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An ALS-mutant TDP-43 neurotoxic peptide adopts
an anti-parallel B-structure and induces TDP-43
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TDP-43 proteinopathies are clinically and genetically heterogeneous diseases that had been considered distinct
from classical amyloid diseases. Here, we provide evidence for the structural similarity between TDP-43 peptides
and other amyloid proteins. Atomic force microscopy and electron microscopy examination of peptides span-
ning a previously defined amyloidogenic fragment revealed a minimal core region that forms amyloid fibrils simi-
lartothe TDP-43fibrils detected in FTLD-TDP braintissues. An ALS-mutant A315E amyloidogenic TDP-43 peptide
is capable of cross-seeding other TDP-43 peptides and an amyloid-3 peptide. Sequential Nuclear Overhauser
Effects and double-quantum-filtered correlation spectroscopy in nuclear magnetic resonance (NMR) analyses
of the A315E-mutant TDP-43 peptide indicate that it adopts an anti-parallel B conformation. When added to cell
cultures, the amyloidogenic TDP-43 peptides induce TDP-43 redistribution from the nucleus to the cytoplasm.
Neuronal cultures in compartmentalized microfluidic-chambers demonstrate that the TDP-43 peptides can be
taken up by axons and induce axonotoxicity and neuronal death, thus recapitulating key neuropathological
features of TDP-43 proteinopathies. Importantly, a singleamino acid change inthe amyloidogenic TDP-43 peptide
that disrupts fibril formation also eliminates neurotoxicity, supporting that amyloidogenesis is critical for TDP-43
neurotoxicity.

INTRODUCTION

Intense efforts have been made to understand the molecular
pathogenesis of neurodegenerative diseases, including dementia
[e.g. Alzheimer’s disease (AD) and frontotemporal lobar degen-
eration (FTLD)], motor neuron diseases [e.g. Amyotrophic
lateral sclerosis (ALS)], Parkinson’s disease (PD) and spongi-
form encephalopathies (e.g. prion diseases). One common char-
acteristic of these neurodegenerative diseases is the aggregation
and misfolding of disease-associated proteins in the affected

neurons (1,2). Such proteins include amyloid-B in AD,
a-synuclein in PD, prion proteins in spongiform encephalopathy
and more recently, TDP-43 in TDP-43 proteinopathies. A shared
biochemical feature of these proteins is the propensity to form
amyloid fibrils [for recent reviews see (1,3) and references
within; (4)]. However, the structural basis for TDP-43 amyloido-
genesis and its role in neurotoxicity remain to be elucidated.
TDP-43 is a characteristic constituent of protein inclusion
bodies that define TDP-43 proteinopathies, a group of devastat-
ing neurodegenerative disorders, including FTLD-TDP and
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ALS-TDP (5). As amultifunctional DNA/RNA binding protein,
TDP-43 plays critical roles in RNA processing, including post-
transcriptional regulation, alternative splicing and microRNA
biogenesis (reviewed in 2,3). Previous data have demonstrated
that ALS-associated mutations cluster in the carboxyl terminal
glycine-rich domain of TDP-43 (reviewed in 3). Although the
RNA recognition motifs in the RNA-binding domain of
TDP-43 have been well characterized (6,7), the structure of its
mutation-rich disease-associated carboxyl terminal domain
was unclear. In this study, we utilized nuclear magnetic reson-
ance (NMR) to solve the atomic structure of an amyloidogenic
core TDP-43 peptide containing an ALS-associated mutation,
A315E. Our data show that TDP-43 shares structural character-
istics with other classical amyloid proteins and that the amyloi-
dogenicity of TDP-43 correlates with its neurotoxicity.

RESULTS

Identification and characterization of a minimal
amyloidogenic core at the carboxyl domain of TDP-43

Recent studies have shown that synthetic peptides correspond-
ing to the Q286-Q331 segment in the carboxyl-terminal
domain of TDP-43 (Fig. 1A) form amyloid fibrils and cause
neurotoxicity (4,8). To gain structural insights into the
amyloid fibril formation of TDP-43 and examine the molecular
basis for its neurotoxicity, we used shorter TDP-43 peptides
spanning this amyloidogenic region to define the minimal core
region sufficient for fibril formation. An ALS-associated
mutant, A315T, is associated with more severe neurotoxicity
and neurodegeneration than the wild-type (Wt) TDP-43 in
animal models [(4); for recent reviews, see (9,10)]. TDP-43
protein detected in inclusion bodies is often hyperphosphory-
lated [(11) and references within], and A315T/A315E mutations
have been identified in ALS patients (12—14). For these reasons,
we also synthesized the TDP-43 peptides containing A315T or
A315E mutations (Fig. 1A).

First, we employed atomic force microscopy (AFM) to
examine the fibril formation of these peptides (Fig. 1). Following
extended incubation of peptides for up to 2 weeks, the TDP-43
derived peptides, T1 (aa320—331), T2 (aa286—299) and T3
(aa300-306), all failed to form any fibril-like aggregates,
similar to the control TO peptide containing the reversed
sequence of amino acid 286—298. In contrast, T4 (Wt, aa307—
319), T5 (A315T-mutant, aa307—-319) and T7 (A315E-mutant,
aa307-319) peptides formed well-defined fibrils following 8-h
incubation. We next used time-resolved AFM to characterize
the fibril formation. As early as 0.5-h post-incubation, evenly
distributed small aggregates were observed in the A315E-
mutant, whereas little or no aggregates were detected in other
samples including Wt-, A315T-mutant and truncated T8
(aa310-319) peptides. At this time point, only thin fibrils were
detected in the A315T sample (as highlighted by the red circle;
Fig. 1B). Aggregation of Wt- or A3 15E-mutant TDP-43 peptides
proceeded from initially few small aggregates, to short protofi-
brils, and finally fibrils. The A315T-peptide showed a faster
initial phase of fibril formation, with very few thin fibrils by
0.5 h and longer fibrils by 1 h (Fig. 1B). At the 1-h point, the
Wt- and A315E-peptides formed short but more numerous
fibrils. By 3 h, the Wt- and A315T-mutant peptides formed

thick and long fibrils, whereas the A315E-peptide displayed
homogeneous thick fibrils with higher density. By 8 h, the aggre-
gates of A315E-peptide presented as dense fibrils covering
almost the entire surface. In contrast, the T8-peptide formed
granular and flaky structures after 8-h incubation (Fig. 1B).

Electron microscopy (EM) was carried out to examine fibrils
formed by these TDP-43 peptides. The Wt-peptide formed fibril
bundles that were heterogeneous in thickness and length. The
A315T-fibrils often aggregated into stacks of straight fibrils,
whereas the A3 15E-fibrils were more evenly distributed in thick-
ness and length. At higher magnifications, the A315E-fibrils
showed a twisted-helical feature with the average distance
between twists ~287.3 nm (ranging 88.3—642.3 nm). Molecu-
lar dynamic simulation predicted that the A315E-peptide
would have high probability of forming B-sheet structure and
that the glycine residue at the position 314 (G314) may be
important for the B-structure (Supplementary Material, Fig. S1).
Consistent with the prediction, changing the G314 residue to
valine abolished the fibril formation of the A315E-TDP-43
peptide, as shown by EM (Fig. 1C) or AFM (Supplementary
Material, Fig. S2).

