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a b s t r a c t

The TAR DNA-binding protein 43 (TDP-43) has been identified as a critical player in a range of neurode-
generative diseases, including frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclero-
sis (ALS). Recent discoveries demonstrate the important role of carboxyl-terminal fragments of TDP-43 in
its proteinopathy. Herein, we report the characterization of b-domains in the C-terminal fragments of
TDP-43 using scanning tunneling microscopy (STM). Careful comparison of the wild-type TDP-43 (Wt)
and the three mutant TDP-43 peptides: an ALS-related mutant peptide: phosphorylated A315T mutant
TDP-43 (A315T(p)) and two model peptides: A315T mutant TDP-43 (A315T), A315E mutant TDP-43
(A315E) reveals that A315T(p) has a longer core region of the b-domain than Wt. A315E possesses the
longest core region of the b-domain and A315T(p) mutant TDP-43 has the second longest core region
of the b-domain. The core regions of the b-domains for A315T and Wt TDP-43 have the same length. This
observation provides a supportive evidence of a higher tendency in beta-sheet formation of A315T(p)
containing TDP-43 fragment, and structural mechanism for the higher cytotoxicity and accelerated fibril
formation of the A315T(p) mutation-containing TDP-43 peptide as compared with Wt TDP-43.

! 2012 Elsevier Inc. All rights reserved.

1. Introduction

Neurodegenerative diseases, such as Alzheimer’s disease, Par-
kinson’s disease, frontotemporal lobar degeneration (FTLD) and
amyotrophic lateral sclerosis (ALS), are characterized by the pro-
gressive loss of structure or function of neurons, including degen-
eration or death of neurons. ALS and FTLD are neuronal diseases
caused by the degeneration of neurons located in the ventral horn
of the spinal cord, or frontal and temporal lobes of the brain,
respectively. Pathology with ubiquitin-positive, tau-negative, and
TDP-43 positive neuronal inclusions have been recognized in FTLD,
ALS and other, neuronal diseases, collectively classified as TDP-43
proteinopathy (Lagier-Tourenne et al., 2010; Mackenzie et al.,
2010; Cohen et al., 2011). TAR DNA-binding protein 43 (TDP-43)
is a multifunctional DNA/RNA binding protein that plays important
roles in a number of cellular processes: transcription regulation,
splicing and other steps of post-transcriptional gene regulation
(Neumann et al., 2006; Kuo et al., 2009; Wang et al., 2008). Since
the first discovery by Neumann et al. that TDP-43 was the main
protein constituent of the ubiquitinated inclusions in ALS patients

(Neumann et al., 2006), intensive interest has been drawn to the
TDP-43 related research. It has been reported that nearly half of
the FTLD cases and, most of the ALS cases and some other neurode-
genaration diseases exhibit TDP-43 pathology, and the disease-re-
lated TDP-43 proteins are commonly characteristic of
hyperphosphorylation, cleavage, ubiquitination, mislocalization
and aggregation into insoluble aggregates (Neumann et al., 2006;
Chen-Plotkin et al., 2010; Piao et al., 2003; Arai et al., 2009; Kadok-
ura et al., 2009). However, molecular mechanisms underlying TDP-
43 neurotoxicity remain to be elucidated.

More than thirty different mutations have been identified in the
TDP-43 gene among ALS patients with most of them clustered in
the carboxyl terminal region of the TDP-43 protein (Lagier-Tour-
enne et al., 2010; Neumann et al., 2006). Both in vitro and animal
model studies suggest that C-terminal domains may play a signif-
icant role in TDP-43 proteinopathy (Lagier-Tourenne et al., 2010;
Neumann et al., 2006; Arai et al., 2009; Hasegawa et al., 2008; Igaz
et al., 2008, 2009). Several mutations in the C-terminal domain of
TDP-43 have been shown to increase its propensity to form aggre-
gation (Sreedharan et al., 2008; Guo et al., 2011; Zhang et al.,
2009). Previous studies demonstrate that an ALS phosphorylated
mutant, A315T(p) has increased propensity to form amyloid fibrils
in solution and protein aggregates in cultured neurons than Wt
TDP-43 (Guo et al., 2011; Barmada et al., 2010), and leads to
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accelerated neurodegenration in transgenic animals (Guo et al.,
2011; Wegorzewska et al., 2009).

