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Variations in a polymorphic (TG)m sequence near
exon 9 of the human CFTR gene have been associated
with variable proportions of exon skipping and occur-
rence of disease. We have recently identified nuclear
factor TDP-43 as a novel splicing regulator capable of
binding to this element in the CFTR pre-mRNA and in-
hibiting recognition of the neighboring exon. In this
study we report the dissection of the RNA binding prop-
erties of TDP-43 and their functional implications in
relationship with the splicing process. Our results show
that this protein contains two fully functional RNA rec-
ognition motif (RRM) domains with distinct RNA/DNA
binding characteristics. Interestingly, TDP-43 can bind
a minimum number of six UG (or TG) single-stranded
dinucleotide stretches, and binding affinity increases
with the number of repeats. In particular, the highly
conserved Phe residues in the first RRM region play a
key role in nucleic acid recognition.

We have recently reported the identification of TDP-43 as a
splicing regulator that specifically binds the (UG)m-repeated
polymorphic region near the 3'-splice site of CFTR exon 9 and
down-regulates its recognition by the splicing machinery (1).
This region, acting in concert with the adjacent (u)n element, is
one of the key cis-acting sequences which regulate the propor-
tion of exon 9 skipping in the mature CFTR mRNA transcript
(1-3). Considering that exon 9 skipping produces a non-func-
tional CFTR protein (4, 5) the study of the RNA binding prop-
erties of TDP-43 is of considerable importance to gain further
insight concerning the potential disease-causing consequences
of its binding in vivo. Indeed, the clinical relevance of these
studies is highlighted by the existence of a clear association
between certain (TG)m(T)n alleles with distinct forms of Cystic
Fibrosis (1, 6-9).

In addition, the study of (UG)m elements can provide further
insight concerning the mRNA splicing process in general be-
cause (UG)m sequences have been described to act as splicing
regulatory sequences in different genomic contexts. In fact, in
addition to the CFTR gene, the presence of simple (UG)m-
repeated sequences has been described to influence the splicing
process of at least two other genes: the apolipoprotein AIl gene
(10) and the human cardiac Na*/Ca2" exchanger (11). In the
Apo AII gene the UG tract was shown to be functionally equiv-
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alent to a polypyrimidine tract and required for efficient splic-
ing of Apo AII exon 2 (10) while in the human cardiac Na*/CaZ*
exchanger (11) it acts as a strong intronic splicing enhancer
situated in intron 2. It should be noted that in contrast with
these two genes, the CFTR (UG)m element was found to pos-
sess a strong inhibitory effect on CFTR exon 9 splicing, a
property that may probably be linked to its peculiar evolution-
ary history. In fact, sequencing of the mouse CFTR exon 9
genomic region has shown that in the flanking introns, the
(TG)m(T)n regulatory elements are absent and that the intron
themselves are of very different length when compared with
the human introns (2). This finding, together with the obser-
vation that mouse CFTR exon 9 is not subject to alternative
splicing, suggests that the presence in humans of the (UG)m
sequence represents a disturbing element, which interferes
with the normal maturation process of the CFTR pre-mRNA.
This conclusion is also supported by the fact that CFTR exon 9
and its intronic flanking sequences are found co-integrated
with characteristic L1 sequences in multiple chromosome loca-
tions distinct from the CFTR locus (12, 13). These findings may
indicate that the introduction of foreign elements in the CFTR
IVS8 and IVS9 sequences may be a consequence of a retro-
transposition event, which affected the human CFTR gene
early during the course of evolution.

In order to better elucidate the role of the CFTR (UG)m
element and obtain functional clues regarding the role of TDP-43
in the splicing process we have characterized the RNA/DNA
binding properties of TDP-43. Our results have confirmed the
existence in this protein of two fully functional RNA recognition
motifs (RRM),! also known as RBD, for RNA binding domains
(14-18), which possess distinct binding characteristics.

EXPERIMENTAL PROCEDURES

Plasmid Construction and Oligonucleotides—Plasmids pTCTT3 and
pTG12 and minigenes lacking the (TG)m/T(n) elements were obtained
as previously described (1). Plasmids pTG3, pTG6, pTG9 were obtained
by annealing the following forward and reverse oligos and ligating them
in pBluescript KS (Stratagene) linearized with Smal: 5'-gaaaattaatgt-
gtggaaaattaagaaa-3' (oligo TG3) and 5'-tttcttaattttccacacattaatttte-3’
(oligo AC3) for pTG3, 5'-gaaaattaatgtgtgtgtgtggaaaatt-3’ (oligo TG6)
and 5'-aattttccacacacacacattaattttc-3’ (oligo AC6) for pTG6, 5'-gaaaat-
taatgtgtgtgtgtgtgtgtga-3' (oligo TG9) and 5'-tcacacacacacacacacatta-
atttte-3’ (oligo AC9) for pTG9. The plasmid pTAR was obtained by
annealing the following primers and ligating them in pBluescript KS
(Stratagene) linearized with Smal: 5’'-ctgetttttgectgtactgggtetetet-
ggttagaccagatctgag-3' (oligo TARS) as the forward and 5’-ctcagatctg-
gtctaaccagagagacccagtacaggcaaaaageag-3' (oligo TARAS) as the re-
verse primer. The synthetic (UG),, oligo was obtained from MWG
Biotech (Firenze, Italy).