Detection of TDP-43 immunoreactive fibrils in FTLD-TDP
brain samples

To investigate whether TDP-43 forms fibril-like aggregates in
vivo, we used immuno-electron microscopy (IEM) to examine
brain tissues obtained from patients pathologically diagnosed
with FTLD-TDP. IEM using a specific anti-TDP-43 antibody to-
gether with the secondary antibody conjugated with gold parti-
cles revealed TDP-43 immunoreactive fibrils in all three cases
of FTLD-TDP brains examined (Fig. 2), whereas none of the
control brains showed such fibril structures. It is interesting
that the TDP-43 immunoreactive fibrils detected in the
FTLD-TDP brain tissues and the amyloid fibrils formed by the
TDP-43 peptide in vitro show similar filamentous structures
(Fig. 1C). While this paper was in preparation, an elegant EM
study was published, showing the filamentous TDP-43 positive
structures detected in the spinal cords of a subset of ALS-TDP
patients, although such structures were not detected in FTLD-
TDP brain samples in their study (15). The filamentous struc-
tures detected by Robinson et al. (15) are similar in morphology
to the TDP-43 immunoreactive fibrils detected in our FTLD-
TDP brain samples.

TDP-43 amyloidogenic peptides can self-seed and cross-seed
to induce the formation of amyloid fibrils

Thioflavin-T (ThT) is a fluorescent dye that binds amyloid
fibrils. Using a time-resolved ThT binding assay, we character-
ized kinetic properties of the TDP-43 fibril formation. Consistent
with AFM and EM results, neither T1, T2 nor T3- TDP-43 pep-
tides exhibited detectable ThT binding, whereas Wt-, A315T-
and A315E-peptides, but not T8, showed enhanced ThT
binding, increasing with the incubation time (Fig. 3A). Import-
antly, the Wt TDP-43 peptide only started to form ThT-positive
fibrils after a lag-phase of ~2.5 h at the concentration range
tested, whereas A315T- or A315E-mutant peptides formed
ThT-reactive fibrils almost immediately after the initiation of
the ThT-binding reaction. At lower peptide concentrations
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Figure 1. Amyloid fibril formation of TDP-43 peptides as detected by AFM and EM. All peptides were dissolved at 62.5 umin PBS for 8 hbefore detectionusing AFM.
(A) A diagram illustrating positions and sequences of different TDP-43 peptides within the C-terminal glycine-rich domain of TDP-43, showing the sequence and
ALS-associated mutations in our previously defined amyloidogenic region of TDP-43 (aa286—331) (4). The amino acid residues affected by the disease-associated
mutations are highlighted in yellow. In red or green are residues that are identical or similar, respectively, in the prion protein with its residues 60—120 aligned to
TDP-43(aa286—331). It should be noted that the phosphorylated A315T peptide, T6, was synthesized but not pursued further because it behaved less consistently
from batch to batch, possibly due to incomplete/heterogeneous phosphorylation. The T6 peptide was therefore not included in the subsequent experiments. (B) Time-
lapse AFM images of corresponding TDP-43 peptides at different time points. Only a few fibrils were detected at 0.5-h time point in the A315T-group (shown in the red
circle), whereas many granule-like aggregates were detected in the A315E-peptide at this time point. By 1 h, numerous short fibrils were found in the A315E-peptide
sample. By 3—8 h, the A3 15E-peptide formed abundant fibrils, whereas the Wt- or A315T-peptide formed fewer, although thicker and longer fibrils. (C) EM images of
different TDP-43 variant peptides at different magnifications. The Wt- and A315T- peptides formed mostly straight fibrils, whereas the fibrils formed from the
A315E-peptide showed the twisted-helical features with the average distance between twists ~287.3 nm (ranging 88.3—642.3 nm; the arrows mark two twists).
The average diameter (nm) for the fibrils in different groups are: Wt, 9.3 (range: 4.1-21.1); A315T, 10.1 (range: 3.5-21.6) and A315E, 10.9 (range: 4.9—17.3). Intro-
duction of the G314V mutation into either the Wt- or A314E-mutant peptides eliminated the fibril formation of these peptides (see also Supplementary Material,
Fig. S2). The scale bars: 200 nm.
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Figure 2. ImmunoEM reveals TDP-43-positive fibrils in brain tissues of patients affected by FTLD-TDP. The de-identified postmortem brain samples from
FTLD-TDP patients and control subjects were described previously (4), and subjected to immunostaining using the specific anti-TDP-43 followed by the secondary
anti-Rabbit-immunogold (10 nm). Three FTLD-TDP cases examined all showed TDP-43 immunoreactive fibril-like structures, whereas such fibrils were not detected
in six control brain samples. The fibril-like structures detected in these FTLD-TDP cases resemble the fibrils formed by the TDP-43 peptides shown in Figure 1C.

(62.5 and 125 pm, Fig. 3A, upper and middle panels), the ThT
fluorescence intensity for the Wt-peptide was lower than that
of A315T- or A315E-peptides, whereas increasing the peptide
concentration to 250 um (Fig. 3A, lower panel) dramatically
enhanced ThT binding of the Wt-peptide (higher than those of
A315T- or A315E-peptides). For A315T- and A315E-peptides,
increasing the peptide concentration also enhanced the ThT
fluorescence intensity.

To examine whether different TDP-43 peptides (Wt-, A315T-
or A315E-mutant) could induce the fibril formation as seeds, we
tested whether pre-formed fibrillar seeds of one peptide were
capable of inducing fibril formation of the other TDP-43 pep-
tides. Because the fibril formation of A315T- or A315E-peptides

has no lag phase, it was difficult to see the differences between
un-seeded and seeded kinetics of ThT binding. For the Wt-
TDP-43 peptide, both self-seeding and cross-seeding shortened
the lag-phase of fibril formation (Fig. 3B) in comparison with
reactions without any seeds (Fig. 3A). The lag phase of fibril for-
mation for the Wt-peptide was shortened in the presence of the
A315E-mutant peptide seed (Fig. 3B, lower panel). Interestingly,
only the A315E-peptide (Fig. 3B, lower panel), but not the Wt- or
A315T-peptides (Fib. 3B, upper and middle panels), was capable
of cross-seeding to promote amyloid fibrils formation of the trun-
cated T8-peptide. These results indicate that the A315E-mutant
TDP-43 peptide is capable of cross-seeding, facilitating amyloid
fibril formation of TDP-43 peptides that otherwise do not form
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Figure 3. The time course of fibril formation for TDP-43 peptides by themselves and in self- or cross-seeding reactions, as monitored by ThT binding. (A) Synthetic
peptides of TDP-43 were incubated at different concentrations, 62.5, 125 and 250 M, and amyloid fibril formation was detected by fluorescence enhancement upon
ThT binding. (B) Different TDP-43 peptides were incubated with a series of pre-formed seeds in PBS buffer (pH 7.4) at a concentration of 62.5 M with seeds pre-
formed by Wt, A315T and A315E. ‘x’ represents the ThT fluorescence intensity of the pre-formed seeds only. It should be noted that only the A315E-peptide seeds
were capable of inducing the fibril formation of T8-peptide and shortening the lag phase of the fibril formation of the Wt-peptide. (C and D) Two amyloid beta protein-
derived peptides, AR 9—14 and AB 1-40 were examined at different concentrations (62.5 and 125 pm) for ThT binding. The addition of the A315E-mutant TDP-43

peptide seeds promoted the amyloid fibril formation of the AR 1—40 peptide.

fibrils by themselves. This cross-seeding activity was high when
the neutral alanine at the position 315 was changed to glutamate
in the A315E mutant, suggesting that phosphorylation at the
residue 315T or substitution by an acidic residue may increase
the ability of TDP-43 to promote recruitment of TDP-43 deriva-
tives into the TDP-43 aggregates.