A previous study using small angle X-ray scattering (SAXS) and
GST pull-down assay suggested the dimer formation in TDP-43
aggregates (Kuo et al., 2009). Time-lapse atomic force microscopy
(AFM) studies on aggregation of Wt and A315T(p)-containing
TDP-43 peptides demonstrate that the A315T(p) phosphorylated
mutant exhibits a higher tendency to form fibrils than Wt TDP-
43 (Guo et al., 2011). However, the structural basis for these obser-
vations remains to be defined. So far, structural analyses of TDP-43
carboxyl terminal domain using X-ray diffraction (XRD) or nuclear
magnetic resonance (NMR) techniques are largely unsuccessful
due to the heterogeneous amyloidal aggregation of TDP-43 C-ter-
minal domain (Guo et al., 2011). The direct observation of the
assembly and aggregation structures of the TDP-43 proteins with-
out the requirement of the crystallization and complex computa-
tions at single molecule level would be highly rewarding.

Our previous reports have demonstrated that scanning tunnel-
ing microscopy (STM) could be applied for amyloid structure anal-
ysis due to its high structural resolution and adaptability to various
environments (Ma et al., 2009; Mao et al., 2009, 2011; Liu et al.,
2009, 2011; Wang et al., 2011). We have reported previously the
high resolution structures of b-amyloid peptide1-42 relating to
Alzheimer’s disease (Ma et al., 2009) and amylin peptides relating
to type II diabetes (Mao et al., 2009, 2011). The modulation of amy-
loid assembly (Liu et al., 2009, 2011) and amyloid-dye molecule
interactions (Mao et al., 2011; Wang et al., 2011) were also inves-
tigated by STM in our previous reports, which is beneficial for the
detection and treatment of amyloidosis. Due to the high structural
resolution of STM, it is feasible to directly visualize the peptide
strand with beta-sheet or beta-like structures and compare the
structural difference between Wt and mutant TDP-43 peptides.
The studies on intrinsic or modulated peptide structures at sin-
gle-molecule level would give more insight into the structure–
activity relationship.

Herein we report characterization of an amyloidogenic region in
TDP-43 carboxyl terminal domain using STM and comparison of
the Wt TDP-43 with A315T mutant, phosphorylated mutant
A315T(p) and A315E mutant TDP-43 peptides. Synthetic peptides
were prepared corresponding to the carboxyl terminal region of
TDP-43 peptide that has been shown to form amyloid fibrils and
cause neurotoxicity (Guo et al., 2011), Wt and A315T(p) peptides.
All peptides contain residue Gln286 to Gln331 in the full length
TDP-43 protein, and A315T(p) phosphorylated mutant peptide
contains phosphorylated threonine at the residue 315. A315T mu-
tant peptide is considered and compared with A315T(p) for under-
standing the impact of the phosphorylation, and A315E mutant
peptide was introduced for understanding the effect of negative
charges in A315T(p) on the amyloid aggregation and related neuro-
toxicity. The sequences of Wt, A315T, A315T(p) and A315E pep-
tides are shown in Scheme 1a. The molecular structures and

assembly structures of Wt, A315T, A315T(p) and A315E peptides
are investigated by using STM, and the aggregation kinetics of
these peptides are monitored by thioflavin T (ThT) fluorescence.

In order to identify the carboxyl terminal of the peptides, small
molecule 4,40-bipyridyl (4Bpy, Scheme 1b) were introduced to
interact with the C terminal of the peptides, which could facilitate
the length measurement of the peptide strands with beta-like
structures (Mao et al., 2011). The peptides are observed to assem-
ble homogeneously on graphite surface as a reflection of tendency
of b-sheet formation. By determining the lengths of extended pep-
tide fragments of both C-terminus and N-terminus, we are able to
identify the b-domains and also the associated mutation effect.
Light scattering experiments were also conducted to reveal the
aggregation propensity of the C-terminal fragment of TDP-43 and
its ALS mutants. The longer b-domains from the STM results are
consistent with the stronger aggregation propensity of A315E than
the other three peptides from ThT fluorescence results.