Expression of Recombinant TDP-43 as a GST Fusion Protein—The

! The abbreviations used are: RRM, RNA recognition motif; GST,
glutathione S-transferase; PAGE, polyacrylamide gel electrophoresis;
EMSA, electromobility shift assay; SSR, short sequence repeats.
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Fic. 1. RNA binding specificities of TDP-43. A, the amino acid sequence of TDP-43 (residues 1-414) with the two predicted RRM motifs
(residues 106-175 and 193-257) highlighted in bold (RRMs were identified with a search using the Pfam program at www.sanger.ac.uk). The
boxed regions highlight the highly conserved RNP-2 and RNP-1 regions. B, UV cross-linking competition analysis loaded on a 10% SDS-PAGE gel
of GST-TDP43 bound to labeled (UG),, RNA in the presence of increasing amounts of cold (UG),,, (UCUU),, and TAR RNA (the excess molar ratios
of cold competitor RNA used in each data point was 3, 8, and 15). The lower panel shows a graph with the percentage of TDP-43 labeling following
incubation with the cold competitors. C, competition analysis using short RNAs of equal length containing different numbers of (UG) repeats:
(UG),, (UG)g, (UG)y, and (UG);,. The molar ratio of cold competitor RNA to labeled RNA used for each data point was 8 and 15. The lower panel
shows a graph with the percentage of TDP-43 labeling following incubation with the cold competitors.

GST-TDP43 and GST-TDP43(101-261) fusion proteins were obtained
as previously described (1). Deletion of the RRM1, RRM2, and 106-111
RNP-2 regions was obtained using a two step polymerase chain reaction
extension method with sense and reverse primers spanning RRM1
(5'-aaaacatccgataaacttcctaat-3' and 5'-attaggaagtttatcggatgtttt-3'),
RRM2 (5'-ttgagaagcagatccaatgecgaa-3’ and 5’'-ttcggceattggatetgettetcaa-
3'), and 106-111 RNP-2 (5'-aaaacatccgatccatggaaaaca-3' and 5'-tgttt-
tccatggateggatgtttt-3'). It should be noted that these regions were iden-
tified through a search using the Pfam program at www.sanger.ac.uk.
In order to introduce the 106D, V108D, and LL111D mutations we used
the following primers: 5'-tccgatgatatagatttgggtgatcecatgg-3' and 5'-ccat-
ggatcacccaaatctatatcatecgga-3'. Similarly, the Phe residues (at positions
147 and 149) in the 145-152 RNP-1 motif were mutated to Leu using
the following forward and reverse primers: 5'-aaggggttgggcttggt-
tegtttt-3’ and 5'-aaaacgaaccaageccaaccectt-3'. The single Phe-194 in the
193-197 RNP-2 motif was mutated to Leu using the following forward
and reverse primers: 5'-gtgttggtggggcgetgt-3’ and 5'-acagegececaccaa-
cac-3'. The two Phe residues (at positions 229 and 231) in the 227-234
RNP-1 motif were mutated to Leu using the following forward and
reverse primers: 5'-agggecttggecttggttacattt-3’ and 5'-aaatgtaaccaagge-
caaggcect-3'. Double and triple mutants were obtained using the same
methodology on single- and double-mutated proteins. All fusion pro-
teins were expressed in Escherichia coli DH5« cells by overnight induc-
tion at room temperature in the presence of 0.1-0.3 mm IPTG. Cells
were then resuspended in phosphate-buffered saline, 1% Triton X-100,
and sonicated. The supernatant was recovered after centrifugation at
3000 X g for 30 s in an Eppendorf 5810R centrifuge and incubated with
glutathione S-Sepharose 4B beads (Amersham Pharmacia Biotech).
The absorbed proteins were then eluted according to the manufacturer’s
instructions. Purified proteins were quantitated on an SDS-PAGE gel
using bovine serum albumin standards (Sigma).