Recent studies have revealed significant clinical and patho-
logical overlap between AD and TDP-43 proteinopathy (16—18).
To test the effects of TDP-43 peptides on the fibril formation
of amyloid-B peptides, we used AB9—14, a peptide derived

from amyloid-f protein that was not capable of forming fibrils
(unpublished observation) and a 40-mer AB1-40 peptide in
the ThT cross-seeding assay. The ARB1—40 peptide formed
amyloid fibrils at relatively high concentrations (19). At the con-
centration of 62.5 wM, no amyloid fibrils were detectable after
40-h incubation of AB9—14 (Fig. 3C) and amyloid fibrils forma-
tion was very slow for the AB1—40 peptide in comparison with
the TDP-43 peptides (Fig. 3D). Interestingly, addition of
the A315E-mutant TDP-43 peptide seeds accelerated fibril
formation and enhanced ThT binding of AB1-40 peptide at
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both 62.5 and 125 pm concentrations, demonstrating that the
A315E-mutant TDP-43 peptide was capable of cross-seeding
the AB1-40 peptide (Fig. 3D). This observation suggests that
TDP-43 amyloid fibril formation might play a role in amyloid-3
pathology in AD patients.

Circular dichroism and Fourier transformation infrared
analyses support that the amyloidogenic TDP-43 peptides
adopt B-conformation

Circular dichroism (CD) spectrum analysis of these TDP-43
peptides was carried out (Fig. 4A). The A315E-peptide showed
a clear positive peak at 193 nm, suggesting the presence of
B-structure; whereas the Wt-TDP peptide exhibited a broader
peak in this region, suggesting a possible mixture of a-helix
and B-sheet (20). It is notable that the far-UV CD profile of the
A315E-peptide is similar to that of chymotrypsin which is
mostly composed of B-sheet structure (21,22) (Fig. 4A). Consist-
ent with this, the Wt- and A315E-peptides were ranked higher
than other TDP-43 peptides in B-sheet content predicted using
the Young’s algorithm, whereas the A315T peptide ranked
highest in predicted -turn content (23) (see Supplementary

A 2 = 0 -
B A316E
g i
1 § .
TE T sﬁ;gg%‘m)s 203,
= 0
S
g .1
S
= Wt
o —~A315T
3 -~ A315E
190 200 210 220 230 240 250 260
Wavelength (nm)
Kﬁ??s?\jﬁ/&-\*s?/\i;z/ o e ]
), 1677 Y/ Wl | §
.\I\ G g ;Nw
= \ ."‘I ‘I
= \ / I
< ¥
@ i
g
£
£
e
R

1800 1750 1700 1650 4600 1550 500 14501400 1600 1750 1700 1650 1600 1550 1500 1450 1400
Wavenumber (cm™) Wavenumber (cm™)

Figure 4. CD and FTIR analyses of the amyloidogenic TDP-43 peptides. (A) CD
spectra of the Wt-, A315T-, A315E- and T8- TDP-43 peptides with the zoom-in
spectrum of the A315E-peptide shown in the inset. The clear positive peak at
193 nm in the A315E-peptide suggests the presence of the B-sheet structure.
(B) FTIR spectra of the TDP-43 peptides. The thick dotted lines are original
curves, and the thin solid lines are corresponding peak-differentiation curves.
The peak positions in the differentiated peaks are indicated.

Material, Table S1). We next performed Fourier transformation
infrared (FTIR) spectroscopy to further examine these TDP-43
peptides (24). For the Wt- or A315T-peptides, a major band at
1677 cm™ ' together with a minor 1626 cm™ ' peak was
observed, whereas the major band shifted to 1626 cm ™' for
A315E- or T8 peptides (Fig. 4B). It has been established that
the 1677 cm™ ' peak is attributed to the amide bond I vibrations,
whereas 1626 cm ™~ ! peak suggests the presence of B-sheet struc-
ture (25). Interestingly, one major peak at 1626 cm™ ' together
with three minor ones at 1696, 1672 and 1525 cm™ ' were
detected in the profile of the A315E-peptide, suggesting the
presence of an anti-parallel -sheet structure (25-27). Both
CD and FTIR data support the presence of B-conformation in
the TDP-43 peptides.

NMR structure of the A315E-mutant TDP-43 peptide

Next, we used NMR spectroscopy to examine these TDP-43-
(M307-N319) core peptides in solution. In spite of extensive
efforts, NMR analyses of either the Wt- or A315T-mutant
TDP-43 peptides did not yield information sufficient for
resolving their structures. On the other hand, analyses of the
A315E-mutant TDP-43 core peptide in solution provided
detailed structural information, except for the N-terminal
MGGG region. In addition to sequential Nuclear Overhauser
Effects (NOEs), a set of the long-range NOEs between M311
and 1318 was detected (Fig. 5A), indicating that the peptide
may either adopt an intra-molecular folded structure or form
inter-molecular interactions in an extended conformation.
Several sets of NOEs between M311 and F313 and between
F316 and 1318, respectively, were also observed (Fig. 5A).
Thus, the residues M311, F313, F316 and 1318 are likely
to pack with each other to form a hydrophobic cluster.
Double-quantum-filtered correlation spectroscopy (DQF-
COSY) was then used to measure coupling constants and to dis-
tinguish between intra-molecular and inter-molecular interac-
tions. If the peptide adopted an intra-molecular fold-back
structure in which residues F313, G314, E315 and F316
formed a B-turn, then one of the G314 coupling constants
would be smaller than 6 Hz. However, the coupling constants
between the amide and alpha protons of G314 were measured
as 12.6 and 11.4 Hz, respectively (Fig. 5B), indicating an
extended structure rather than an intra-molecular fold-back con-
formation. Therefore, the long-range NOE obtained from the
inter-molecular contacts was calculated accordingly (Fig. 5C).
In this model, two molecules of TDP-43-(M307-N319) peptides
pack in an anti-parallel manner (i.e. head-to-tail packing) with
the four hydrophobic residues (M311, F313, F316, 1318)
packed with each other between chains in an inter-molecular
manner (Fig. 5D). This NMR structure of the ALS-associated
mutant (A315E) TDP-43 peptide provides a structural basis for
the similarity between TDP-43 and previously characterized
classical amyloid peptides.