2. Materials and methods

2.1. Sample preparation

All the Wt, A315T, A315T(p), A315E, and their counter parts
with reversed sequence, reverse Wt (re-Wt), reverse A315T (re-
A315T), reverse A315T(p) (re-A315T(p)) and reverse A315E (re-
A315E) TDP-43 peptides (corresponding to amino acid residues
286–331 of human TDP-43 protein) (Guo et al., 2011) and three
comparison peptides A293G/A315E (C1), A293G/A315G (C2) and
A293G/A315T(p) (C3) were purchased from Shanghai Science Pep-
tide Biological Technology Co., Ltd. with purity of >98%. 4Bpy and
ThT molecules are obtained from Sigma–Aldrich and used without
further purification. The TDP-43 peptides were dissolved in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma–Aldrich) initially
in sterile microcentrifuge tubes, stored at 4 "C for extended time,
followed by evaporation of the HFIP solvent under vacuum. The ob-
tained peptide deposits were dissolved in MilliQ water. 4Bpy was
also dissolved in MilliQ water and then mixed with the peptide
solution to reach the final concentration ca. 0.05 mM. The mixed
solutions were kept standstill for 2 h, and then 2 lL of the mixed
solutions were dropped onto freshly cleaved highly oriented pyro-
lytic graphite (HOPG) surface for STM observations after the sol-
vent was evaporated.

2.2. STM experiment

All the STM experiments were carried out with a Nanoscope IIID
system (Bruker Nano, USA) under ambient conditions. Mechanically
formed Pt/Ir (80/20) tips were used in the STM experiments. All STM
images were obtained in constant current mode, and the tunneling
conditions are shown in the corresponding figure captions.

Scheme 1. The sequences of Wt, A315T, A315T(p), A315E, A293G/A315E (C1), A293G/A315G (C2) and A293G/A315T(p) (C3) TDP-43 peptides (a) and molecular structure of
4,40-bipyridyl. In Scheme 1a, the red numbers represent the residues in the Wt, A315T, A315T(p), A315E, C1, C2 and C3 peptides in the 414-mer TDP-43. The blue capital
letters ‘‘A’’, ‘‘T’’, ‘‘E’’, ‘‘G’’ and ‘‘R’’ highlight the mutation site, and ‘‘p’’ in the bracket points out the phosphorylated residue Thr315. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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2.3. ThT fluorescence experiment

The aqueous solutions of Wt, A315T, A315T(p) and A315E TDP-
43 synthetic peptides with forward and reversed sequence were
prepared at the concentration of 125 lM in 0.2 mM phosphate buf-
fer (5 mM sodium dihydrogen phosphate and sodium phosphate,
pH = 7.4) in the presence of 1% of DMSO, but the concentrations
of the A315T(p), A315E and C1, C2, C3 are 250 lM in 0.2 mM phos-
phate buffer in Fig. 4. Stock solutions of the peptides were incu-
bated at 37 "C and transferred into the quartz cells immediately
before ThT fluorescence detection. The peptide solutions were
incubated again immediately between neighboring ThT fluores-
cence detections. The ThT fluorescence experiments were per-
formed on a Hitachi F4600 fluorescence spectrophotometer at
room temperature using quartz cells with ThT fluorescence inten-
sity obtained at emission wavelength of 480 nm and excitation
wavelength of 450 nm with a spectrum bandwidth of 1 nm.

3. Results and discussion

To investigate the structural features of TDP-43 carboxyl-termi-
nal fragments, the synthetic peptides that were shown to form
amyloid fibrils (Guo et al., 2011) were labeled with 4Bpy for STM
imaging (Liu et al., 2009, 2011; Mao et al., 2011; Wang et al.,
2011). The pyridyl species are introduced targeting the carboxyl
terminus of peptides via hydrogen bond interaction between the
nitrogen atoms of 4Bpy and the carboxyl groups of peptide C-ter-
mini. Because the higher electron density of the labeling molecule
4Bpy gives rise to the higher contrast in STM imaging, the C-termi-
nus of the TDP-43 peptides can be clearly identified.