UV Cross-linking Assay—Plasmids were linearized by digestion with
HindIIIl and transcription was performed with T7 RNA polymerase
(Stratagene) in the presence of labeled [a-*?P]UTP, DNase-treated ac-
cording to standard protocols, and purified on a Nick column (Amer-
sham Pharmacia Biotech) according to the manufacturer’s instructions.
The labeled RNAs were then precipitated and resuspended in RNase-
free water. The UV cross-linking assay was performed by adding
[a-3?P]UTP-labeled RNA probes (1 X 10° cpm per incubation) in a water
bath for 15 min at 30 ° C with 200 ng of each different purified protein
in a 20-ul final volume. Binding conditions were 20 mm Hepes pH 7.9,
72 mMm KCl, 1.5 mm MgCl,, 0.78 mM magnesium acetate, 0.52 mm
dithiothreitol, 3.8% glycerol, 0.75 mm ATP, and 1 mMm GTP. In the
competition experiments, cold RNA and DNA were also added as com-
petitors 5 min before addition of the labeled RNAs (the molar excess of

the unlabeled competitor used in the different experiments is stated in
each figure legend). Samples were then transferred in the wells of an
HLA plate (Nunc, InterMed) and irradiated with UV light on ice (0.8
joules, ~5 min) using a UV Linker (Euroclone). Unbound RNA was then
digested with 30 pug of RNase A (Sigma) and 6 units of RNase T1
(Sigma) by incubating at 37 °C for 30 min in a water bath and then
adding SDS-PAGE sample buffer. Samples were then analyzed on a
10% SDS-PAGE gel followed by autoradiography with autoradiographic
XAR film (Kodak). Films were then scanned on a Macintosh G3 work
station using Adobe Photoshop and printed using a Phaser 400 printer.

Electromobility Shift Assay (EMSA)—Oligonucleotides (200 ng, ~25
pmols) were labeled by phosphorylation with [y-*?P]JATP and T4
polynucleotide kinase (PNK, Stratagene) for 1 h at 37 °C and then
precipitated in 0.3 M sodium acetate, pH 5.2 and three volumes of
ethanol. After centrifugation and a washing step with 70% ethanol the
labeled oligos were resuspended in 400 ul of water. Each binding
reaction was performed at room temperature for 15 min by mixing the
purified protein with the labeled oligo (or RNA) in a 20-ul final volume.
The reactions were performed in 1X bind shift binding buffer (20 mm
Hepes pH 7.9, 2 mMm MgCl,) and electrophoresed on a 5% polyacryl-
amide gel at 100 V for 1 h in 0.5X Tris borate/EDTA buffer at 4 °C. The
gel was then dried on 3 MM Whatman filter paper and exposed for 20
min with autoradiographic XAR film (Kodak). For quantitation gels
were measured with an InstantImager (Packard).

RESULTS

Binding Specificity of TDP-43 for Different RNA Sequen-
ces—In our search to identify proteins that recognize the splic-
ing regulatory elements of CFTR exon 9, we recently isolated
TDP-43 as a protein that binds specifically to the splicing
regulatory (UG)m element found near the 3'-splice site of this
exon (1). Up to now, the only other described cellular function
of TDP-43 was the ability to bind a HIV-1 TAR DNA polypyri-
midinic sequence motif leading to the inhibition of HIV-1 tran-
scription (19). Interestingly, no binding to TAR RNA had been
reported (19). However, our recent observation that TDP-43
can efficiently bind to (UG)m sequences (1) is consistent with
the presence of two putative full-length RRM domains (Fig. 1A)
located between residues 106 and 175 (RRM1) and 193 and 257
(RRM2) of its coding sequence according to the output of the
Pfam program (available at www.sanger.ac.uk). This finding
provided a functional basis that accounted for the ability of
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TaBLE 1
ssDNA oligonucleotides used for competition analysis

Nucleotide sequence (5'-3") Oligo
gaaaattaatgtgtggaaaattaagaaa TG3
gaaaattaatgtgtgtgtgtggaaaatt TG6
gaaaattaatgtgtgtgtgtgtgtgtga TG9
tgtgtgtgtgtgtatgtatgtaty TG12
tttettaattttccacacattaatttte AC3
aattttccacacacacacattaattttc AC6
tcacacacacacacacacattaatttte AC9
acacacacacacacacacacacac AC12
tectectecttettettettcagg TCTTS
cctgaagaagaagaaggaggagga TCTTAS
ctgctttttgectgtactgggtetetetggttagaccagatetgag TARS
ctcagatctggtctaaccagagagacccagtacaggcaaaaagcag ~ TARAS
gAAAATTAACAATTTAAA mEX9AS

TDP-43 to bind RNA sequences, and in this study we provide a
detailed analysis of their functionality and importance.

Initially, using a GST fusion protein containing the TDP-43
full coding sequence (GST-TDP43), we confirmed the binding
specificities of recombinant GST-TDP43 toward different RNAs
in UV-cross-linking analysis. Fig. 1B shows that increasing
amounts of unlabeled (UG);, RNA were very efficient compet-
itors. Because (UG)m sequences have been described as effi-
cient polypyrimidinic sequences (10) we also tested the possi-
bility that recognition could be extended generally to this type
of sequences. However, addition of a cold polypyrimidinic RNA
(UCUU);, did not have any effect on the binding of GST-TDP43
to (UG),, (Fig. 1B), confirming the high specificity of TDP-43
binding to UG-repeated motifs. This result is consistent with
our previously reported pull-down assay, which did not result
in any TDP-43 being recognized by (UCUU); RNA (1). The high
sequence binding specificity of TDP-43 is also highlighted by
the fact that addition of cold TAR RNA was incapable of com-
peting with the binding of GST-TDP43 to the (UG),, sequence,
a finding that had already been described in the original iso-
lation of TDP-43 (19) and which we confirm here. It should be
noted that at present no other RNA-binding protein has been
described to bind UG-repeated sequences although CUG-BP
(CUG-binding protein) has been recently described to bind UG
repeats in a yeast three-hybrid system (20).

