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A B S T R A C T

Normal function and abnormal aggregation of transactivation response (TAR) DNA/RNA-binding protein 43 kDa
(TDP-43) are directly associated with the lethal genetic diseases: cystic fibrosis, amyotrophic lateral sclerosis
(ALS), and frontotemporal lobar degeneration (FTLD). The binding of TDP-43 to single-stranded DNA (ssDNA) or
RNA is involved in transcriptional repression, regulation of RNA splicing, and RNA stabilization. Equilibrium
dissociation constants (Kd) of TDP-43 and ssDNA or RNA have been determined using various methods; however,
methods that can measure Kd with high sensitivity in a short time using a small amount of TDP-43 in solution
would be advantageous. Here, in order to determine the Kd of TDP-43 and fluorescence-labeled ssDNA as well as
the binding stoichiometry, we use fluorescence correlation spectroscopy (FCS), which detects the slowed dif-
fusion of molecular interactions in solution with single-molecule sensitivity, in addition to electrophoretic
mobility shift assay (EMSA). Using tandem affinity chromatography of TDP-43 dually tagged with glutathione-S-
transferase and poly-histidine tags, highly purified protein was obtained. FCS successfully detected specific in-
teraction between purified TDP-43 and TG ssDNA repeats, with a Kd in the nanomolar range. The Kd of the TDP-
43 mutant was not different from the wild type, although mutant oligomers, which did not bind ssDNA, were
observed. Analysis of the fluorescence brightness per dimerized TDP-43/ssDNA complex was used to evaluate
their binding stoichiometry. The results suggest that an assay combining FCS and EMSA can precisely analyze
ssDNA recognition mechanisms, and that FCS may be applied for the rapid and quantitative determination of the
interaction strength between TDP-43 and ssDNA or RNA. These methods will aid in the elucidation of the
substrate recognition mechanism of ALS- and FTLD-associated variants of TDP-43.

1. Introduction

Transactivation response (TAR) DNA/RNA-binding protein 43 kDa
(TDP-43, encoded by TARDBP) is a ubiquitously expressed protein, and
its normal function and abnormal aggregation are directly associated
with the lethal genetic disease cystic fibrosis, as well as two devastating
neurodegenerative disorders: amyotrophic lateral sclerosis (ALS) and
Tau-negative and TDP-43-positive frontotemporal lobar degeneration
(FTLD-TDP) [1–3]. TDP-43 was first characterized as a transcriptional
repressor bound to the TAR DNA sequence of the gene of HIV-1 [4].
TDP-43 also acts as a splicing factor, binding to the intron 8/exon 9
junction of the cystic fibrosis transmembrane conductance regulator
(CFTR) gene [5]. TDP-43 prefers to bind TG-rich single-stranded DNA
(ssDNA) or UG-rich RNA [6–8]. The sequence preference of TDP-43 for
UG repeats in the splice sites of various pre-mRNA transcripts, such as
POLDIP3/SKAR, sortilin 1, and DNAJC5, regulates exon exclusion and
inclusion [6,7,9]. Interactions between TDP-43 and microRNAs/small

RNAs maintain their stability and processing [10,11].
The cytoplasmic accumulation of TDP-43 aggregates in inclusion

bodies (IBs) has been observed in motor neurons from patients with ALS
and FTLD [12]. Many ALS- and FTLD-associated missense mutations,
which cause amino acid substitutions, have been identified in the
TARDBP gene [3]. These TDP-43 mutants are intimately involved in the
onset and severity of ALS and FTLD. The ALS-associated mutation
(A315T) promotes the formation of aggregates, leading to motor neuron
loss [13]. In addition, TDP-43 knockdown increases the proportion of
neuronal cell death [11]. Therefore, two hypotheses for motor neuron
cell death, due to TDP-43 aggregates harboring cytotoxicity or loss of
TDP-43 function, have been proposed [6,14].

TDP-43 carries 2 RNA/DNA-recognition motifs (RRM1 and RRM2)
and a C-terminal glycine-rich region (GRR) including the prion-like
intrinsically disordered region (IDR; also called the low complexity
sequence domain), which regulates interactions with proteins (e.g.,
heterogeneous nuclear ribonucleoprotein A1/A2 and FUS RNA binding
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protein). TDP-43 dimerization via the N-terminal ubiquitin-like domain
(NTD) has been reported [15].