The STM images for 4Bpy-labeled Wt or A315T (Fig. 1a and c)
and A315T(p) or A315E (Fig. 1e and g) peptide co-assembly struc-
tures on HOPG surface reveal the lamella characteristics with 4Bpy
molecular arrays bearing higher contrast between peptide stripes.
The high-resolution STM images show the molecularly resolved
4Bpy moiety and the peptide backbones. The lamella structure of
the peptide assembly could be attributed to the formation of b-like
structures (b-domain). With the labeling of the 4Bpy molecules,
one can directly measure the peptide strand length from C-termi-
nus, corresponding to the length of the b-domain (Mao et al.,
2011). The corresponding statistical histograms of the length dis-
tributions of the Wt, A315T, A315T(p) and A315E TDP-43 peptide
stands are shown in Fig. 1b, d, f and h respectively. The green line
segments in each STM images represent the measured length and
the green Arabic numerals ‘‘eight’’ features highlight the 4Bpy mol-
ecules. The measured lengths for Wt TDP-43 peptide are within the
range from 2.60 to 4.550 nm, corresponding to a b-domain consist-
ing of 9–14 amino acids. From the Gaussian fitting of the length
distribution, the most probable b-domain consists of 11 amino
acids at the carboxyl terminus. The measured length for A315T,
A315T(p) and A315E TDP-43 peptide range from 2.60 to
4.875 nm, 3.575–5.525 nm and 5.850–7.80 nm respectively, corre-
sponding to a b-strand with 8–15, 12–17 and 18–24 amino acids.
The Gaussian fitting gives the most probable b-domain consisting
of 11, 16 and 22 amino acids. The longer core fragments of
b-domain for A315E and A315T(p) that those of A315T and Wt
TDP-43 peptides is indicative of higher tendency of the b-sheet
formation of the A315E and A315T(p).

The key residues of the b-domains for Wt, A315T, A315T(p) and
A315E TDP-43 peptides, Ala321, Ala321, Phe316 and Gly310, were
marked by thin red arrows in Fig. 2a–d respectively. The gray ar-
rows with superimposed peptide main-chains and side-chains
stand for the b-domains identified in the STM images (Fig. 2a–d).
The flexible strings consisting of schematically colored spheres
represent the undiscernible regions of the peptide chains of TDP-

43 peptides in STM images. The side-chain conformations in the
discernible parts are shown schematically. The similar key sites
of C-terminal b-domains at Ala321 for Wt and A315T peptides
could be ascribed to the possible b-turn structure due to the neigh-
boring proline residue Pro320 (Hutchinson and Thornton, 1994;
Rose et al., 1985). This phenomenon gives a hint that the only
mutation from Ala315 to Thr315 has negligible effect on the b-
structure formation and the sequential amyloid aggregation. The
key site for the C-terminal b-domains of A315T(p) is located at
Phe316, which is the neighboring residue to the phospholated
Thr315 residue in A315T(p) peptide. The expanded b-domain com-
pared to A315T peptide indicates that the impact of the phosphor-
ylation on the b-sheet structures for C-terminal of TDP-43 could
arise from the negative charges introduced by phosphorylation.
The even more prolonged C-terminal b-domains of A315E to
Gly310 confirm the hypothesis that the increased propensity of
beta-structure formation could be ascribed to the mutation from
Ala315 to Glu315 with negative charges. These results indicate that
the introduced negative charges in TDP-43 peptides (A315T(p) and
A315E) could bring extra electrostatic interactions, most likely
with the only positive charged Arg293 residue.

