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TAR DNA-binding protein of 43 kDa (TDP-43) is the major component of the intracellular inclusions in
amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD). Here, we show that
both monoclonal (60019-2-Ig) and polyclonal (10782-2-AP) anti-TDP-43 antibodies recognize amino
acids 203-209 of human TDP-43. The monoclonal antibody labeled human TDP-43 by recognizing

1<€yW0Td§5 Glu204, Asp205 and Arg208, but failed to react with mouse TDP-43. The antibodies stained the abnor-
Aggregation mally phosphorylated C-terminal fragments of 24-26 kDa in addition to normal TDP-43 in ALS and FTLD
]/;?sha—synuclein brains. Immunoblot analysis after protease treatment demonstrated that the epitope of the antibodies
ALS (residues 203-209) constitutes part of the protease-resistant domain of TDP-43 aggregates which deter-
FILD mine a common characteristic of the pathological TDP-43 in both ALS and FTLD-TDP. The antibodies and

methods used in this study will be useful for the characterization of abnormal TDP-43 in human mate-

rials, as well as in vitro and animal models for TDP-43 proteinopathies.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

TDP-43 is a nuclear ribonucleoprotein implicated in exon splic-
ing, gene transcription, regulation of mRNA stability, mRNA bio-
synthesis, and formation of nuclear bodies [1-5]. It has been
identified as the major component of the ubiquitin-positive tau-
negative intracytoplasmic inclusions in frontotemporal lobar
degeneration (FTLD), amyotrophic lateral sclerosis (ALS) [6,7] and
other neurodegenerative disorders [8-12]. Identification of muta-
tions in familial and sporadic ALS and FTLD cases demonstrated a
direct link between the genetic lesion and development of TDP-
43 pathology [13-16]. Immunohistochemical studies using anti-
TDP-43 antibodies revealed that TDP-43 translocates from its
normal nuclear localization into the cytoplasm in these disorders.
Furthermore, biochemical analysis detected abnormally phosphor-
ylated TDP-43 of 45 kDa, high-molecular-weight smearing and
C-terminal fragments of approximately 25 kDa, as well as normal
TDP-43 of 43 kDa in the detergent-insoluble, urea-soluble fraction
from affected brains. The antibodies generated by immunizing
C-terminal phosphopeptides of TDP-43, such as pS409/410 and
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pS403/404, strongly stain abnormal neuronal cytoplasmic and
dendritic inclusions in FTLD, and skein-like and glial cytoplasmic
inclusions in ALS spinal cord, with no nuclear staining, and thus
permit easier and more sensitive detection of abnormal TDP-43
accumulations in neuropathological examination [17]. Immuno-
blotting of the Sarkosyl-insoluble fractions from FTLD and ALS
cases using these phosphospecific antibodies clearly demonstrated
that hyperphosphorylated full-length TDP-43 of 45 kDa, smearing
substances and fragments at 18-26 kDa are the major species of
TDP-43 accumulated in FTLD and ALS, and the band patterns of
the C-terminal fragments of phosphorylated TDP-43 correspond
to the neuropathological subtypes.

Anti-TDP-43 monoclonal antibody (mAb) (60019-2-Ig; Protein-
tech Group Inc., Chicago, IL) and polyclonal antibody (pAb) (10782-
2-AP; Proteintech Group Inc., Chicago, IL) are widely used for the
investigation of TDP-43 pathology [6,7,9,18-21]. According to the
manufacturer’s specifications, anti-TDP-43 mAb and pAb were
generated against the N-terminal 260 amino acids (aa) of the pro-
tein, but the precise epitope has not yet been identified. Another
mouse monoclonal antibody against TDP-43 (2E2-D3; Abnova Cor-
poration, Taipei, Taiwan) is also commercially available; it recog-
nizes residues 205-222 of human TDP-43, but does not recognize
mouse or rat TDP-43 [22].
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In this study, we mapped the epitope for anti-TDP-43 mAb and
pAb (Proteintech Group Inc.). We also showed that anti-TDP-43
mAb recognizes human TDP-43, but not mouse TDP-43. Using
these antibodies, we investigated the abnormal forms of TDP-43
from ALS and FTLD brains, and found that the antibodies recog-
nized the amino-terminus of the TDP-43 C-terminal fragments of
24-26 kDa. Immunoblot analysis of Sarkosyl-insoluble fractions
after treatment of proteases also demonstrated that the epitope
is apparently resistant to trypsin and chymotrypsin in the abnor-
mal TDP-43, suggesting that the epitope region is important for
the formation of the pathological structure of TDP-43 in ALS and
FTLD.

