthcare, MA) with

a flow rate of 1 mL/min. Lower concentration samples were pre-
pared by directly diluting the higher concentration samples with
running buffer.

2.6. Fluorescence anisotropy

Fluorescence anisotropy measurements were acquired on a
Chronos-FD spectrofluorimeter (ISS, IL) with an excitation and
emission wavelength of 473 and 536 nm, respectively. Single-
stranded (TG)s DNA with 6-carboxyfluorescein (FAM) at its 5'-
end was purchased (Protech Systems, Taiwan). Binding reactions
were carried out in reaction buffer (10 mM sodium phosphate
and 1 mM EDTA, pH 8.0) with a final DNA concentration of
10 nM. Anisotropy values were calculated from the fluorescence
intensity (I) and gain (G) in parallel and perpendicular modes using
the relation R=(Ry— Ry)/(Ry+2Ry), where Ry=Gyl;/G.I, and
Ry=G/G, [21,22]. Binding constants were obtained by analyzing
the data with GraphPad Prism 5 software (GraphPad, CA).

3. Results
3.1. Structural features and domain arrangement of the NTD in TDP-43

The Regional Order Neural Network (RONN) protein order-
disorder predictor was applied to predict the conformation within
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Fig. 1. (A) Order/disorder region of TDP;_565 predicted by DisEMBL. (B) Schematic
of different TDP constructs used in this study. (C) SDS-PAGE of purified proteins
including TDP1¢1-265, TDP1_265, TDP1_105, TDP106-265, TDP101-191 and TDPyg_26s.
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TDP;_365 and suggested an ordered region within its N-terminus
(Fig. 1A) [23]. This prediction is consistent with recent literature,
but has never been confirmed experimentally [13]. We constructed
various TDP-43 truncations (Fig. 1B) and characterized their puri-
ties (>95%) by SDS-PAGE (Fig. 1C). '°N-edited heteronuclear sin-
gle-quantum coherence spectra ('>N-HSQC) have been widely
used as a tool to monitor order/disorder in proteins [24]. For large
proteins, >N-HSQC often suffers from low sensitivity due to fast
transverse relaxation effects and it is essential to obtain '>N-TROSY
(*>N-edited transverse relaxation optimized spectroscopy) of per-
deuterated and uniformly 'N-labeled protein samples for struc-
tural characterization [25]. In the case of TDPj_igs, it was
necessary to use extremely low concentrations (~20 uM) of per-
deuterated protein to obtain quality '’N-TROSY spectrum
(Fig. 2A) due to its aggregation-prone potency, suggesting that
even at this low concentration TDP;_;¢s5 is not in a pure monomeric
state. Nonetheless, the resonance dispersion on the 'H axis sug-
gested the presence of a structural domain within this construct.
Clustering of resonances between 7.5-8.5 ppm on the 'H axis also
identified the possible existence of helices or disordered regions in
TDP;_105. The presence of helix in TDP,_ig5s can be ruled out
from CD analysis as discussed below. The structures of RRM1
(TDP]01_19]) and RRM2 (TDP]92_255) have been solved and their
1SN-HSQC spectra are well dispersed, as expected (Fig. 2B)
[26,27]. The '>N-HSQC spectrum of TDP;_,g5 is composed of many
well-resolved resonances and some resonances clustered around
7.5-8.5ppm in the proton dimension (blue resonances on
Fig. 2C). When overlaid on the '>N-HSQC of TDP;_105 (red reso-
nances on Fig. 2C), the two spectra showed a number of well-
superimposed dispersed resonances, indicating that the structural
domain at the N-terminus is preserved in TDP;_,gs. The >N-HSQC
spectrum TDP;01_265, the di-domain consisting of RRM1 and RRM2,
is practically the sum of the '>’N-HSQC spectra of RRM1 and RRM2,
suggesting that the two RRMs are independent structural entities
with little interaction between them (magenta resonances on
Fig. 2B). To investigate whether the structure of the two RRMs
were perturbed by the presence of the N-terminal domain (NTD),

we have superimposed the spectrum of TDPq;_265 onto that of
TDP;_,65 (Fig. 2D). Interestingly, the resonance positions between
the spectra of the two constructs were quite matched, which
hinted that the structures of the two RRM domains are not
perturbed by linking them to the N-terminus between the NTD
and the two RRMs in TDP-43.