The amyloidogenic TDP-43 peptide induces TDP-43 protein
redistribution to the cytoplasm

One prominent pathological feature of TDP-43 proteinopathy is
the clearance of the nuclear TDP-43 in the affected tissues (28).
Because the amyloidogenic TDP-43 peptides were capable of
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Figure 5. The solution structure of the A315E-mutant TDP-43 core peptide as revealed by NMR. (A) The A315E-TDP-43 (M307-N319) core peptide sequence is
shown with corresponding amino acid residues marked on the top according to the full-length TDP43 (ref Seq ID: NM_007375; NP_031401). For convenience of
labeling, the amino acid residue numbers in (C) and (D) are corresponding positions in the peptide from the amino-terminus. Selected regions of the 2-D
1H-NOESY spectra showing the NOE cross peaks formed between the hydrophobic residues of the peptide. Notably, several sets of the NOEs between M311 and
1318, between M311 and F313, and between F316 and 1318 were observed, indicating that the residues M311, F313, F316 and 1318 are likely to form a hydrophobic
cluster. (B) The regions of the DQF-COSY spectra showing the coupling constants of G314. Groups of COSY peaks for the G314 residue were enclosed in red circles
with the coupling constants shown above or below the corresponding circles. (C) The stereo-view of the backbones of 10 superimposed NMR-derived structures of the
A315E-mutant TDP-43 core peptide in the inter-molecular interaction model. The two peptide chains, chain A (in blue) and chain B (inred) are packed in a head-to-tail
anti-parallel manner with amino acid residue numbers and the N- and C-termini of the peptides labeled. (D) A ribbon-diagram of a representative NMR structure of the
A315E- TDP-43 amyloidogenic core peptide in the inter-molecular interaction model. The side-chains of the residues involved in forming hydrophobic clusters are
drawn in an explicit atomic model in green with backbones of the chain A in blue and the chain B in red.

acting as seeds for fibril formation and could be taken up by
neurons to induce neurotoxicity (see Figs 3 and 8), we tested
whether these TDP-43 peptides might affect the subcellular dis-
tribution of the endogenous TDP-43 protein. Immunostaining of
HEK293 cells treated with different TDP-43 peptides showed
that the Wt-TDP-43 peptide led to a moderate decrease in the
nuclear TDP-43, whereas the A315T-mutant, especially the
A315E-mutant TDP-43 peptide induced more prominent redis-
tribution of nuclear TDP-43 to the cytoplasm (Fig. 6A).
TDP-43 redistribution to the cytoplasm was obvious in cells
treated with the A315T- or A315E-mutant TDP-43 peptide by
~24 h following peptide treatment (Fig. 6A—D; Supplementary
Material, Fig. S3). Consistently with immunostaining, Western
blotting of protein lysates following cytoplasm-nucleus fraction-
ation showed that treatment by Wt- or the A315T- or
A315E-mutant TDP-43 peptide led to increased cytoplasmic

and decreased nuclear TDP-43 (Fig. 6B—D). Interestingly, the
G314V variant of A315E-mutant TDP-43 peptide failed to
induce TDP-43 redistribution (Fig. 6A—D), suggesting that
fibril formation of the TDP-43 peptide may correlate with its
ability to induce TDP-43 redistribution. We further examined
whether these TDP-43 peptides had similar effects in cultured
neurons (Fig. 6E—QG). TDP-43 redistribution to the cytoplasm
was detected in ~40% of neurons 24 h after addition of the
A315E-mutant TDP-43 peptide to the culture media, whereas
the Wt- or A315T-mutant TDP-43 peptides only show slight
effects when compared with the control group. By 48 h, all of
the amyloidogenic TDP-43 peptides, including Wt-, A315T-
and A315E-mutant, significantly increased the percentage of
neurons showing reduced nuclear TDP-43 staining and increased
cytoplasmic TDP-43 signals, with the A315E-mutant exhibiting
more prominent effect (Fig. 6).
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Figure 6. The amyloidogenic TDP-43 peptides induce TDP-43 redistribution. (A) HEK293 cells were treated with the control (Ctr) or Wt-, A315T-, A315E-or A315E/
G314V (A315E/gv)-mutant TDP-43 peptide (50 pum) for 24 h and then fixed for immunostaining using anti-TDP-43 to detect the endogenous protein. Nuclei (Nu)
were revealed by Hoechst dye staining. The A3 15E-mutant TDP-43 peptide induced prominent redistribution of the TDP-43 immunostaining signals from the nuclei,
whereas the A315E/G3 14V mutant peptide failed to induce TDP-43 redistribution. Z-stack projections of confocal images are shown. Arrowheads mark the cells with
reduced nuclear and increased cytoplasmic TDP-43 staining signals, whereas arrows label the cells with almost no detectable nuclear TDP-43 signals. (B—D) Bio-
chemical fractionation experiment to detect cytoplasmic and nuclear TDP-43 levels, cytoplasmic fractions (lanes 1—5) and nuclear fractions (lanes 6—10) 24 h follow-
ing treatment of HEK293 cells with different TDP-43 peptides [Ctr: lanes 1, 6; Wt:lanes2,7; A315T: lanes 3, 8; A315E: lanes 4, 9 or A315E/G314V (A315E/gv): lanes
5, 10]. RhoA and PCNA were used to monitor cytoplasmic and nuclear proteins, respectively, in the fractions. (C and D) Quantification of western blotting signals in
corresponding lanes of (B) (***P < 0.001; **P < 0.01; *P < 0.05; one-way ANOVA with Bonferroni test). Signals were normalized to that in the control lane. (E)
Immunofluorescent staining images of cortical neurons (div3) 48 h following treatment with the control or different TDP-43 peptides as indicated. (F and G) Quan-
tification of percentage of neurons that showed TDP-43 negative nuclei 24 and 48 h following peptide treatment. By 24 h following the peptide treatment, only the
A315E-mutant peptide reduced TDP-43 nuclear staining, whereas other TDP-43 peptides did not show significant effects when compared with the control. By 48 h
following peptide treatment, the amyloidogenic peptides (Wt, A315T and A315E) induced redistribution of TDP-43 in the cortical neurons. The arrows mark the
neurons showing TDP-43 redistribution. 100 neurons were scored in each group. The data represent mean + SEM in three independent experiments (***P <
0.001; **P < 0.01; *P < 0.05; One-way ANOVA with Bonferroni post hoc test).