The equilibrium dissociation constants (Kd) between TDP-43 and
various ssDNA and RNA have been determined using cross-linking and
immunoprecipitation followed by electrophoretic mobility shift assay
(EMSA) [16], nitrocellulose filter binding assay [17], fluorescence
quenching [18], surface plasmon resonance [19], and isothermal ti-
tration calorimetry [20]. The Kd value of full-length TDP-43 or its RRMs
with RNA containing 6 UG repeats is several nM, and decreases as the
chain length increases [17,18]. However, the binding stoichiometry
between TDP-43 and nucleic acids remains unclear. Moreover, estab-
lishment of a procedure that can rapidly measure Kd in a solution even
with a low yield protein such as TDP-43 is useful in the analysis of the
binding state between TDP-43 and nucleic acids. Hence, we calculated
the Kd between TDP-43 and single-stranded 12 TG repeat ssDNA, and
determined the binding stoichiometry using fluorescence correlation
spectroscopy (FCS), which can determine Kd and molecular brightness
per single particle with single molecule sensitivity.

2. Materials & methods

2.1. Protein expression and purification

Escherichia coli BL21(DE3) cells carrying plasmids coding wild type
(WT) or ALS-associated A315T mutant (AT) TDP-43 tagged with glu-
tathione S-transferase (GST) at the N-terminus and poly-histidine (6×
His) at the C-terminus (GST-TDP-43-His; Fig. 1A) were cultured in
2×YT medium containing 100 μg/mL ampicillin at 37 °C. When the
optical density reached 0.45–0.5, the cells were cultured in medium
containing 0.5mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for
2 h at 18 °C to induce protein expression. Harvested cells were lysed in
buffer A (50mM HEPES-KOH (pH 7.5), 150mM NaCl, and 1mM

dithiothreitol (DTT)) containing 0.1% Triton-X 100 and protease in-
hibitor cocktail (TaKaRa, Shiga, Japan), and ultracentrifuged at
40,000 rpm for 1 h at 4 °C. The soluble fractions were recovered and
transferred to glutathione sepharose columns (GSTrap HP; GE Health-
care, Chicago, IL, USA) in AKTA prime system (GE Healthcare). The
columns were washed with buffer A and eluted in buffer A containing
10mM reduced glutathione. The eluted solutions were transferred to
nickel-nitrilotriacetic acid (Ni-NTA) columns (HisTrap HP; GE Health-
care) and washed in buffer A containing 20mM imidazole; and then
proteins were eluted in buffer A containing 500mM imidazole. The
buffer was replaced with 50mM HEPES-KOH (pH 7.5) using a cen-
trifugal dialysis filter (Amicon Ultra; Merck, Darmstadt, Germany), then
1% NP-40 was added if necessary.

2.2. FCS

FCS measurements were performed using a ConfoCor 2 system
combined with an LSM 510 META confocal laser scanning microscope
(Carl Zeiss, Jena, Germany) through a C-Apochromat 40×/1.2 NA Korr
UV-VIS-IR water-immersion objective (Carl Zeiss). The confocal pinhole
diameter was adjusted to 90 µm. Alexa Fluor 647 was excited at 633 nm
and emission was detected using a 650-nm long-pass filter.
Measurements were performed in a cover-glass chamber (#155411,
Thermo Fisher Scientific, Waltham, MA) after mixing purified TDP-43
with 3.3 nM Alexa Fluor 647-labeled ssDNA carrying 12 TG repeats
(TG12) or 20 T repeats (T20), synthesized by Thermo Fisher Scientific.
The obtained fluorescence autocorrelation function (ACF), G(τ) (in
which the lag time (τ), was analyzed using a two-component diffusion
model including the exponential relaxation state derived from dynamic
fluorescence quenching, mainly accompanied with intersystem crossing
between triplet and singlet state and photo-induced cis-trans iso-
merization of the Alexa Fluor 647 dye [21]) was given by Eq. (1):