The low concentration necessary to obtain quality spectrum for
TDP;_105 precluded our ability to assign the resonances and solve
the structure of the NTD. To obtain more information about the
structure, we compared the CD spectra of TDP;_1o5, MTDPg6_265
and TDP;_»g5 (Fig. 2E). Their secondary structure contents were
estimated through decomposition analysis of CD spectra and listed
in Table 1. The results for TDP;0s_265 is in good agreement with that
calculated from the determined structures of RRM1 and RRM2. Dif-
ferent from other domains, TDP;_;05 showed preponderance to-
wards B-strand (~35%) and unordered structures (~45%) that
were consistent with secondary structure predictions (results not
shown). This result was also consistent with the NMR spectral fea-
tures of TDP;_105 (Fig. 2A), namely the generally well-dispersed
resonance pattern - often a hallmark of proteins containing B-
sheet structure - and the cluster of resonances between 7.5-
8.5 ppm on the 'H axis representing disordered structure.

3.2. Oligomerization properties of the NTD

To obtain insights into the possible function of the NTD, analyt-
ical SEC was used to characterize the biophysical properties of dif-
ferent TDP-43 fragments (Fig. 3A-C). We observed a gradual shift
in the retention volume of the main peak of TDP;_;¢5 (Fig. 3A) with
concentration, which was recapitulated by the same experiments
with TDP;_565 (Fig. 3C). On the other hand, TDP¢¢_265 eluted out
with the same retention volume at 20 and 100 pM protein concen-
trations (Fig. 3B). It is noted that TDP;gg_265 aggregation increased
dramatically at concentrations above 150 uM, thus preventing us
from further SEC analysis. Since the low-concentration samples
were obtained by directly diluting the high-concentration samples
with buffer, our results suggested that TDP;_ios is capable of
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Fig. 2. NMR and CD spectra of TDP-43 constructs. (A) '>N-TROSY spectrum of 20 uM TDP;_;¢s at pH 6.3. (B) ">’N-HSQC spectra overlay of 200 uM TDP;¢;_19; (black), 200 uM
TDP;0,_265 (green), and 100 uM TDP;o1_z65 (magenta) at pH 7.4. (C) Overlay of 20 puM TDP;_565 '°N-HSQC (blue) and 20 M TDP;_105 '°N-TROSY (red) spectra at pH 6.3. The
TROSY spectrum has been shifted to match the chemical shift referencing of the HSQC spectrum. (D) Spectrum overlay of 100 ptM TDP;¢;_2¢5 (magenta) and 20 pM TDP;_,¢5
(blue) at pH 7.4. (E) CD spectra of TDP;_1o5 (dotted line), TDP;06_265 (solid line), and TDP;_,¢5 (dashed line).
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Table 1
Predicted secondary structure composition from the CD analysis of TDP-43 variants.

Construct Helix (%) Strand (%) Turn (%) Unordered (%)
TDP1_105 1 34 18 44
TDP;06-265 18 27 20 35
TDP;_z65 3 35 20 39

oligomerization in a dynamic and reversible manner. At higher
concentrations, additional peaks eluted out before the main peak
in the chromatograms for both TDP;_;95 and TDP;_,¢s, indicating
the presence of other larger oligomer species. Our results showed
that more than one oligomer species are present in solution when-
ever the NTD is included in the construct, indicating that the NTD
promotes reversible oligomerization of TDP-43.