Amyloidogenic TDP-43 peptides induce axonal damage and
neuronal death with A315T- or A315E-mutant showing
enhanced neurotoxicity

To model TDP-43 proteinopathies, we had made transgenic flies
expressing either Wt- or A315T-mutant TDP-43 protein (4,29).
When targeted to photoreceptors, expression of the Wt-TDP-43
led to progressive retinal degeneration, and that of A315T-
mutant TDP-43 resulted in faster progression and more severe
retinal damage (Fig. 7A—C). When expressed in the mushroom
body (MB) neurons, the A315T-mutant TDP-43 induced more
severe axonal damage than the Wt-TDP-43, although the
TDP-43 protein expression levels in the Wt- and A315T
mutant flies were equivalent (see Supplementary Information
in reference 4) (Fig. 7D). Remarkably, axonal impairment was
detectable in any of three MB lobes; however, the damage was
not symmetrical or homogeneous, often affecting one lobe
much more aggressively than others. This suggests that axon
damage may occur in ‘grouped’ fashion, similar to that detected
in motor neurons of ALS patients (30,31). It also suggests that
neurotoxic TDP-43 derivatives may act in a non-cell autono-
mous fashion to spread among the neighboring cells, consistent
with what was proposed in previous studies (4,8,29,32). To test
this notion, we added the TDP-43 peptides to cortical neurons
cultured in vitro and asked if the extracellularly delivered
TDP-43 derivatives could induce neurotoxicity (Fig. 8). Terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
was used to evaluate neuronal death in cultures treated with either
the control, or Wt-, A315T-, or A315E-mutant TDP-43 peptides.
The 13-mer core amyloidogenic TDP-43 peptides added to the
culture media were capable of inducing neuronal death, with the
A315T- and A315E-mutant TDP-43 peptides showing greater
neurotoxicity than the Wt-TDP-43 peptide (Fig. 8A and B).

To test whether the TDP-43 peptides were taken up by axons
to cause neurotoxicity, we employed our modified axonal micro-
fluidic chambers for neuronal culture (33) (Fig. 8C). In these
microfluidic chambers, the fluidic pressure was maintained in
such a way that no diffusion of the fluorescent peptide into the
cell body compartment was detected even 72 h after addition
of the fluorescently labeled peptides to the axonal compartment
and the central flow channel (Supplementary Material, Fig. S4).
By this time, significant axonal damage was detected in Wt- or
A315E-mutant peptide treated groups when compared with the
control, with the A315E-mutant peptide eliciting more severe
axonal toxicity (Fig. 8D and E). Such axonal damage was not
caused by the fluorescent moiety because non-fluorescent
TDP-43 peptides induced similar detrimental effects on axons
(Fig. 8F and G). Furthermore, we found that TDP-43 peptides
applied to the axonal compartment led to nuclear death, indicat-
ing that extracellular TDP-43 peptides can cause not only axonal
damage but also neuronal death. Importantly, the non-
amyloidogenic G314V-mutant lost both axonotoxicity and its
ability to induce neuronal apoptosis (see Fig. 1C; Supplementary
Material, Fig. S2; Fig. 8G and H). Such microfluidic-chamber
neuronal cultures allowed spatially contained and temporally
resolved experimental design and enabled us to demonstrate
that the extracellular application of the amyloidogenic core
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Figure 7. The A315T-mutant TDP-43 expressing transgenic flies show more
severe neurodegeneration than those expressing the wild-type TDP-43. (A—C)
Expression of the Wt- or A315T-mutant human TDP-43 in photoreceptors led
to progressive retinal degeneration in transgenic flies. A GMR-gal4 driver was
used to express either control vector or Wt- or A315T-mutant TDP-43; the Wt-
and A315T-mutant TDP-43 proteins were expressed at an equivalent level in
photoreceptor cells (see Supplementary Information in reference 4). It should
be noted that technical difficulties have prevented us from obtaining transgenic
flies expressing the A315E mutant TDP-43 protein. Fly eyes were examined
with retinal degeneration phenotypes scored at Day 1, 3 and 6 after eclosion as
in our previous study (29). Briefly, the retinal degeneration was classified as
levels 1—4 as shown in (B1)—(B4) [when compared with the normal eye from
the control fly shown in (A)]. The percentage of flies showing different levels
of retinal damage was quantified and shown in (C). Expression of the
A315T-mutant TDP-43 resulted in more severe retinal degeneration than the
Wt-TDP-43. (D) Axonal degeneration induced by the expression of the Wt- or
A315T-mutant TDP-43 in fly mushroom bodies (MBs). Confocal microscopic
images are shown of MBs from day-5 transgenic flies. The control flies
(OK107-Gal4/UAS-mGFP/UAS-RFP) exhibited the normal MB lobe structure.
Arrow: o/a’ lobes; arrowhead: B/B’ lobes; star: y lobe. OK107-Gal4/
UAS-mGFP/UAS-Wt-hTDP43-RFP flies began to lose MB lobes at Day 1. By
Day 5, significant axonal damage and reduction in MB size were detected.
Such axonal damage and MB lobe loss was more pronounced in flies expressing
the A315T-mutant (OK107-Gal4/UAS-mGFP/UAS-A315T-hTDP43-RFP).
The thin arrows mark the abnormal axonal varicosities with uneven distribution
of mGFP signals. Scale bars: 50 um.
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Figure 8. The amyloidogenic TDP-43 peptides induce neurotoxicity when added to the cultured neurons. (A and B) TUNEL staining of the cortical neurons shows
neurotoxicity of the Wt- or the A315T- or A3 15E-mutant TDP-43 peptides. The percentage of TUNEL-positive neurons showing apoptotic nuclei is quantified and
shown in (B). The neurons were cultured on coverslips, stained and quantified as described previously (4). Healthy neurons in the control group are shown in subpanels
Al-A4in (A). The arrows mark the TUNEL-positive apoptotic neurons with condensed nuclei, whereas the arrowheads mark those with fragmented nuclei. (C—H)
Neuronal cultures in microfluidic chambers demonstrate that the TDP-43 peptides applied to the axonal compartment are sufficient to cause axonal toxicity and neur-
onal death. The data represent three independent experiments with >200 neurons quantified in each group (***P < 0.0001; **P < 0.001, one-way ANOVA with
Bonferroni multiple post test). (C) A diagrammatic illustration of the microfluidic chambers with different compartments and application of the peptides in the
axonal compartments. On the right side are the fluorescent microscopic images showing the axons in microgrooves following immunostaining using the anti-Tujl
antibody with nuclei in the cell body compartment detected by Hoechst dye staining. The cell body compartment (Cell), axonal compartment (Axon) are illustrated
together with the proximal (Prox.) and distal (Dist.) axonal microgrooves. (D and E) 72 h following application of fluorescently labeled peptides (FITC-control
peptide, Cy2-Wt- or Cy3-A315E-TDP-43 peptides) in the axonal compartment, samples were fixed and stained using mouse monoclonal ant-Tuj1 antibody with anti-
mouse Cy5-conjugated secondary antibody. Axonal continuity index was calculated using the algorithm that we developed (33), indicating that TDP-43 peptides
caused significant axonal damage with more severe effects detected in the A315E-mutant group. (F—H) Following application of the non-labeled peptides to the
axonal compartment [the control peptide (Ctr), Wt-, or A315E- or A315E/G314V-mutant TDP-43 peptides], samples were immunostained with anti-Tuj 1 and counter-
stained with Hoechst dye to reveal nuclear morphology. Arrows mark the condensed apoptotic nuclei, whereas arrowheads label nuclei with normal morphology. The
axonal continuity index and apoptotic nuclei were quantified, showing that the A3 1 SE-mutant peptide induced more severe neurotoxicity than the Wt-peptide and that
G314V mutation eliminated both axonal toxicity and nuclear damage caused by the A315E-TDP-43 peptide. The data represent three independent experiments with
axons in >60 microgrooves quantified (***P < 0.0001; **P < 0.001, one-way ANOVA with Bonferroni post test).