Because the beta-sheet structures are dominated by the hydro-
gen bonding between backbones and jointly by the diverse interac-
tions between side groups, most of the interactions for peptide
with forward and reverse sequences could be expectedly un-
changed. The same lengths for the b-structures can also be ex-
pected for the reverse and forward sequences in the peptides.
Because the 4Bpy can only label the C-termini of peptides on the
surface, we synthesized the re-Wt, re-A315T, re-A315T(p) and re-
A315E TDP-43 peptides from native L-amino acids with reverse se-
quences corresponding to Wt, A315T, A315T(p) and A315E, in
which C-terminus of the re-peptides corresponding to the N-termi-
nus of normal sequences. In this way, we can get both the N-termi-
nal and C-terminal b-domains on the HOPG substrate. With the
same approach, the b-domains of re-Wt, re-A315T, re-A315T(p)
and re-A315E were determined by STM images to obtain the N-ter-
minus fragments of normal sequences Wt, A315T, A315T(p) and
A315E as shown in Fig. 3a, c, e and g. The histograms of the b-do-
main length distributions with Gaussian fitting for re-Wt, re-
A315T, re-A315T(p) and re-A315E are shown in Fig. 3b, d, f and h
respectively. In contrast to the Wt, A315T, A315T(p) and A315E
TDP-43 peptides, all of the four reverse TDP-43 peptides show bi-
modal distribution and the predominant lengths of b-domain con-
taining 14 amino acids. The minor peaks for b-domain lengths are
centered at 20 and 21 amino acids. The key site at Leu299 residue
and the minor sites at Ser305, Asn306 residues for re-Wt, re-
A315T, re-A315T(p) and re-A315E peptides could be ascribe to
the favorable flexible turn at the neighboring Gly298, Gly300 and
Gly304. These results show that A315E TDP-43 contains a longest
b-domain in the C-terminal part than the other three counterpart
TDP-43 peptides, and A315T(p) TDP-43 peptide has the second lon-
gest b-domain, and Wt, A315T TDP-43 peptides share nearly the
same b-domain length in the C-terminal part. It should be noted
that the 4Bpy molecules can form hydrogen bond with carboxyl
groups at C-terminal, and it is also possible that 4Bpy molecules
bind onto side groups, such as Asp or Glu. The STM images featur-
ing of the peptide strands are convolution of geometrical topogra-
phy and electronic states, and the side groups out of the surface
should have inevitable conformational variations and fluctuations.
Such fluctuations could blur the STM imaging resolution of the side
groups, and the recognition of the side chains is still a challenging
task.

From the energetic point of view, the aggregation propensity
should be dependent on the total lengths of the core b-domains
if there are multiple b-strands within the whole sequence. The re-
verse sequences all show major peaks at 14 residues, which means
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the contribution from the N-terminal b-domains could be plausibly
considered the same. Thus the aggregation propensity could be
mainly dependent on the length of the C-terminal b-stand where
the main mutation site is located. To further examine the aggrega-
tion behaviors of Wt, A315T, A315T(p) and A315E TDP-43 peptides
in PBS solution, ThT fluorescence experiments were performed fol-
lowing incubation at 37 "C. It should be noted that the synthetic
TDP-43 peptides with forward and reverse sequences show nearly
the same aggregation trends from the ThT fluorescence experi-
ments (Fig. S1). In Fig. 4, the ThT fluorescence results revealed that
all of the Wt A315T, A315T(p) and A315E TDP-43 peptides showed
significant aggregation propensity. In addition, the A315E peptide
seems to form aggregates more rapidly than the other three pep-
tides in the aqueous solution. The aggregation processes of Wt,
A315T, A315T(p) and A315E peptides are fitted with logistic curves
() as shown in black, red, blue and green solid lines in Fig. 4, in
which a, b and k are three constants. According to the logistic func-
tion, the equilibrium intensities (a) are 1450, 2106, 3008 and 4440
respectively. Much stronger aggregation propensity of the A315E
and A315T(p) than the Wt and A315T TDP-43 peptide are observed
in ThT fluorescence experiments, which is consistent with the
longer C-terminal b-domain in Figs. 1 and 2. The stronger aggrega-