It was then of interest to analyze the minimum length of
(UG) repeats that could be specifically bound by this protein.
Therefore, cold RNAs competitors containing different lengths
of (UG) repeats (3, 6, 9, and 12) were incubated in the presence
of GST-TDP43 and labeled (UG);5 RNA. The results shown in
Fig. 1C demonstrate that efficient competition can be observed
only when the number of (UG) repeats is equal or above six and
that there is a relationship between the number of (UG) re-
peats and the efficiency of binding.

The DNA Binding Specificity of TDP-43 Includes Single-
stranded (TG)-repeated Sequences but Not Double-stranded
(tg/ac)-repeated Sequences—The fact that this protein was
originally described to bind TAR DNA sequences raised the
possibility that the binding characteristics of this protein might
include (TG)-repeated sequences as well as (UG)-repeated se-
quences. Therefore, we performed competition analysis using
GST-TDP43 bound to (UG);, RNA in the presence of cold
single-stranded DNA oligos (see Table I). As shown in Fig. 24
the most efficient competitor was represented by the oligo
TG12 carrying twelve (TG) repeats followed by the TARS oligo,
a result that is consistent with what had been observed by Ou
et al. (19). It should also be noted that other oligos (in particular
TCTTS) display a weak but significant ability to compete for
this protein, a characteristic not found in the (UCUU); RNA
(see Fig. 1). This finding also confirms the original observations
of Ou et al. (19) who, using a polymerase chain reaction-based
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Fic. 2. DNA binding specificities of TDP-43. A, competitive abil-
ity of different single-stranded DNA oligos on the binding of GST-
TDP43 to labeled (UG),,. For each oligo, the molar ratio of cold com-
petitor DNA to labeled (UG),, RNA used for the two data points was 5
and 10. The lower panel shows a graph with the percentage of TDP-43
labeling following incubation with the cold oligos. B, competition anal-
ysis of the effects of single-stranded oligos containing an increasing
number of (TG) repeats (3, 6, 9, and 12) on the binding of GST-TDP43
to labeled (UG),,. For each oligo the molar ratio of competitor cold DNA
to labeled (UG);, RNA used for the two data points was 5 and 10. The
lower panel shows a graph with the percentage of GST-TDP43 labeling
following incubation with the cold oligos. C, EMSA analysis of GST-
TDP43 binding to different 5'-labeled single-stranded (AC)-rich oligos
(AC6-AC12, left panel) as opposed to analogous (T'G)-rich oligos (TG3-
TG12, middle panel). C, right panel, EMSA analysis using the double-
stranded oligos (labeled only on the (AC)-containing strand) with GST-
TDP43. Complexes were fractionated on a 5% non-denaturing
polyacrylamide gel.

site selection procedure, found that recombinant TDP-43 pref-
erably bound DNA stretches of eight contiguous pyrimidine
residues. Nonetheless, Fig. 2B shows that the use of oligos
containing different numbers of TG repeats yielded results very
similar to those obtained in Fig. 1C using (UG)-repeated se-
quences. Also in this case, the minimum number of (TG) re-
peats needed to efficiently compete for GST-TDP43 binding is
six, and there is a relationship between the number of (TG)
repeats and the efficiency of competition.

Finally, oligos containing (AC) repeats can function as effi-
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cient competitors for the binding of GST-TDP43 to (UG),, (data
not shown). However, in this case competition was caused by
the (AC) repeats annealing directly to the (UG),,-1abeled se-
quence and inhibiting binding of the protein rather than by
binding directly to GST-TDP43. In fact, EMSA analysis shows
that there is little if any direct binding of GST-TDP43 to ACS6,
AC9, or AC12 end-labeled oligos (Fig. 2C, left panel) while
direct binding of GST-TDP43 efficiently occurs for single-
stranded (TG)-repeated sequences containing 6, 9, and 12 (TG)
repeats (Fig. 2C, central panel). Notably, the fact that the oligo
bearing three tg-repeats (TG3) could not efficiently bind GST-
TDP43 confirms the previous competition data by UV-cross-
linking (Fig. 2B). Thus, in order to establish whether TDP-43
could bind double-stranded oligos we then annealed labeled
(AC) oligos with equal amounts of complementary and unla-
beled (TG) oligos and then repeated the EMSA analysis. The
results confirm that double-stranded oligos containing TG re-
peats do not bind TDP-43 (Fig. 2C, right panel).