TDP-43 peptides was sufficient to elicit axonal damage and

studies of derivatives or fragments of these proteins (35). For
neuronal death.

example, fragments of several amyloid proteins have been
studied by NMR or X-ray crystallography: VQIVYK of the
human tau protein (36,37), GNNQQNY of the yeast prion
Sup35 (38), MVGGVV/GGVVIA of the beta-amyloid protein

DISCUSSION (36), SNQNNF of the human prion protein (36). One major

Beta-conformation is important for biological activities of nu-
merous proteins and critical for many human diseases
(1,34,35). The formation of insoluble or aggregated proteins
often involves conversion of soluble and properly folded pep-
tides into misfolded ones containing {3-structures. Although
crystal structures have not yet been determined for the full-
length proteins for many of those disease-associated ‘misfolded-
proteins’, significant structural insights have come from careful

common structural feature of these amyloidogenic peptides is
the -sheet structure that allows both backbone stacking and
side-chain hydrogen bonding. Side chains protruding from the
two B-sheets form a tightly self-complementing steric zipper
(35-38). GNNQQNY, SNQNNF and GGVVIA form parallel
structures whereas MVGGV'V forms an anti-parallel structure
(36). NMR and high resolution AFM have also been extensively
used to analyze amyloid structures (39—41). The B-amyloid



fibrils consist of dimeric units stacked in sync as crossed (3-sheets
(1,40,42—45). When compared with the known amyloid pro-
teins, the TDP-43 amyloidogenic region appears most similar
to prion and amyloid- peptides (1) but has its distinct properties
in both primary sequence and 3-dimensional structure.

In this study, we examined the molecular and structural fea-
tures of TDP-43 core amyloidogenic peptides by AFM, EM,
CD, FTIR and NMR. Interestingly, the wild type TDP-43
peptide can form amyloid fibrils. Furthermore, the ALS-
mutants, A315T and A315E, form fibrils at accelerated rates.
For many other amyloid peptides, amyloid fibril formation dis-
plays a sigmoidal kinetic pattern with a lag phase. In our case,
only the Wt-TDP-43 peptide showed a typical time course of
fibril formation, whereas both the A315T- and A315E-mutant
peptides formed ThT-positive fibrils soon after initiation of the
reaction. Such enhanced amyloid fibril formation of the
A315T- or A315E- mutant is associated with their increased
neurotoxicity when compared with the Wt-TDP-43 peptide
(Fig. 8). Many amyloid-like proteins can self-seed in fibril for-
mation, such as the recombinant human a-synuclein (46),
mouse PrP (89-230) (47) or synthetic amyloid-B peptides
1-40 and 1-42 (48,49). Some amyloid peptides can cross-seed
the fibril formation of heterologous peptides. For example,
a-synuclein can cross-seed fibril formation of synthetic
amyloid-3 peptides 1-40 and 1-42 (49). Our experiments
show that the A315E-peptide was capable of cross-seeding
amyloid fibrils formation of other TDP-43 peptides, including
Wtand the shortened Wt-peptide (T8). This raised the possibility
that in the ALS patients with the A315T/E mutation, increased
phosphorylation of the mutant TDP-43 protein or the A-to-E mu-
tation might accelerate amyloid fibril formation of Wt-TDP-43
protein, leading to increased protein aggregation and neurotox-
icity. Our data may provide one mechanism to explain the rela-
tively early onset, increased severity and accelerated disease
progression in those ALS patients. In addition, our observation
that A315E-mutant TDP-43 peptide was able to cross-seed
amyloid-f3 1—-40 in fibril formation suggests an explanation for
the neuropathological and clinical overlap between TDP-43 pro-
teinopathy and AD.

Using NMR, we demonstrated that the A315E-mutant
TDP-43 peptide forms the extended B-conformation in an anti-
parallel manner. Although the NMR analysis of the wild type
TDP-43 did not allow resolution of its structure, it is possible
that the Wt-TDP-43 peptide favors a folded-back conformation,
as supported by molecular dynamic simulation and scanning
tunneling microscopy (STM) studies (50) (Supplementary
Material, Fig. S1). The anti-parallel B-structure of the A315E-
mutant TDP-43 peptide is similar to the classes 5—8 among the
eight classes of steric zippers in which the (3-strands within the
sheets are anti-parallel (35,36). Although detailed structural fea-
tures of the TDP-43 amyloid fibrils need further investigation,
our work offers an interesting glimpse of the molecular structure
at the core amyloidogenic region of TDP-43. Our data suggest
that at least some ALS-associated mutations may alter the con-
formation of TDP-43, rendering the mutant more prone to self-
propagate into fibrils, leading to enhanced neurotoxicity. Our
work presented here helps us understand the structural basis
for TDP-43 neurotoxicity and for the amyloid fibril formation
of TDP-43 at the atomic level. An a-helical structure was
reported based on the NMR analysis of an adjacent region in

Human Molecular Genetics, 2014, Vol. 23, No. 25 6873

TDP-43; and a-helix to B-sheet transformation was proposed
based entirely on the aggregation and CD spectral change of bac-
terially expressed TDP-43 fragments (51). However, no defini-
tive evidence was presented for the B-conformation, and no
data were provided to support the functional significance of
their proposed ‘a-helix to (3-sheet transformation’.

Interestingly, a recent study uncovered mutations among
multi-system proteinopathy and ALS patients in genes encoding
another two RNA binding proteins, hnRNPA1 and A2 (52). For
hnRNPA1 and hnRNPA2, the mutant hexapeptides (SYNVFG
and NYNVFGQG) are highly amyloidogenic. The 13-mer mutant
peptide (MGGGMNFGEFSIN) of TDP-43 that we identified
shares sequence similarity with the hnRNPA1/A2 hexamers,
especially in the region of NFGEFS. It is possible that two F resi-
dues in the TDP-43 peptides may share certain critical structural
feature for amyloidogenesis with those two aromatic resides
(Y and F) in the hnRNPA1/A2 hexamer sequences. This
notion needs to be tested in future investigation.

Fibrils formed by hnRNPA1l (D262V or D262N) and
hnRNPA2 (D290V) mutant hexapeptides not only seeded their
own assembly, but also cross-seeded fibrillization of their re-
spective wild-type counterparts. However, hnRNPAT1 fibrils
did not cross-seed assembly of hnRNPAZ2, or vice versa; nor
did hnRNPA1/A2 cross-seed TDP-43 (52). This demonstrated
relative specificity of cross-seeding by the hnRNPA1/A2 pep-
tides. Similar to the mutant hexapeptides of hnRNPA1 and
hnRNPA2, the A315E-mutant peptide of TDP-43 can cross-seed
shorter wild-type peptide of TDP-43 (T8) (see Fig. 3B, lower
panel). Interestingly, the A315E-mutant TDP-43 peptide was
also capable of enhancing amyloid fibril formation of amyloid-3
1-40 peptide (see Fig. 3D).