tion of A315E and A315T(p) could be attributed to the possible
electrostatic interactions with the positive charged Arg293 residue.
The increased equilibrium intensities from Wt to A315T to
A315T(p) also demonstrate the higher and higher propensity of
amyloid aggregation by the mutation and the followed phosphor-
ylation. The intensity difference of A315T(p) and Wt are also con-
sistent with the previously reported time-lapse AFM data of these
TDP-43 peptide aggregates formed on mica surface (Guo et al.,
2011). Aggregation of the Wt peptide followed the process from
small granular aggregates to very thin fibrils after 17 h incubation
at 37 "C, whereas the A315T(p) peptide showed an accelerated
aggregate formation from short protofibrils to thick fibrils (Sreedh-
aran et al., 2008). The increased equilibrium intensity of A315E
compared to the ALS related A315T(p) could be attributed to the
longer core b-domain, as well as the strong hydrogen bond
formation between Glu315 and Arg293 besides the electrostatic
interactions. The stronger interaction facilitated the longer
C-terminal b-domain, which results in kinetically slower assembly
rate at the initial stage while higher equilibrium intensities. The
longer core region of b-domain of A315T(p) peptide detected by
STM provides a possible mechanistic explanation for the increased
propensity of fibril formation and higher neurotoxicity of the ALS

Fig. 1. STM experiments show that the Wt, A315T, A315T(p) and A315E TDP-43 peptide form the different length beta-sheet at the carboxyl terminus. STM images of two-
dimensional assemblies of 4Bpy-labeled Wt, A315T, A315T(p) and A315E peptides are shown in panels (a, c, e and g) respectively. The tunneling conditions are: 600 mV and
360 pA, TDP-43 peptides on the HOPG surface. Histograms with Gaussian fitting of the length distribution of core b-domain for Wt (b), A315T (d), A315T(p) (f) and A315E (h)
peptides. The numbers shown in the histograms mark the number of the amino acids in the core regions. The green lines and green Arabic numerals ‘‘eight’’ figures highlight
the length of beta-sheet we measured and the 4Bpy molecules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Schematic illustration of the observable core b-domain with highlighted folding sites at key residues (highlighted by red arrows) for Wt (a), A315T (b), A315T(p) (c)
and A315E (d), and the residues of Arg293, Thr315 and Glu315 are pointed out.
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mutant, A315T(p). In Fig. 4 we also can tell that there is a obvious
lag time of the aggregation process for A315E, but there is hardly a
lag time for Wt, A315T or A315T(p). The reason for A315E having a
large nucleation delay than A315T(p) could be associated with the
length difference of core b-domains at the C-terminals for A315E
and A315T(p). The length difference in C-terminal core b-domains
could influence the relaxation time and the electrostatic interac-
tion between N and C-terminal b-domains could help to enhance
the inter-sheet interaction leading to higher equilibrium intensity
(as shown in Fig. 4). The decreased fluorescence intensity after
the aggregation reaches the equilibrium can also be observed,
which could be attributed to the possible decrease of the effective
quantity of peptide aggregates. When the large size aggregates pre-
cipitate at the bottom of the quartz cells, the reduction of the effec-
tive amount of fluorescence molecules within the optical path will
lead to the decrease of the fluorescence intensity.

In patients affected by TDP-43 proteinopathy, TDP-43 has been
identified in skein-like cytoplasmic inclusions. The STM results
indicate that the C-terminal b-domain of Wt and A315T is ended
at the preferential sites Ala36 residue, whereas the core b-domain
of A315T(p) is located between C-terminus and Phe316 residue,
and that of A315E is between C-terminus and Gly310 residue.
The observed longer b-domains of A315E and A315T(p) in compar-
ison with those of the Wt and A315T may be attributed to the
stronger aggregation propensity of A315E, A315T(p) than those
of Wt and A315T, as supported by the AFM and ThT fluorescence
results. This observation is also consistent with the reported
molecular dynamics simulation results of Wt, A315T(p) and
A315E TDP-43 peptides (Guo et al., 2011), in which the C-terminal
part of wild-type and A315T TDP peptides are suggested to adopt
an extended b-sheet conformation and more liable to formed b-
turns than the C-terminal part of A315T(p) and A315E TDP-43 pep-
tides. The proline may act as a b-sheet disruptor to give rise to the
ending of beta-like structure at Pro320 primarily for Wt TDP-43
peptides (Hutchinson and Thornton, 1994; Rose et al., 1985). In
A315T(p) TDP-43 peptides, the phosphate group may alter the
interaction between peptide strands within the amyloid fibrils
and result in more extended b-domain in A315T(p) peptide. The
synthetic peptide A315E as a model further confirm the impact
of electrostatic interaction on the amyloid aggregation due to the

introduced negative charge of the phosphorylated A315T. For test-
ing the electrostatic attraction in the aggregation process of TDP-
43, we use three comparison peptides: A293G/A315E (C1),
A293G/A315G (C2) and A293G/A315T(p) (C3) TDP-43 peptides
(the sequences are shown in Scheme 1). The result (Fig. 4) indicates
that the aggregation propensity of A315T(p) and A315E are much
stronger than C1 (purple open diamonds), C2 (yellow open
squares), and C3 (light green open circles), which confirmed the
significance of the electrostatic interaction between the positive