2. Materials and methods
2.1. Construction of plasmids

GFP-tagged TDP-43 C-terminal or N-terminal fragments were
constructed as described [23] by amplifying a cDNA encoding
full-length TDP-43 by means of PCR and inserting the fragment
into the pEGFP-C1 vector (Clontech). To investigate the specificity
of TDP-43 mAb for human TDP-43, site-directed mutagenesis of
GFP-tagged full-length TDP-43 was carried out to substitute
Glu204 to Ala (E204A), Asp205 to Glu (D205E), Arg208 to GIn
(R208Q), Glu209 to GIn (E209Q), Ser212 to Cys (S212C), Asp216
to Glu (D216E), and Met218 to Val (M218V), using a site-directed
mutagenesis kit (Strategene)(Fig. 4). All constructs were verified
by DNA sequencing.

2.2. Antibodies

TDP-43 polyclonal antibody, 10782-2-AP, and TDP-43 monoclo-
nal antibody, 60019-2-Ig, were purchased from Proteintech Group
Inc. Anti-GFP monoclonal antibody was purchased from MBL
(Nagoya, Japan). A polyclonal antibody specific for phosphorylated
TDP-43 (pS409/410) was prepared as described [17].

2.3. Cell culture and expression of plasmids

Human neuroblastoma cell line SH-SY5Y and mouse neuroblas-
toma cell line Neuro 2a were maintained in appropriate medium as
described previously [24,25]. Cells were then transfected with
expression plasmids using FUGENE6 (Roche) according to the
manufacturer’s instructions.

2.4. Immunoblotting

Expressed proteins in cell lysates were separated by 10% SDS-
PAGE and transferred onto polyvinylidene difluoride membrane
(Millipore, Bedford, MA). After blocking with 3% gelatin, mem-
branes were incubated overnight with primary antibodies
(1:1000) at room temperature. After incubation with an appropri-
ate biotinylated secondary antibody, labeling was detected using
the ABC system (Vector Lab., Burlingame, CA) coupled with a
diaminobenzidine (DAB) reaction intensified with nickel chloride.

2.5. Analysis of abnormal TDP-43 in ALS and FTLD-TDP brain

Brains from two cases with Alzheimer’s disease (AD), two with
ALS, two with FTLD-TDP (type A), two with FTLD-TDP (type B) and
two with FTLD-TDP (type C) were employed in this study. The two
AD cases had no TDP-43 pathology. The age, sex, brain weight, and
diagnosis are given in Table 1. Sarkosyl-insoluble, urea-soluble
fractions were extracted from these brains as previously described
[6,9]. The samples were loaded onto 15% polyacrylamide gel and

Table 1
Description of subjects.
Case No. Diagnosis Age (years) Sex BW (g)
1 AD 65 F 1165
2 AD 70 F 1126
3 ALS 62 M 1230
4 ALS 42 F 1140
5 FTLD-TDP (type A) 71 F 863
6 FTLD-TDP (type A) 66 F 1100
7 FTLD-TDP (type B) 45 M 1260
8 FTLD-TDP (type B) 67 M 1280
9 FTLD-TDP (type C) 67 M na
10 FTLD-TDP (type C) 59 M na

BW, brain weight; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis;
FTLD-TDP, frontotemporal lobar degeneration with TDP-43 pathology; na, not
available.

transferred onto a membrane. The membrane was cut in the center
of the loaded lane, and the same samples were reacted separately
with anti-TDP-43 Abs and pS409/410 as described above.