Previous studies revealed interesting structural features of
RRM domain of TDP-43 (6,7,53). It was reported that TDP-43
formed dimers through amino acid 1-183 region (53) and the
RRM2 domain (6). The dimeric interface of RRM2 was
observed in the crystal structure of the RRM2-DNA complex
(6), suggesting that dimer formation may be required for nucleo-
tide binding. This self-association property of TDP-43 may con-
tribute to its aggregation and inclusion formation. Notably, the
inclusion formation of full-length TDP-43 with the RRM1-C/S
mutation (an ALS mutation) requires the C-terminal domain
(54), highlighting the critical importance of the glycine-rich
carboxyl domain in the TDP-43 aggregation in the pathogenesis
of TDP-43 proteinopathies.

Prior to our previous study (4) demonstrating the biochemical
and sequence similarity of TDP-43 to prion proteins, TDP-43
proteinopathy had been believed to be a group of thioflavin-S-
negative diseases, distinct from classical amyloid diseases. Our
data prompted re-evaluation of thioflavin-S staining in TDP-43
proteinopathy cases, leading to the finding that TDP-43 positive
inclusions in most cases of FTLD-TDP surveyed, but not
FTLD-FUS or ALS-SODI1 cases, are thioflavin-S positive (55).
Our work here, using combined approaches, has now revealed
the structural basis for the similarity between TDP-43 and classic-
al amyloid proteins. Importantly, our data show that the amyloid
fibril formation correlates with the neurotoxicity of TDP-43,
because the single G314V change eliminates both amyloid
fibril formation and neurotoxicity in cultured neurons.

The subcellular localization of TDP-43 is crucial for its bio-
logical function and pathogenic roles. Various genetic mutations
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and cellular stresses can affect the balance of nuclear to cytoplas-
mic ratio of TDP-43, disrupting the predominantly nuclear local-
ization of TDP-43 [reviewed in (3)]. Indeed, one of prominent
neuropathological features of TDP-43 proteinopathies, the
nuclear clearance of TDP-43, has been suggested as an early
event in the pathogenesis of TDP-43 proteinopathies (28). Aber-
rant cleavage or truncation of TDP-43 promotes cytoplasmic
aggregation and toxicity of TDP-43 (56,57). Our previous
work indicates that cytoplasmic localization of TDP-43 corre-
lates with its neurotoxicity (58). A recent study showed that
muscle-specific overexpression of the fly TDP-43 homolog
(TBPH) led to nuclear clearance of TBPH and protein aggregates
(59). Our data suggest that the human TDP-43 derivatives
present in the extracellular compartment could be taken up by
neurons and induce redistribution of the endogenous nuclear
TDP-43 to the cytoplasm. This has a number of implications.
First, our data support a non-cell autonomous mechanism by
which the TDP-43 protein products released by damaged or
dead neurons or glia cells could be taken up by neighboring
neurons or axons to cause horizontal spread of the TDP-43 pro-
teinopathy (32). This is consistent with the result that neural/
axonal damage in our transgenic flies appeared in a ‘grouped’
fashion (see Fig. 7D), similar to motor neuron damage detected
in ALS patients (30,31). Second, our observation that amyloido-
genic TDP-43 peptides are capable of inducing redistribution of
nuclear TDP-43 to the cytoplasm provides a link for the two hy-
potheses that have been proposed for the pathogenesis of
TDP-43 proteinopathy: the loss-of-function of nuclear TDP-43
versus the gain-of-toxicity of cytoplasmic TDP-43 aggregates/
inclusions. Third, the possible horizontal transmission of
TDP-43 peptides and their neurotoxicity should motivate us to
develop sensitive methods for detecting such TDP-43 gene pro-
ducts in the cerebral spinal fluid or plasma of patients affected by
TDP-43 proteinopathy. This may help in developing biomarkers
for TDP-43 proteinopathy. Finally, searching for chemical com-
pounds or modifier genes that could suppress the formation of the
amyloidogenic TDP-43 species, or inhibit amyloid fibril forma-
tion/seeding or block the uptake of neurotoxic TDP-43 peptides
or alternatively promote the clearance of neurotoxic TDP-43
gene products may provide therapeutic benefits for patients
affected by devastating TDP-43 proteinopathies.

MATERIALS AND METHODS
Ethics statement

De-identified postmortem brain samples from patients affected
by TDP-43-proteinopathy and control subjects were obtained
from the Cognitive Neurology & Alzheimer’s Disease Center
(CNADC) at Northwestern University following institutional and
NIH guidelines. All experiments involving animal tissue samples
were carried out following institutional and NIH guidelines.

Peptide synthesis and sample preparation

The TDP-43 synthetic peptides [T1 (P320-Q331): PAMMAAAQ
AALQ; T2 (Q286-L299): QGGFGNSRGGGAGL; T3 (G200-
N306): GNNQGSN; T4 (M307-N319-Wt): MGGGMNFGAFSIN;
T5 (M307-N319-A315T): MGGGMNFGTFSIN; T7 (M307-
N319-A315E): MGGGMNFGEFSIN; T8 (M310-N319):

GMNFGAFSIN], Wt/G314V (M307-N319: MGGGMNFVAF-
SIN), A315E/G314V (M307-N319: MGGGMNFVEFSIN), or
the control 13mer peptide TO: LGAGGGRSNGFGG (contain-
ing reversed sequence of amino acid 286—298)] and amyloid-B
peptides 9—14 and 1-40 were purchased from Shanghai Science
Peptide Biological Technology Co., Ltd or ProteinTech Group
(Chicago, USA). These sequences are derived from the corre-
sponding amino acid residues 286—331 of human TDP-43
protein (4). The peptides were purified twice using HPLC to
achieve the purity of >99%. The peptides were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-Aldrich) ini-
tially for extended time, and the solution was transferred into a
sterile microcentrifuge tube. All the peptides are solved in
HFIP at a concentration of 20 mg/ml as stock solutions. All the
samples for FTIR spectrum, circular dichroism spectrum and
AFM experiments are diluted to specified concentrations from
the stock solutions.

Far-UV CD spectrum measurement

The stock solutions of TDP-43 peptides (20 mg/ml in HFIP)
were diluted to 0.2 mg/ml with 20 mm PBS buffer (pH 7.4). Cir-
cular dichroism experiment was performed on a J-810 CD spec-
trometer (Jasco, Japan) at room temperature using a quartz cell
with 0.1 cm path.

FTIR spectrum measurement

Infrared spectra were recorded on a PerkinElmer FTIR spec-
trometer at a resolution of4 cm ™~ '. FTIR spectroscopic measure-
ments were performed in the transmission mode with BaF2
windows. The solution was dropped onto the BaF2 surface fol-
lowed by air dry prior to FTIR measurements.