Fig. 3. STM experiments show that the re-Wt, re-A315T, re-A315T(p) and re-A315E TDP-43 peptide form the same length beta-sheet at the carboxyl terminus. STM images of
two-dimensional assemblies of 4Bpy-labeled re-Wt, re-A315T, re-A315T(p) and re-A315E peptides are shown in panels (a, c, e and g) respectively. The tunneling conditions
are: 600 mV and 360 pA, TDP-43 peptides on the HOPG surface. Histograms with Gaussian fitting of the length distribution of core b-domain for re-Wt (b), re-A315T (d), re-
A315T(p) (f) and re-A315E (h) peptides. The numbers shown in the histograms mark the number of the amino acids in the core regions. The green lines and green Arabic
numerals ‘‘eight’’ figures highlight the length of beta-sheet we measured and the 4Bpy molecules. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. The time course of ThT fluorescence experiments of TDP-43 peptides A315E
(green solid triangles), A315T(p) (blue solid triangles), A315T (red solid circles), Wt
TDP-43 peptide (black solid squares) and C1 (purple open diamonds), C2 (yellow
open squares), C3 (light green open circles). The background phosphate buffer
control is shown as pink solid stars. The time course of ThT fluorescence
experiments of TDP-43 peptides shows an increased aggregation propensity of
A315E than the other TDP-43 peptides, and aggregation propensity of A315T(p)
TDP-43 peptide ranks second. The ThT fluorescence intensities of the Wt, A315T,
A315T(p), A315E (125 lM in 0.2 mM phosphate buffer) TDP-43 peptides and C1, C2,
C3 (250 lM in 0.2 mM phosphate buffer) are determined in aqueous solutions. The
aggregation propensity of A315E and A315T(p) is stronger than C1, C2 and C3,
which confirmed the significance of the electrostatic interaction between the
positive charge on Arg293 and negative charges at 315 sites on A315T(p) or A315E,
although the concentrations of A315E and A315T(p) are half of the concentrations
of C1, C2 and C3. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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charge on Arg293 and negative charges at 315 sites on A315T(p) or
A315E. Carefully comparing the aggregation propensity of C1, C2
and C3, we can clearly observe the strongest aggregation propen-
sity of C1 than the other two peptides. This could be attributed
to the possible enhanced inter-peptide interactions associated
with the capacity of hydrogen bond formation for Glu315. The
slightly higher aggregation propensity for C1 compared to C2 and
C3 is also consistent with the longer core C-terminal b-domain in
A315E.

4. Summary

We have observed longer b-domain of A315E and A315T(p) in
comparison with that of the Wt and A315T through surface medi-
ated peptide assemblies by using STM. Such difference may be
attributed to the stronger aggregation capacities of A315E and
A315T(p) than those of Wt and A315T, as supported by the ThT
fluorescence results. Substantially stronger aggregation propensity
of the A315E and A315T(p) could be attributed to the possible elec-
trostatic interactions with the positive charged Arg293 residue.
The model synthetic peptide, A315E, further confirms the impact
of electrostatic interaction on the amyloid aggregation due to the
introduced negative charge to ALS mutation, the phosphorylated
A315T. The impact of b-domain length on the aggregation propen-
sity and finally the cytotoxicity of the amyloid peptides indicates
the feasibility of analyzing biological effects of amyloid peptides
both in vitro and in vivo by studying the structural characteristics
of beta-motifs at molecular level. These results could help gain in-
sight of the correlation between the length of b-domain and the
aggregation propensity of amyloid peptides and also the associated
mutation effects.
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