Comparing the (TG) and (UG) Binding Efficiencies of TDP-
43; Formation of Two Distinct Complexes with ssDNA as Op-
posed to Only One with ssRNA in a UV Cross-linking Assay—
The DNA and RNA binding efficiencies of TDP-43 were
assumed to depend on the two RRM regions. In order to estab-
lish whether there was no other protein domain involved in
RNA/DNA recognition and to compare the two binding efficien-
cies we produced a construct coding for a truncated TDP-43
protein lacking the N- and C-terminal regions (Fig. 3A). The
DNA and RNA binding efficiencies of GST-TDP43 and GST-
TDP43-(101-261) were then compared using as substrate a
5'-labeled (TG),, or (UG),, oligo (at a fixed concentration of 6
nM). The results, shown in Fig. 3B, demonstrate that deletion of
the N- and C-terminal regions of TDP-43 does not appear to
affect the RNA binding efficiency of the central RRM-contain-
ing region and may even slightly enhance it. It should be noted
that the retarded complexes formed by each protein do not
migrate at the same level, an indication of the higher molecular
weight of the GST-TDP43/nucleic acid complex as opposed to
the GST-TDP43(101-261)/nucleic acid complex.

Interestingly, binding of TDP-43 to (UG),, as opposed to
(TG),4 presents some differences as well. In fact, Fig. 3C shows
that in UV cross-linking analysis only one RNA-protein com-
plex of 50-52 kDa is formed when GST-TDP43-(101-261) is
bound to (UG),,, as previously described (1). On the other
hand, at least two major DNA-protein complexes with altered
mobility can be detected when the same protein is bound to
(TG)y5. The formation of multiple complexes in SDS-PAGE
following UV cross-linking analysis has already been described
for another RRM protein, Gbplp (21), as a result of the forma-
tion of multiple covalent cross-links between protein and nu-
cleic acid. The fact that the migrating complexes are different
when using (UG),, as opposed to (TG),, represents a further
indication that TDP-43 RNA and DNA binding characteristics
may not be identical.

Binding of TDP-43 Derivatives Lacking the RRM1 or RRM2
Motifs—In order to test the importance of each TDP-43 RRMs
we then made a series of deletion mutants and analyzed their
binding to (UG),, RNA. Fig. 4A shows a schematic representa-
tion of two mutants in which we selectively deleted the first
RRM motif (GST-TDP43/ARRM1) and the second RRM motif
(GST-TDP43/ARRM2). In addition, in order to confirm the
presence of the first RNP-2 motif (residues 106-111), which
had not been previously detected in the original work by Ou et
al. (19) we prepared two mutants, the first containing a dele-
tion of the entire 6-amino acid region (GST-TDP43/A(106-111))
and the second introducing an Asp residue in substitution for
the three amino acids (Leu-106, Val-108, and Leu-111), which
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Fic. 3. Comparison of ug/tg binding properties of TDP-43. A,
schematic representation of the GST-TDP43 protein and of the trun-
cated mutant GST-TDP43-(101-261). B, reactivity in EMSA analysis of
both proteins with labeled single-stranded (UG),, RNA (6 nm) or labeled
(TG),, DNA (6 nm). Protein concentrations ranged from 0.07 uM to 0.64
uM. The arrows on the left indicate the retarded protein-nucleic acid
complexes (upper arrow) and the free nucleic acid (lower arrow). The
percent shift for each data point as quantified using a phosphorimager
is indicated. B, reactivity of UV cross-linking of GST-TDP43-(101-261)
protein (0.14 uM) with labeled single-stranded (UG),, RNA or labeled
(TG),, DNA at different concentrations (6—48 nm). The arrows on the
left indicate the retarded protein-RNA complex while the arrows on the
right indicate the retarded protein-DNA complexes.

were predominantly conserved in the corresponding RNP-2
motifs of well characterized RNA-binding proteins (see Fig. 5).
The four mutants were then analyzed by EMSA analysis using
labeled (UG);5 RNA. The results show that deletion of RRM1
and deletion (or mutation) of the 106—-111 RNP-2 motif com-
pletely abolished the ability of TDP-43 to bind the RNA (Fig.
4B, first and second upper panels). This result not only con-
firms the presence of a functional RNP-2 motif localized in
position 106-111 but also suggests that the RRM1 sequence
spanning residues 106—175 is of fundamental importance for
the binding to RNA.