Fig. 1. Single-strand DNA-binding activity of purified TDP-43. (A) Primary structure of TDP-43 tagged with glutathione S-transferase (GST) and a 6× poly-
histidine tag. NTD: N-terminal domain, RRM1/2: RNA/DNA-recognition motif 1/2, GRR: glycine-rich region (including the Q/N-rich and prion-like region). (B)
Purification of wild type (WT) and ALS-associated A315T (AT) mutant GST-TDP-43-His using SDS-PAGE and silver staining. GST column elutes (lanes 1 & 3) and
subsequent Ni-NTA column elutes (lanes 2 & 4) are shown. Arrowheads indicate GST-TDP-43-His. (C) Fluorescent and silver stained gel images. GST-TDP-43-His
migration in the presence of TG12 (TG) or T20 (TT), and ssDNAs are shown. Molecular weights were determined from the migration of bovine serum albumin
monomers, dimers, and trimers, as indicated on the right. The migrated positions of ssDNA and TDP-43 are indicated by bands I–VII. *, auto-fluorescence of
bromophenol blue.
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where τfree and τbound are the diffusion times of free and bound mole-
cules, respectively; Fbound denotes the binding fraction of Alexa Fluor
647-labeled ssDNAs; N is the average number of fluorescent ssDNAs in
the confocal detection volume, defined by the beam waist w0 and the
axial radius z0; s is a structure parameter representing the ratio of w0

and z0; T is the exponential relaxation fraction; and τRelax is the re-
laxation time of the state. G(τ) values were measured for 70 s. Fol-
lowing pinhole adjustment, the diffusion time (τRh6G) and structure
parameter (s) were determined using 0.1 μM Rhodamine 6 G (Rh6G) as
a standard prior to measurements. The w0 was determined using Eq.
(2).

= ∙w D τ40 Rh6G Rh6G (2)

where τRh6G is the measured diffusion time of Rh6G, and DRh6G is the
diffusion coefficient of Rh6G (414 µm2/s). The volume element Veff was
calculated using Eq. (3).

=V π w zeff
2/3

0
2

0 (3)

Counts per particle (CPP) values, each indicating the fluorescence
intensity of a single particle, were derived from Eq. (4).

=
I
N

CPP (4)

where< I> indicates the mean count rate.

2.3. Calculation of the apparent dissociation constant

The dissociation constant (Kd) was calculated using Eq. (5).

=K Protein ssDNA
Complex

[ ][ ]
[ ]d

free free

(5)

where, [Proteinfree] is the concentration of unbound protein, [ssDNAfree]
is the concentration of unbound ssDNA, and [Complex] is the con-
centration of the complex, as per Eqs. 6, 7, and 8.

= ⋅ ⋅ ⋅− −Complex F N N V[ ] bound A eff
1 1

(6)

= −ssDNA ssDNA Complex[ ] [ ] [ ]free total (7)

= −Protein Protein Complex[ ] [ ] [ ]free total (8)

where NA is Avogadro constant, [ssDNAtotal] was obtained from FCS,
and [Proteintotal] was obtained from the bovine serum albumin (BSA)
calibration curve using silver staining.

2.4. EMSA

Alexa Fluor 647-labeled ssDNA (TG12 or T20) was combined with
either purified TDP-43 in a sample buffer containing 50mM HEPES-
KOH (pH 7.5) and 10% glycerol or with buffer alone, and resolved on
7.5% polyacrylamide gels including 375mM HEPES-KOH (pH 7.5).
Electrophoresis was performed in a running buffer including 35mM
HEPES and 43mM imidazole at 120 V and 4 °C. After the infrared
fluorescence of the ssDNAs in the gels was captured using a Typhoon
fluorescence image scanner (Thermo Fisher Scientific), TDP-43 in the
gel was visualized using silver staining (Cosmo Bio Co. Ltd., Tokyo,
Japan).

3. Results

3.1. Purification of recombinant TDP-43 possessing single-strand DNA
(ssDNA)-binding ability

We initially attempted to purify GST-TDP43WT-His (TDP-43WT)
using the GST tag; however, the sample eluted from the glutathione
sepharose column included many fragments of TDP-43WT in addition
to the full-length protein (Fig. 1B, lane 1). We therefore further purified
the protein by Ni-NTA sepharose affinity chromatography. Tandem
affinity chromatography successfully produced highly purified TDP-
43WT (Fig. 1B, lane 2) as well as GST-TDP43-A315T-His (TDP-43AT)
(Fig. 1B, lanes 3 & 4). These results indicated that the fragments of TDP-
43 truncated at the C-terminus. Truncation patterns between the WT
and AT mutant proteins were not changed.

To confirm whether the purified TDP-43 proteins were correctly
folded, their specific ssDNA (TG repeat)-binding ability was examined
using EMSA. TG12 migrated more slowly in the presence of WT or AT
mutant TDP-43 than in their absence (bands III, V, and VI; Fig. 1C, lanes
1, 2, 9, and 10), whereas T20 migration was not slowed in the presence
of TDP-43 (band VII; Fig. 1C, lanes 3, 4, 11, and 12). Band III was
observed in the silver stained gel, whereas bands V and VI were not
(Fig. 1C, lanes 6 and 14), indicating that band III is the TDP-43/TG12

complex, and that a portion of TG12 may have dissociated during
electrophoresis. These results confirmed that both WT and AT mutant
TDP-43 maintained specific ssDNA-binding ability.