2.6. Protease treatment of TDP-43

Sarkosyl-insoluble fractions extracted from neocortical regions
of the brains were treated with trypsin (at a final concentration
of 100 pig/ml, Promega, Madison, USA) or chymotrypsin (at a con-
centration of 10 pg/ml, Sigma-Aldrich, St. Louis, USA) at 37 °C for
30 min. The reaction was stopped by boiling for 5 min. After centri-
fuging at 15,000 rpm for 1 min, the samples were analyzed by
immunoblotting with anti-TDP-43 pAb and mAb as described
above.

3. Results
3.1. Epitope mapping of anti-TDP-43 antibody

Our previous study showed that both TDP-43 mAb and pAb re-
acted with GFP-tagged TDP-43 C-terminal fragment (GFP-TDP
162-414), but failed to detect GFP-TDP 218-414 [23]. To map
the epitope of these antibodies, we expressed a series of GFP-
tagged human TDP-43 C-terminal fragments (Fig. 1A) in SH-SY5Y
cells and immunoblotted them with the antibodies. Both anti-
TDP-43 pAb and mAb detected endogenous human TDP-43 of
43 kDa and exogenous GFP-tagged full-length, 171-414, 181-
414, 191-414 and 201-414 TDP-43. However, both antibodies
failed to detect 211-414 (Fig. 1A). These results suggest that the
epitopes of these antibodies are located within residues 201-210.

To narrow down the epitope structure further, another series of
GFP-tagged C-terminal fragments of TDP-43 was expressed in SH-
SY5Y cells (Fig. 1B) and tested. Both antibodies reacted with GFP-
TDP 203-414, but failed to recognize GFP-TDP 204-414, 205-414
and 207-414 (Fig. 1B), demonstrating that Thr203 forms the N-ter-
minal border of the epitope for both antibodies.

To determine the C-terminus of the epitope, a series of GFP-
tagged N-terminal fragments of TDP-43 was expressed and immu-
noblotted with these antibodies (Fig 1C). Anti-TDP-43 pAb reacted
with all of the N-terminal fragments tested, although it stained the
1-212 fragment most strongly. This suggests that one of the pAb
epitopes is located at the N-terminal region of TDP-43, in addition
to the central epitope. Anti-TDP-43 mAb strongly stained GFP-TDP
1-212, moderately stained GFP-TDP 1-210, and barely stained GFP-
TDP 1-209, while it failed to react with GFP 1-208 and 1-207
(Fig. 1C), indicating that Glu209 forms the C-terminus of the epi-
tope for anti-TDP-43 mAb. Thus, anti-TDP-43 mAb recognizes res-
idues 203-209 of human TDP-43.
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Fig. 1. Epitope mapping of anti-TDP-43 polyclonal and monoclonal antibodies. (A) Schematic diagram of GFP-tagged full-length TDP-43 (GFP-TDP) and the C-terminal
fragments. Immunoblot analyses of GFP-TDP and the C-terminal fragments in SH-SY5Y cells. Both mAb and pAb reacted with GFP-TDP and the C-terminal fragments, except
for 211-414. The anti-GFP antibody recognizes all the proteins expressed. (B) Further epitope mapping of anti-TDP-43 antibodies. Immunoblot analyses of the GFP tagged
C-terminal fragments of TDP-43. Both mAb and pAb reacted with 203-414, but failed to recognize 204-414, 205-414, and 207-414. The anti-GFP antibody recognizes all of
the fragments. (C) Epitope mapping of the C-terminus recognized by anti-TDP-43 polyclonal and monoclonal antibodies. Immunoblot analyses of GFP-TDP and N-terminal
fragments in SH-SY5Y cells. Anti-TDP-43 pAb reacted with all of the N-terminal fragments, although it stained 1-212 fragment most strongly. In contrast, anti-TDP-43 mAb
strongly stained GFP-TDP 1-212, moderately stained GFP-TDP 1-210, and barely stained GFP-TDP 1-209, while it failed to react with GFP 1-208 and 1-207. The anti-GFP
antibody recognized all of the fragments equally. The arrows indicate endogenous TDP-43 in SH-SY5Y cells.