It should be noted that deletion of RRM2 (leaving the RRM1
sequence intact) does not completely abolish the RNA binding
capability of TDP-43 but leads to the appearance of a super-
shifted RNA-protein complex (Fig. 4B, first panel), suggesting
that the binding characteristics of RRM2 are quite different
from those of RRM1. The specificity of this complex formation
is confirmed by a competition analysis (Fig. 4C) in which we
added increasing amounts of each mutant (GST-TDP43/
ARRM1 and GST-TDP43/ARRM2) to a reaction mix that con-
tained GST-TDP43 and labeled (UG);, RNA. The results show
that the GST-TDP43/ARRM2 mutant is capable of actively
competing with GST-TDP43 for the formation of the super-
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FIG. 4. Deletion and mutational analysis of TDP-43 RRM re-
gions and their effects on RNA binding ability. A, schematic panel
of the deletions and mutations introduced in the different RRM motifs
of the GST-TDP43 protein. B, first and second upper panels, EMSA
analysis of the effects of these mutations on the binding to 5'-labeled
single-stranded (UG);, RNA and each mutant protein. The arrow on the
left indicates the anomalous retarded protein-nucleic acid complex that
is observed in the case of GST-TDP43/ARRM2 incubated with (UG),,
RNA. B, lower panels, two SDS-PAGE gels stained with Coomassie Blue
for each protein used in the EMSA analysis. C, competition analysis
performed by adding increasing molar quantities (1, 2, 4, and 8, respec-
tively) of GST-TDP43/ARRM2 and GST-TDP43/ARRM1 to a saturated
GST-TDP43/(UG),, complex. The last lane contains (UG),;, alone as
control.

shifted complex, but no change is observed following addition
with GST-TDP43/ARRM1.

Importance of Conserved Aromatic Residues in TDP-43 RRM
Domains for RNA Binding—In order to better characterize how
TDP-43 binds to RNA we compared the sequence of TDP-43
RRMs domains with that of other well characterized RRMs
found in proteins whose structure has been solved by crystal-
lography: hnRNP A1 (22), Sx1 (23), PABP (24) and U1A splice-
osomal protein (18, 25). Fig. 5 shows the RRM domains found in
these proteins, which are most similar to RRM1 and RRM2 of
TDP-43. It should be noted that very little homology was de-
tected between UlA RRMs and TDP-43 RRMs (data not
shown). Overall, the highest amino acid identity between the
different RRMs can be found in correspondence with the highly
conserved RNP-1 and RNP-2 consensus motifs. In particular,
several key aromatic residues that have been reported to be
responsible for direct stacking interactions with RNA bases in
these different proteins (marked with open circles) are con-
served in TDP-43 RRMs. The only exception is represented by
the first putative TDP-43 RNP-2 motif (residues 106—111) in
which none of the aromatic residues reported to make direct
stacking interactions with the RNA are conserved. It should be
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noted that mutation of these aromatic residues in hnRNPA1
(26) and U1A (27, 28) has long been known to severely affect
the RNA binding capability of these proteins. To further inves-
tigate these similarities we then prepared a series of GST-
TDP43-(101-261) mutants in which the conserved Phe resi-
dues in each RNP motif were mutated to leucine residues (Fig.
6A). The rationale for this change in residue resides in the fact
that a Phe to Leu single amino acid mutation has been previ-
ously described to abolish the functionality of the RNP motif'in
the case of the nucleolin protein (29). Each mutant was ex-
pressed in E. coli (Fig. 6B), and its ability to bind (UG);, RNA
and (TG),;, DNA was assayed by EMSA (Fig. 6, C and D). In
both cases, the mutations that most reduced binding to the
nucleic acid were the F147L and F149L in the RNP-1 motif of
RRM1. The importance of these residues is best reflected in the
fact that in double mutants 5 and 7 the ability to bind (UG)4,
RNA and (TG);, DNA was lost while in the double mutation
that preserved intact only Phe-147 and Phe-149 (mutant num-
ber 6) binding could still occur. This result is in accordance with
the results obtained by Ou et al. (19), who performed progres-
sive deletions of TDP-43 and observed that ability to bind TAR
DNA was lost only when the first RNP-1 motif was deleted.
This observation was also confirmed by incubating labeled TAR
DNA oligo with our mutants, an experiment that yielded iden-
tical results to those obtained in Fig. 6D for the TG12 oligonu-
cleotide (data not shown).

Finally, it should be noted that while deletion of the entire
RRM2 domain leads to a supershifted complex (Fig. 4B) the
point mutations of the aromatic residues in RRM2 (Fig. 6C,
mutant 6) result in a complex whose mobility is indistinguish-
able from the wild type. Taken together, these results suggest
the presence of considerable interplay between the RRM1 and
RRM2 domains of TDP-43.