3.2. Determination of the Kd between TDP-43 and ssDNA

To observe interactions between TDP-43 and fluorescence-labeled
ssDNA in solution, we employed FCS, which can detect molecular in-
teractions by measuring the apparent increased molecular weight of
low molecular weight fluorescent molecules though their decreased
diffusion speed when bound to high molecular weight species in solu-
tion with single molecule sensitivity [22,23]. The autocorrelation
functions (ACFs) of TG12 were shifted to the right in the presence of
purified WT and AT mutant TDP-43, whereas those of T20 were not
(Fig. 2), indicating specific interactions between purified TDP-43 and
TG12.

Next, to quantify the interaction strength between TDP-43 and
TG12, we calculated Kd values using FCS. Complex and unbound mo-
lecule concentrations were obtained through FCS measurement of each
sample and calculated using Eqs. 6, 7, and 8, and linear regression
calculations were performed to determine the fitting line through each
scatter plot. Kd values were calculated from the slope of the regression
line. The Kd value between TDP-43WT and TG12 in the absence of NP-
40, a detergent, did not differ from that of the AT mutant 237 ± 39.4
and 289 ± 21.4 nM, respectively; slope value± standard error of the
mean (SEM; Fig. 3A). Although the Kd values of WT and AT TDP-43
with TG12 were decreased in the presence of NP-40 (90.0 ± 5.3 and
89.2 ± 6.0 nM, respectively), differences between the WT and AT
mutant proteins were not observed (Fig. 3B). Moreover, the Kd value
between TDP-43 wt and TG12 in the absence of NP-40 was dramatically
increased after storage at 4 °C for 1 day after the purification; however,
in presence of NP-40, the Kd value was not changed in the same storage
conditions (Supplemental Figure), suggesting that NP-40 stabilized
TDP-43. These results suggest that the ssDNA-binding ability of wild
type TDP-43 may not differ from that of the ALS-associated A315T
mutant of TDP-43, and that this ability may be involved in the active
structure of TDP-43.

3.3. Stoichiometry of TDP-43/ssDNA binding

Three migration patterns for purified TDP-43 were observed when
not bound to ssDNA (bands I, II, and IV, Fig. 1C, lanes 8 and 16). The
migration of band IV corresponded to that of BSA dimers (132.6 kDa;
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Fig. 2. Autocorrelation functions (ACFs) of fluorescently labeled ssDNA in the presence and absence of purified TDP-43. Normalized ACFs of Alexa Fluor
647-labeled TG12 (TG; A & C) or T20 (TT; B & D) in 50mM HEPES-KOH buffer without NP-40 are shown in the presence and absence of wild type TDP-43 (WT;
42.1 ng) or the A315T mutant (AT; 67.5 ng; magenta and green, respectively).

Fig. 3. Determination of the TG12/TDP-43 dissociation constant using FCS. (A and B) Kd determinations using scatter plots and linear regression in the absence
(A) or presence (B) of NP-40. The plot represents the concentration of free TG12 and TDP-43 versus the concentration of the TDP-43/TG12 complex. The red and blue
solid dots show each measurement result for wild type and A315T mutant, respectively. The sample size: (A) wild type (n= 24) and A315T (n=18), (B) wild type
(n=12) and A315T (n=17). The red and blue solid lines show the linear fit for wild type and A315T mutant TDP-43, respectively. The slope represents the Kd, and
inset values represent the slope± SEM. (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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Fig. 1C, lanes 8 and 16), and the theoretical monomeric molecular
weight of GST-tagged TDP-43 was 73.5 kDa; thus, TDP-43 migrated as a
dimer. TDP-43 migrated more slowly than BSA trimers (band II; Fig. 1C,
lanes 8 and 16), suggesting that a portion of TDP-43 may form tetra-
mers or higher order multimers. Moreover, the intensity of the band of
TDP-43AT at the initial sample loading point (band I) was increased
comparing to that of wild type, suggesting that TDP-43AT has a greater
tendency to oligomerize compared to the WT protein. Since TG12 was
not found in the electrophoresis position of these TDP-43 oligomers
(bands I and II), they may be aggregated. The estimated molecular
weight of the TDP-43-TG12 complex (band III) corresponded to that of
BSA trimers (198.9 kDa). Therefore, the TDP-43-TG12 complex included
TDP-43 dimers.