3.2. Amino acid sequence differences between human and mouse TDP-
43

The anti-TDP-43 mAb reacted with endogenous TDP-43 of
human neuroblastoma SH-SY5Y cells, but not with TDP-43 of
mouse neuroblastoma Neuro2a cells (Fig. 1B, 1C, 2B). Similarly,
the mAb recognized TDP-43 in human brain extract, but failed to
detect TDP-43 in mouse brain extract, suggesting that the mAb
does not recognize mouse TDP-43 (data not shown). The absence
of reactivity with mouse TDP-43 is explained by
the sequence differences around the epitope between human and
mouse TDP-43 (Fig. 2A). Each different amino acid of human
TDP-43 was substituted to that of mouse TDP-43. The mutated
proteins were expressed in Neuro2a cells and immunoreactivity
with anti-TDP-43 mAb was examined. Substitution of D216 to E
and M218 to V did not affect the immunoreactivity (Fig. 2B),
whereas substitutions of E204 to A, D205 to E, and R208 to Q abol-
ished the immunoreactivity of anti-TDP-43 mAb, indicating that
these residues are necessary for recognition by the mAb.
Anti-TDP-43 pAb reacted with these mutants, although a marked

decrease in immunoreactivity was observed in the cases of
E204A, D205A, R208Q, and S212C.

3.3. Biochemical analysis of abnormal TDP-43 in ALS and FTLD brains
with anti-TDP-43 mAb

On immunoblots of Sarkosyl-insoluble fractions extracted from
the brain of patients with ALS and FTLD-TDP (type A), the anti-
TDP-43 mAb detected phosphorylated full-length TDP-43 at
45 kDa, two bands around 25kDa and high-molecular-weight
smears, in addition to the normal TDP-43 band at 43 kDa, which
can also be detected in control cases. Immunoblot analysis of the
split membrane with a phosphorylation-dependent anti-TDP-43
antibody pS409/410 revealed that the two bands around 25 kDa
stained with the mAb corresponded to the C-terminal fragments
of 24 and 26 kDa recognized by pS409/410 (Fig. 3)[17]. These re-
sults demonstrated that these 24 and 26 kDa C-terminal fragments
contain the epitope of the mAb, residues 203-209, and that the
cleavage sites of these C-terminal fragments are located at the
N-terminal side of Thr203.
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Fig. 2. Alignment of human and mouse TDP-43 (A) and immunoblot analyses of
mutated TDP-43 with anti-TDP-43 antibodies. (A) The amino acid sequences of
human (upper) and mouse (lower) TDP-43 around the epitope of anti-TDP-43 mAb.
The asterisks show identical amino acids. (B) Immunoblot analyses of GFP-TDP wild
type (Wt) and GFP-TDP mutants expressed in Neuro2a cells. Substitution of D216 to
E and M218 to V did not affect the immunoreactivity, whereas substitutions of E204
to A, D205 to E, and R208 to Q, abolished the immunoreactivity of anti-TDP-43 mAb.
Anti-TDP-43 pAb reacted with all these mutants, although markedly decreased
immunoreactivities were observed in E204A, D205A, R208Q, and S212C. The arrows
indicated endogenous TDP-43 in Neuro2A cells. Note that endogenous mouse TDP-
43 in Neuro 2a cells was not recognized by anti-TDP-43 mAb.
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Fig. 3. Immunoblot analyses of Sarkosyl-insoluble fractions from ALS, FTLD-TDP
(type A), and AD brains with anti-TDP-43 monoclonal antibody and phosphoryla-
tion-dependent anti-TDP-43 antibody, pS409/410. With pS409/410, fragments of
approximately 45 kDa and 18-26 kDa, as well as smearing, were detected. The
banding pattern of 18-26 kDa fragments showed three major bands at 23, 24, and
26 kDa, and 2 minor bands at 18 and 19 kDa, with the 24 kDa band being the most
intense. In addition to the normal full-length TDP-43 at 43 kDa, anti-TDP-43 mAb
labeled phosphorylated full-length TDP-43 at 45 kDa, high-molecular-weight
smears and two bands at 26 kDa and 24 kDa (arrowheads), which were not seen
in the AD case. The two bands corresponded to the major 26 and 24 kDa bands were
detected with pS409/410.