DISCUSSION

The human genome has been recently shown to be heavily
composed of repetitive elements (>50%) that vary in complex-
ity from whole genes and very long stretches of DNA to much
simpler and shorter nucleotide sequences (30, 31). These
shorter sequences are commonly known as short sequence re-
peats (SSRs) and are often highly polymorphic (30). In partic-
ular, SSR elements are estimated to contribute 3% of the whole
genome (with simple dinucleotide repeats accounting alone for
0.5% of the total) (31). Usually, SSRs are composed of repeated
nucleotide motifs ranging from 1 to 20 nucleotides in length
and are present in blocks of up to thousands of tandem units
(30, 32). Although their function is still largely unknown repet-
itive nucleotide stretches are known to play important roles in
several pathological conditions. For example, expansion of sim-
ple trinucleotide repeats through a mechanism of dynamic
mutation is known to cause distinct human genetic diseases
such as myotonic dystrophy (33), the Fragile X Syndrome (34,
35), Huntington’s disease (36), or a series of neurodegenerative
diseases (37). Moreover, SSR sequences have also been de-
scribed to affect the splicing process of the CFTR gene and
correlate with severity of disease (1, 6-9).

In this study we report the characterization of the novel
RNA/DNA binding properties of TDP-43 (19), a protein that we
have recently described to play a role in CFTR exon 9 splicing
and occurrence of disease following binding to the (UG)m reg-
ulatory sequence (1). Interestingly, we have found that TDP-43
can efficiently bind a number of (UG) repeats equal to or
greater than six and that there is a relationship between the
number of (UG) repeats and the efficiency of binding. This
finding provides a functional explanation for our recent dem-
onstration of a connection between the length of the (UG)m
regulatory region and alternative splicing of CFTR exon 9 (1).

810z ‘sz AInc uo 1senb Aq /B10°0g['mmmy/:dny wiouy pepeojumoq


http://www.jbc.org/

36342 Functional Implications of TDP-43 RNA Binding Properties
RNP-2 RNP-1
% %
TDP-43 LIVLGLPWKTTEQDLKEYFSTFGEVLMVQVKKDLKTGHSKGFGFVRFTEYETQVKVMSQR - HMIDGRWCDC
(RRM1)
. aa.l06-175
Fic. 5. Comparison of TDP-43 RRM
regions with similar RRM motifs of hnRNP A1 L@IGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRS@%@ATVEEVDAAMNARPHKVDGRWEP
N - RRM1
known tertiary structure. This figure ;3.15)_55
shows a comparison of the two TDP-43
RRM motifs with homologous RRM muotifs sx1 LPQDMTDRELYALFRAIGPINTCRIMRDYKTGYS@Q@MTSEMDSQRAIKVL—NGITVRNKRL
. . . . (RRM1)
belonging to proteins for which their crys- aa.129-198
tallographic structure is known., hnRNP PABP L@\_IKNLDDGIDDERLRKEFSPFGTITSAKVM——MEGGRSK‘G%@ESSPEEATKAVTEM—NGRIVA’I‘KPL
Al, Sxl, and PABP. Sequence identities (RRM4)
with the TDP-43 sequence are marked in 32.296-363
bold lettering while key residues involved PABP 1:@1KNLDKsIDNKALYDTFSAFGNILSCKVVCD— —ENGS%METQEAAERAIEKM—NGMLLNDRKV
in direct stacking interactions with the (RR’fg)l 168
. aa. -
RNA, as confirmed by structural analysis
are highlighted with open circles. The
. * * %
highly conserved RNP-1 and RNP-2 con- TDP-43 VFVGRCTEDMTEDELREFFSQYG- - DVMDVFIPKP- - - - - FRAFAFVTFADDQIAQSLCGE- -DLITKGISVHT
sensus sequences are underlined. The as- (RRM2)
terisk marks the position of the conserved aa.193-257
TDP-43 Phe residues with respect to the hnRNP Al GGIKEDTEEHHLRDYFEQYGKIEVIEIMTDRGSGKK - - R FDDHDSVDKI - - - - - - VIQRYHTVNG
P
(RRM2)
other RRM sequences. i S
PABP \_J@IKNFGEmmDERLKDLFGKFG- - PALSVKVMTDESGKS - @%\EERHEDAQKAVDEMNGKELNGKQIYV
(RRM3}
aa.193-263

A

BkDa123456?8

RRM-1 REM-2
(106-175) (193-257) Fic. 6. Importance of aromatic res-
e e 47.5- . idues in TDP-43 RNP-1 and RNP-2
\EIp) - . motifs for RNA/DNA binding effi-
1 o1 W7l 1wz 6 - - - . & Coom. ciency. A, panel of the Phe to Leu muta-
A tions (numbered 1-8) introduced in dif-
2@ LL sz' &JEJ ferent RNP-1 and RNP-2 motifs of the
z M mE C GST-TDP43-(101-261) protein, either
L ®® singly or in different combinations. B, a
3 - : e . - - - Coomassie Blue-stained SDS-PAGE gel of
. R o each mutant after purification with glu-
®E ® LL . (UG) tathione-Sepharose 4B beads according to
4 @i - 12 standard protocols. C and D, EMSA of the
‘ effects of these mutations on the binding
i to labeled single-stranded (UG),, RNA (6
«® ’ ‘ ' nM) and labeled (TG),, DNA (6 nm). Pro-
. L tein concentration for (UG);, RNA was
\EIE/ 0.28 um while for (TG),, was 0.14 um. The
6@ Wils  iM 29211 361 D numbering of each lane corresponds to
the mutant used in each reaction mixture.
LL L
7 @st- \‘F‘) — “ - . . The arrows on the left indicate the re-
o e (TG) tarded protein-nucleic acid complexes
e : 12 (upper arrow) and the free nucleic acid
ol R A o (lower arrow).
8 01 Wide 14 2231 61 e . - . . .