FCS analysis can determine the mean fluorescence brightness per
particle (CPP); thus, it is possible to investigate the number of ssDNAs
contained in the TDP-43-TG12 complex. The CPP values of TG12 in the
presence of WT or AT mutant TDP-43 were significantly higher than
those in absence of TDP-43 (Fig. 4). FCS analysis using a two-compo-
nent diffusion model indicated that the proportion of the TDP-43-TG12

complex was approximately 40%, which corresponds to that calculated
from the increase CPP ratio, assuming that the TDP-43 dimers include
two molecules of TG12. Therefore, the TDP-43-TG12 complex including
TDP-43 dimers may exist predominantly in a 1:1 ratio.

4. Discussion

We have successfully determined the apparent Kd between re-
combinant full-length TDP-43 and TG ssDNA repeat using FCS in so-
lution and EMSA, providing a high accuracy molecular weight separa-
tion method. Although various determinations of the Kd between TDP-
43 and RNA/DNA using biochemical or fluorescence-based methods
have been reported, using FCS allows the Kd to be rapidly measured in a
native solution state. The Kd between recombinant full-length TDP-43
and 6 UG repeat RNA, calculated using the fluorescence quenching of
TDP-43 as a titration of the RNA, was reported to be several nM
[18,24], lower than our result in spite of the use of a longer twelve TG
repeat DNA (~90 nM in the presence of NP-40; Fig. 3B). This may be
because only a portion of TDP-43 is bound to TG12. In fact, taking into
account that approximately 50% of the TDP-43 bound to ssDNA ac-
cording to EMSA, and the ~8-fold higher Kd of the TDP-43 RRM with

DNA compared with RNA [17], the corrected Kd corresponds to
~5.6 nM. Therefore, the Kd value was not inferior to the obtained value
using FCS. Otherwise, in the previous work, TDP-43 oligomers might
bind with TG12 more stable than dimers depending on different ex-
pression and purification condition, causing the much lower Kd.

We found that NP-40 stabilized the purified TDP-43. The binding
activity of TDP-43 was decreased in the absence of NP-40 with un-
changed concentration 1 d after the purification (Supplemental Figure),
suggesting that the deactivation of ssDNA binding ability is not due to
fragmentation and degradation of the protein. The stabilization of TDP-
43 through inter-domain interactions and the adoption of a closed
conformation, as well as self-assembly of the C-terminal IDR at neutral
pH, have been reported [25,26]. NP-40 may stabilize the TDP-43
structure by preventing C-terminal IDR self-assembly even at neutral
pH.

The Kd value of the ALS-associated A315T mutant of TDP-43 was
not different from that of the WT (Fig. 3, A and B). Although the
binding affinity of TDP-43 to UG/TG-rich RNA/DNA is mainly mediated
through the RRM [8,16,17], NMR analysis shows that the C-terminal
IDR and NTD of TDP-43 can bind to TG repeat ssDNA. Thus, the C-
terminal IDR and NTD of TDP-43 may be secondarily involved in
binding RNA/DNA, possibly by capturing long nucleic acid strands
bound to the RRM. In fact, TDP-43 carrying the M337V mutation binds
weakly to PSD-95 and CaMKIIa mRNA [19]. Therefore, the ALS-asso-
ciated mutations in the C-terminal IDR may not dramatically affect
binding affinity to short nucleic acid strands; however, they would af-
fect binding to long nucleic acid strands such as mRNAs or long non-
coding RNAs.

The multimerization of TDP-43 in mammalian cells as well as in
solution has been reported [27–29]. Dimerization occurs though
homodimerization of the TDP-43 NTD [30]. However, it is difficult to
distinguish dimers, trimers, and higher multimers in sample due to the
propensity of TDP-43 to aggregate. Our established purification system
provides recombinant TDP-43 with good solubility and ssDNA-binding
ability, and demonstrates that a portion of TDP-43 forms dimers, and
that two ssDNAs bind to each dimer. Thus, the interaction stoichio-
metry between TDP-43 dimers and ssDNA appears to be 1:1.

Finally, we established a rapid measurement system at the uL scale
using nM levels of purified TDP-43 and fluorescently labeled nucleic
acids by FCS. This system can be applied to high throughput and
quantitative determinations of interactions between TDP-43 and ssDNA
or RNA to elucidate the substrate recognition mechanism of ALS-asso-
ciated TDP-43.
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