3.4. The epitope of these TDP-43 antibodies constitute part of protease-
resistant core domain of TDP-43 in ALS and FTLD brains

In order to characterize the epitope further, we treated the
Sarkosyl-insoluble fractions extracted from brains of patients with
proteases and analyzed them with these antibodies. Without pro-

tease treatment, both antibodies strongly stained normal full-
length TDP-43 of 43 kDa in all cases examined including AD cases
which were without TDP-43 pathology. In ALS and FTLD-TDP cases,
phosphorylated full-length TDP-43 of 45 kDa (Fig 4A, arrows) and
the ~25 kDa fragments (Fig 4A, arrow heads) were detected with
these antibodies. After trypsin treatment, the full-length band of
TDP-43 was disappeared and the protease-resistant fragments
around 25 kDa (Fig 4B, white arrows) and smearing substances ap-
peared in the ALS and FTLD-TDP cases. Similarly, after chymotryp-
sin treatment, protease-resistant triplet bands of 16, 20 and 25 kDa
(Fig 4C, white arrow heads) and smearing substances were clearly
detected in ALS and FTLD-TDP-cases with the mAb, while no such
bands were seen in AD cases. On blot with the pAb, multiple bands
were detected in addition to the triplet, and some of these bands
were also detected in AD cases, suggesting that the pAb stained
some normal fragments in addition to the abnormal TDP-43 bands.
In the cases examined, apparent difference was not detected in
these trypsin-resistant and chymotrypsin-resistant bands detected
among the clinicopathological phenotypes of the diseases. By pro-
teinase K treatment, immunoreactivities with these antibodies
were completely abolished (data not shown), suggesting that the
epitope is not entirely resistant to any proteases. However, it is
obvious that the epitope of the TDP-43 deposited in the patients
is fairly protease-resistant compared to the normal protein. These
results indicate that the epitope of the mAb (residues 203-209 of
TDP-43) constitute part of the protease-resistant domain of TDP-
43 which determine a common characteristic of the abnormal
TDP-43 in both ALS and FTLD-TDP.

4. Discussion

This is the first analysis of the epitopes of Proteintech’s anti-
TDP-43 polyclonal and monoclonal antibodies, which have often
been used to research TDP-43 proteinopathies since 2006 [6,7].
We demonstrated that anti-TDP-43 mAb specifically recognizes
residues 203-209 of human TDP-43, which form a part of the sec-
ond RNA-recognition motif (RRM2, residues 193-257) of normal
TDP-43 [26], but constitute part of the protease-resistant core do-
main of TDP-43 aggregates that determine the common character-
istic of abnormal TDP-43 in ALS and FTLD-TDP-43.

RRM2 is a functional domain with distinct RNA/DNA binding
characteristics. The anti-TDP-43 mAb recognized human TDP-43,
but not mouse TDP-43. Site-directed mutagenesis and subsequent
immunoblot analysis revealed that Glu204, Asp205 and Arg208
residues in human TDP-43 are important for the specific recogni-
tion by the mAb (Fig. 2). In fact, human TDP-43 shares 98.5%
homology with mouse TDP-43 at the amino acid level, but the
RRM2 domain has only 66% homology.

We also showed that one of the major epitopes of the pAb is lo-
cated in almost the same region at that of the mAb (Fig. 1),
although the pAb also recognizes the N-terminal region of TDP-
43. Recently, TDP-43 transgenic mice overexpressing human
TDP-43 have been produced as animal models of TDP-43 protein-
opathy [27]. However, abnormal TDP-43 pathologies in these mice
are very rare, so new transgenic or other animal models that devel-
op abundant TDP-43 pathology are still required. Since the TDP-43
mADb recognizes human TDP-43, but not mouse TDP-43, it will be a
useful reagent for the characterization of mouse lines transgenic
for human TDP-43, together with phosphorylation-dependent
antibodies.