AFM measurement

The aqueous solutions of Wt, A315T, A315E, Wt/G314V,
A315E/G314V and T8 with concentration of 62.5 uM were pre-
pared with PBS (pH 7.4). Thirty microliters of the peptide solu-
tions incubated with shaking at 37°C for 0, 0.5, 1, 3, 5and 8 h
were drop-casted on freshly cleaved mica surface. After
10 min adsorption, excessive solutions are withdrawn from the
mica surface followed by AFM observations. Tapping-mode
AFM studies were performed on a Dimension 3100 AFM
(Bruker, USA) under ambient conditions. Commercial silicon
tips with a nominal spring constant of 2.0 N/m and resonant fre-
quency of 442.5 kHz were used in all the AFM imaging.

Thioflavin T binding, self-seeding and cross-seeding Assays

Synthetic peptides of TDP-43 were dissolved in DMSO at a con-
centration of 12.5 mm, then diluted to PBS buffer (pH 7.4) at dif-
ferent concentrations (62.5, 125 and 250 M, respectively) and
spun at 13.3 krpm for 10 min to remove any insoluble material.
Amyloid fibril formation was detected by fluorescence enhance-
ment of thioflavin T (ThT, Sigma-Aldrich) upon binding. Fibril
formation reactions were set up in triplicate in 96-well black
plates with round bottom (Corning Costar). Each well had one
1/8-inch glass sphere (Fisher Scientific) and 150 w1 of peptide
in PBS buffer supplemented with 200 M ThT. Plates were



sealed with a Greiner EASYseal (Greiner Bio-one) and continu-
ously shaken at 37°C except for 1 min each 10 min as required
for data acquisition. ThT fluorescence changes were monitored
at 440 nm (excitation)/480 nm (emission) on a Varioskan
Flash plate reader (Thermo Scientific).

Self-seeding and cross-seeding assays: different peptides
were incubated at a concentration of 250 pMm at 37°C with a
1/8-inch glass sphere and continuously shaking in PBS buffer
(pH 7.4) for 24 h, by which time fibril formation was complete
as determined by ThT assay and EM. Mature fibrils were then
sonicated using a sonicator for 1 min (5-s on and 5-s off) at
10% of the maximal amplitude to produce the seeds used in
the seeding assay. Corresponding TDP-43 synthetic peptide
(at 62.5 wM) was incubated with a small amount [5% (w/w)] of
pre-prepared seeds in PBS buffer (pH 7.4) on ice. Amyloid
fibril formation was initiated by shaking at 37°C with its kinetics
monitored by ThT binding assay as described above.

NMR sample preparation, data collection and structure
determination

The sequences of all peptides used were confirmed by mass spec-
troscopy. The wild type or A315E-mutant of TDP-43 synthetic
peptide (M307-N319) (~2 mg) was first dissolved in 5 pl
DMSO-d6, and then diluted to the final concentration of
2.5 mm in PBS (pH 6.5-6.8) and spun at 13.3 krpm for 10 min
to remove any insoluble substance. All the NMR spectra were
acquired at 25°C on an Agilent 600 MHz DD2 spectrometer
equipped with a triple resonance cold probe. The total correl-
ation spectroscopy (TOCSY) and the Nuclear Overhauser
Effect Spectroscopy (NOESY) were carried out to collect
spectra for the sequential backbone and the side chain resonance
assignments (60), whereas the DQF-COSY was used to measure
coupling constants. Approximate inter-proton distance
restraints were derived from the 2D 1H-NOESY spectra (with
300 ms mixing time). The spectra were processed with the
program NMRPipe (61) and analyzed by Sparky (http://www.
cgl.ucsf.edu/home/sparky/). Structures were calculated using
the program CNS (62,63). A total of 200 structures were calcu-
lated and the final 20 structures with the lowest total energy
and least experimental violations were selected to represent
the peptide structure. The structure ensemble was displayed
and analyzed with the software MolMol (64) and PyMol (http
://[www.pymol.org/).

Primary neuronal culture, microfluidic chambers, peptide
treatment and immunofluorescent staining

Cortical neuronal cultures on coverslips were performed as
described (4). Briefly, synthetic TDP-43 peptides were diluted
to 200 wMm in Neurobasal medium and incubated at room tem-
perature for 8 h before treatment. Peptides are then added to
E18 rat cortical neurons that have been cultured in vitro for 6
days (Div6) to a final concentration of 20 uM. At 48 h, half of
medium was changed with freshly prepared medium containing
20 M peptides. Cells were fixed 96 h post-peptide treatment and
stained with anti-Tuj1l, TUNEL and the Hoechst dye.

Axonal microfluidic chambers were prepared as described
(33). Briefly, cortical neurons were isolated from EI18 rat
embryos in HBSS buffer (Gibco) following disassociation in
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the presence of papain (Sigma) at 37°C for 15 min. Approxi-
mately 5 x 10* cells were seeded into the cell compartment of
the microfluidic chambers assembled on the poly-p-lysine
(PDL, Sigma)-coated coverslips. Neuronal cultures were incu-
bated at 37°C, 5% CO2 in Neurobasal medium supplemented
with 2% B-27 (Gibco). Neurons were cultured 7 days in vitro
(DIV) before the peptide treatment. Stock solutions of the
control or corresponding TDP-43 peptides at 5 mm were pre-
pared in dimethyl sulfoxide (DMSO) and diluted to 20 pm
with the culture medium before adding to neuronal cultures.
After rinsing the central flow chamber and axonal chamber
once with the peptide solution at the working concentration,
50 pl of corresponding peptide solution was added to the top
well in the central flow channel and 100 wl to the axonal well.
Sufficient culture media was added in the cell body compartment
to maintain a positive hydraulic pressure against peptide diffu-
sion during the entire treatment process. Neuronal axons were
incubated with TDP-43 peptides for 72 h before fixation for mi-
croscopy. Axonal continuity was quantified using the Axon-
Quant algorithm that we developed (33).

To examine TDP-43 distribution, HEK293 or primary rat cor-
tical neurons were fixed at different time points following
peptide treatment and immunostained with the specific anti-
TDP-43 antibody (ProteinTech Group) with secondary antibody
conjugated to Cy3. The cortical neurons were immunostained
using anti-Tujl antibody to reveal axonal morphology in con-
junction with anti-TDP-43 to examine TDP-43 distribution.
Tuj1-positive neurons were scored for TDP-43 nuclear and cyto-
plasmic distribution by immunostaining.

ImmunoEM

De-identified postmortem brain samples from patients affected
by TDP-43-proteinopathy and control subjects were obtained
from the CNADC at Northwestern University, as described pre-
viously (4). The brain tissues were fixed in 2% paraformaldehyde
with 0.2% glutaraldehyde and embedded in 12% gelatin. The
gelatin-embedded blocks were prepared and stored in 2.3 M
sucrose at 4°C. Ultrathin sections (70-nm) were cut at —120°C
using dry diamond knives. Following blocking, the sections
were immunostained with polyclonal anti-TDP-43 antibody
(ProteinTech Group; 1:100) and anti-rabbit IgG antibody conju-
gated to 10 nm-colloidal gold particles. All EM images were
obtained using a Tecnai Spirit (120 kV) electron microscope.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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