These RNA binding characteristics of TDP-43 are also in good
agreement with those of other similar RNA-binding proteins
whose structure is known by crystallographic studies, such as
hnRNP Al (22), Sxl (23), and PABP (24) and whose RRMs
share considerable homology with TDP-43 RRMs. In fact, the
minimum length of single-stranded RNA bound by TDP-43 (a
stretch of six UG repeats) is consistent with the length of
single-stranded RNAs bound by similar proteins: (a);; in the
case of PABP (24) and ug(u); for Sxl (23). In this respect,
therefore, TDP-43 acts very similarly to other well character-
ized proteins that also employ a two-RRM domain strategy to
recognize RNA.

We have previously shown that an increase in TDP-43 cel-
lular concentrations inhibits exon 9 splicing (1). This effect may
not be necessarily mediated by simple binding competition with
3’-ss recognition factors but could also be linked to the still
unknown cellular function of TDP-43. One alternative being
that TDP-43 may bind to other cellular proteins that disrupt
the recognition of exon 9 by the splicing machinery when posi-
tioned next to it. The search of the putative TDP-43 partners
through protein similarity searches have been of limited use. In
fact, they have shown that TDP-43 shares a high homology
with a series of nuclear factors such as hnRNP D (38) or a
mouse protein binding to CArG box motifs (39). However, the

significance of these homologies is limited because they are
predominantly localized in the central portion of TDP-43,
which contains the highly conserved RRM motifs and the gly-
cine-rich region, two elements that TDP-43 shares with many
other RNA-binding proteins. Nonetheless, the cloning of homol-
ogous proteins in Drosophila (40) and Caenorhabditis (QZ0414)
shows that TDP-43 is highly conserved. Interestingly, a com-
parison of its amino acid sequence with yeast proteins also
shows a high identity (~30%) with two factors, HRP1 (Nuclear
Polyadenylated RNA-binding protein, involved in pre-mRNA
3’-end cleavage and polyadenylation) (41, 42) and NSR1 (Nu-
cleolar Protein involved in the processing of 20 S to 18 S rRNA)
(43). In this respect, the homology with the NSR1 yeast protein
is particularly interesting, because this protein has been de-
scribed to bind (TG1-3) telomeric single-stranded repeated se-
quences (44). Alternatively, in the light of recent evidence, the
ability of TDP-43 to bind single-stranded (TG)m repeats may
also indicate its participation in the recombination process, and
in this respect it is worthy to note that (CA/GT)n microsatel-
lites repeats have been reported to affect homologous recombi-
nation in yeast meiosis (45) and GT repeats have also been
associated with recombination frequency on human chromo-
some 22 (46). On the basis of these homologies it is then
possible to speculate that the cellular function of TDP-43 may
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concern some as yet unidentified facet of mRNA processing
other than splicing. This hypothesis is also supported by the
peculiarities of TDP-43 RNA/DNA binding properties when
compared with classical RNA-binding proteins.

The results shown in Figs. 1 and 2 indicate that the RNA and
DNA sequence binding specificities do not fully coincide. In
fact, the TAR DNA sequence does not contain any (T'G) repeats,
and its only distinguishing feature are the two polypyrimidinic
tracts, which at the RNA level are not substrates for TDP-43
binding. This is rather unusual if we consider that proteins
such as hnRNP A1, which are also known to bind both single-
stranded RNA and DNA, show very similar DNA/RNA se-
quence binding specificities (47, 48). Moreover, Fig. 3C shows
the formation of multiple and distinct complexes with TG re-
peats as opposed to a single complex with UG repeats. Regard-
ing the TDP-43 structure, deletion of TDP-43 RRM2 does not
abolish RNA binding but results in the formation of a complex
with altered mobility (Fig. 4B). However, a selective mutagen-
esis of the aromatic residues of RRM2 (Fig. 6C, mutant 6)
results in the formation of a (UG),5,-TDP43 complex that has a
mobility indistinguishable from the wild type. These results
suggest that RRM1 supplies most of the requirements for spe-
cific RNA binding but also that elements present in RRM2
(aside from the aromatic residues) are needed for correct com-
plex formation. This situation differs from what has been re-
cently reported for UP1 where deletion of the second RRM
motif did not affect the RNA binding properties of the protein
(49) and suggests the presence of considerable interplay be-
tween RRM1 and RRM2 of TDP-43.
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