Additional evidence is provided by the concentration depen-
dence of the NTD NMR spectra (Fig. 3D-G). The line widths of res-
onances are more uniform at 20 uM TDP;_195 concentration
(Fig. 3D) than at 400 pM concentration (Fig. 3E). Increasing TDP;_
105 concentration resulted in a gradual decrease in intensity of the
well-dispersed resonances (Fig. 3F), whereas resonances between
7.5-8.5 ppm on the 'H axis remained largely the same (Fig. 3G).
At protein concentrations above ~100 uM, the well-dispersed
resonances broaden out even when using perdeuterated protein

A.TDP1-105
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and TROSY experiments (Supplemental Fig. S2), suggesting that
large oligomers are formed at higher concentrations that are be-
yond the size limit of current NMR technique. It is noted that while
the NMR and SEC results are in qualitative agreement, the effective
concentrations in the SEC column is much less than those in the
NMR tube because of the column dilution factor during the chroma-
tography run, resulting in much larger oligomers at a given concen-
tration for the NMR experiments. The fact that the resonances
between 7.5-8.5 ppm on the 'H axis retain their signal at higher
protein concentrations indicated that the resonances arising from
flexible regions within TDP;_;o5 remain flexible when large oligo-
mers are formed and implied that the contact residues during the
oligomerization process reside in the structured region of the NTD.

3.3. The NTD contributes towards nucleic acid binding of TDP-43

Both RRM1 and RRM2 have been reported to bind strongly to
either single-stranded or double-stranded DNA/RNA [2]. In an at-
tempt to confirm whether the presence of NTD may affect other
biochemical properties of TDP-43, we conducted fluorescence
anisotropy measurements to monitor the binding of different
TDP-43 fragments towards single-stranded DNA (Fig. 4), ss(TG)s,
and analyzed their binding properties (Table 2). We found
that TDP;_,0s5 did not bind to ss(TG)s significantly (Fig. 4A), but

— 100
J D — E n
2 20 pM , 400 pM [iR s
N £
e . 2 5
b " g
40 50 60 70 80 90 ¢ LI | Y l11g €
Retention Volume (ml) : : f K ) r ; 2
Q
B.TDP106-265 . N (AT z
—_— ‘.' L I‘G l124 =
1.04 A "
' '
o 0.81 L . .' . ‘. 130
f 0.64 10 9 8 710 9 8 7
Q o4 'H chemical shift (ppm) 'H chemical shift (ppm)
20
3 02
¢ 0.24
o
0.04 G
o e 0 s 0 ] el L
; p2 7 o« p12
Retention Volume (ml) 2 : -Proz 'c-/ 13
2 a1 —8 014
C.TDP 1-265 § L —p=p4 =o=p9 g g E75
| = —=p5 —+=pl0 g 16
1.01 |=—20 um 4 = 517
J|— 100w £ 0.51 051
£ 98] |— 200 um ° & w:
<C 0.6 |——414uM = ~4=p18 =&=p19 =g=p20
o 0.0+ 0.0 Sprmpryr—pr—pr—y—r—p—————
= 0.44 0 100 200 300 400 0 100 200 300 400
© 0.2 Concentration (uM) Concentration (pM)
© 0.21
0.04

30 40 50 60 70 80
Retention Volume (ml)

Fig. 3. Effect of protein concentration on oligomerization of NTD. Analytical gel filtration results at different protein concentrations are shown for (A)TDP;_10s, (B)TDP106-265,
and (C)TDP;_,¢5. Absorptions at 280 nm were normalized to the highest peak of each chromatogram. Raw data chromatograms are shown in Supplemental Fig. S1. >N-TROSY
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protein concentration. Resonance positions are listed in Supplemental Table S1 and spectra at 50, 100 and 200 puM are shown in Supplemental Fig. S2.
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Fig. 4. Binding isotherms of TDP variants to ssDNA monitored by fluorescence
anisotropy spectroscopy. The anisotropy changes in fluorophore-attached ss(TG)g
upon binding to TDPi_10s, TDPjos-265, and TDP; 565 are shown in (A)-(C),
respectively.

Table 2
The DNA binding parameters of TDP-43 derived from the fluorescence anisotropy
studies.