Biochemical analyses of TDP-43 proteinopathies have demon-
strated that abnormally phosphorylated full-length and C-terminal
fragments of TDP-43 are the major species in the inclusions. The
band patterns of the C-terminal fragments at 18-26 kDa are closely
correlated with the clinicopathological subtypes of TDP-43 pro-
teinopathies [17]. In addition, most of the pathogenic mutations
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Fig. 4. Immunoblot analysis of Sarkosyl-insoluble fractions from AD and TDP-43 proteinopathies before and after protease treatment. (A) Without protease treatment,
normal TDP-43 of 43 kDa was detected with these antibodies in all cases examined. In the ALS and FTLD-TDP cases, phosphorylated full-length TDP-43 of 45 kDa (arrows),
high-molecular-weight smears, and the 24-26 kDa fragments (arrow heads) were detected in addition to the normal TDP-43. (B) Upon trypsin treatment, full-length TDP-43
disappeared, and the protease-resistant ~25 kDa fragments (white arrows) and smears appeared in ALS and FTLD-TDP cases, but not in AD cases. (C) After chymotrypsin
treatment, triplet bands (white arrowheads) were detected in ALS and FTLD-TDP cases with the mAb and multiple bands were detected with pAb, whereas such

immunoreactivities were hardly detected in AD cases.

are found in the C-terminal half of the TDP-43 [13-16]. Therefore,
misfolding or structural alteration of the C-terminal half of TDP-43
seems to be the key to the pathogenesis of TDP-43 proteinopathies.
By mass spectrometric analysis of the 23 kDa band in Sarkosyl-
insoluble fraction from FTLD-TDP (type A), we identified the
cleavage site as the N-terminus of Asp219 [23]. Another group re-
ported cleavage at Asp208, based on N-terminal sequencing of urea
extracts of FTLD-TDP brain [28]. However, the cleavage sites of the
other major C-terminal fragments of 24 and 26 kDa have not been
determined yet. In this study, we showed that the pathological
TDP-43 C-terminal fragments of 24 and 26 kDa in ALS and FTLD-
TDP type A contain the epitope of anti-TDP-43 mAb, residues
203-209, by comparing the immunoblotting results with those
using pS409/410 (Fig. 3). This result suggests that the cleavage
sites of pathological TDP-43 C-terminal fragments in ALS and
FTLD-TDP are located at the N-terminal side of Thr203. Although
the mechanisms of generation of the C-terminal fragments are still
controversial, the presence of multiple cleavage sites suggests that
cleavage may occur after the aggregation or assembly of TDP-43.
Structural or conformational changes in the proteins are
thought to be the most important in protein aggregation in these
neurodegenerative diseases. To analyze the conformational change
in the epitope of TDP-43 from normal to the abnormal states fur-
ther, we treated the Sarkosyl-insoluble TDP-43 with trypsin or chy-
motrypsin, and immunoblotted with these antibodies. The
protease-resistant TDP-43 bands and smears were detected in
ALS and all subtypes of FTLD-TDP with these anti-TDP-43 antibod-
ies (Fig. 4), while no such bands were seen in AD cases. These dem-
onstrate that the epitope is protease-resistant in the abnormal
TDP-43 but not in normal TDP-43. Using an antibody pS409/410
that recognizes the C-terminal phosphorylation sites, some

protease-resistant TDP-43 bands are detected, and the band pat-
terns are slightly different between ALS and FTLD-TDP type C
[29]. On immunoblots with anti-TDP-43 pAb and mADb, such differ-
ence was not observed. This is probably due to that the epitope of
the mAb and pAb is located in the amino-terminus of the protease-
resistant core of the TDP-43, whereas epitope of the pS409/410
located in the C-terminus. Similar protease-resistant bands have
been reported in abnormal prion in prion diseases, tau in Alzhei-
mer’s disease and alpha-synuclein in Parkinson’s disease and
dementia with Lewy bodies. Biochemical studies in these protein-
opathies suggested that the protease-resistant bands represent the
core domains of the filamentous aggregates of these proteins with
cross-B structures [30-32]. By analogy with these proteins we pro-
pose that these protease-resistant C-terminal fragments represent
the core of the filamentous aggregates of TDP-43. Since the epitope
of the mAb and pAb are determined to locate at residues 203-209,
this may be important in the formation of a core region of patho-
logical TDP-43 aggregates which is common in all TDP-43 protein-
opathies. Finally, the protease treatment used in this study may be
useful for detection of the abnormal TDP-43 in brains of patients,
animal models, culture cells and in vitro models with these anti-
TDP-43 antibodies more specifically, as used for detection of
abnormal prion proteins.
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