TDP;_105 TDP106-265 TDP;_265
Kd (nM) >4 % 107 312412 100+6
ny N. A? 2.1+02 1.8+0.2

2 Non-specific binding.

TDP;_565 showed a 3-fold increase in apparent binding affinity
compared to TDP;gs-265 (Fig. 4B and C). The Hill coefficients (ny)
for TDP;_,65 and TDPge_265 Were both close to 2, which suggested
that each oligonucleotide bound more than one polypeptide chain.
Based on these results and our findings regarding the oligomeriza-
tion properties of the NTD discussed above, we suggest that the
additional binding energy originated from the NTD-NTD
interactions.

4. Discussion

It is evident that the three structural domains (NTD, RRM1 and
RRM2) of TDP-43 are arranged in a “beads on a string” fashion with
each domain acting as an independently folded entity (Fig. 2).
The NTD acts as an oligomerization domain in a concentration

dependent manner, and NTD-NTD interactions most likely require
the structured region. Our CD data lead us to surmise that the
structured region of the NTD should be rich in p-strands (Fig. 2E),
so the oligomerization is probably mediated by a B-sheet structure.
At first glance, structural studies of the NTD should be amenable to
a “divide-and-conquer” approach; however, structure determina-
tion of the NTD is hampered by its intrinsic properties: the extre-
mely low concentration required to obtain good NMR spectra
makes solution structure determination unfeasible whereas high
intrinsic disorder content (Fig. 1 and Table 1) and dynamic oligo-
merization behavior will pose problems during crystallization [28].

It has been previously reported that the dimerization of TDP-43
in vivo required the presence of both the NTD and RRM1 with nei-
ther alone being sufficient for promoting dimerization, whereas
our SEC results suggest that the NTD alone is capable of oligomer
formation (Fig. 3) [29,30]. This discrepancy may arise from the dif-
ferent methodologies employed in these experiments. While the
former utilized non-equilibrium pull-down methods that tend to
underestimate the amount of oligomers in dynamic equilibrium
due to extensive washing of the binding matrix [31], the latter
did not require a washing step and was able to preserve the weak
NTD-NTD interaction. Further stabilization of the TDP-43 dimer
in vivo could be provided by RRM1 in the form of ternary interac-
tions such as binding to RNA or self-association in addition to the
NTD-NTD interaction [2].

There is still little information on the functional role of the NTD,
making it difficult to speculate how NTD oligomerization could im-
pact TDP-43 function. One possibility is for NTD oligomers to form
an interaction platform for other proteins such as nuclear factor kB
(NF-xB), which was reported to interact with the NTD and proba-
bly involved in microglia-mediated neurotoxicity [32]. A second
possibility based on our findings (Fig. 4) is for NTD oligomers to
act as a facilitator of TDP-43 nucleic acid binding. While ss(TG)g
has an average of 1-2 protein-binding sites, thus limiting the num-
ber of possible protein-protein interactions, longer nucleotide se-
quences would be able to bind to a larger number of proteins
and lead to increased NTD-NTD interaction [33]. Furthermore,
nonspecific interactions between TDP-43 and DNA/RNA could ele-
vate the local concentration of the NTD at the binding sites, result-
ing in enhanced NTD-NTD interaction [2]. The additional free
energy from these interactions could help TDP-43 bind to lower
affinity but functionally important sites such as the 3’-untranslated
region of its own transcript and sparse UG-rich sequences [6,14].
However, whether such a coupling between nucleic acid binding
activity and oligomerization of TDP-43 really exists and how it
would work remains to be determined.

In summary, we established the structural domain arrangement
of the NTD, RRM1 and RRM2 in TDP-43 and carried out biophysical
characterization of the NTD. The NTD is involved in homotypic
interactions and likely modulates nucleic acid binding properties
of TDP-43 in an indirect fashion. Considering the lack of under-
standing of the role NTD plays in TDP-43 function, our findings
provide a basis for comprehensive studies on the functional and
structural aspects of the NTD in the future.
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