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1 | INTRODUCTION

TDP-43 is a multifunctional protein that binds DNA and
RNA, and it plays various roles in mRNA splicing, RNA
transport, miRNA processing, and regulation of RNA sta-
bility and transcription.'”® TDP-43 contains an N-terminal
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Abstract

TDP-43 forms the primary constituents of the cytoplasmic inclusions contrib-
uting to various neurodegenerative diseases, including amyotrophic lateral
sclerosis and frontotemporal dementia (FTD). Over 60 TDP-43 mutations have
been identified in patients suffering from these two diseases, but most varia-
tions are located in the protein's disordered C-terminal glycine-rich region.
P112H mutation of TDP-43 has been uniquely linked to FTD, and is located in
the first RNA recognition motif (RRM1). This mutation is thought to be patho-
genic, but its impact on TDP-43 at the protein level remains unclear. Here, we
compare the biochemical and biophysical properties of TDP-43 truncated pro-
teins with or without P112H mutation. We show that P112H-mutated TDP-43
proteins exhibit higher thermal stability, impaired RNA-binding activity, and a
reduced tendency to aggregate relative to wild-type proteins. Near-UV CD, 2D-
nuclear-magnetic resonance, and intrinsic fluorescence spectrometry further
reveal that the P112H mutation in RRM1 generates local conformational
changes surrounding the mutational site that disrupt the stacking interactions
of the W113 side chain with nucleic acids. Together, these results support the
notion that P112H mutation of TDP-43 contributes to FTD through functional
impairment of RNA metabolism and/or structural changes that curtail protein
clearance.
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domain (NTD) involved in protein dimerization,*> two
tandem RNA recognition motifs (RRM1 and RRM2)
responsible for RNA binding, and an intrinsically disor-
dered C-terminal glycine-rich region (G-rich) that
exhibits prion-like properties involved in protein—protein
interactions and aggregation (Figure 1a).° ' Cytoplasmic
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FIGURE 1 TDP-43 P112H mutants exhibit similar oligomeric states to wild-type proteins. (a) The domain organization of full-length
TDP-43, and the two truncated proteins, RRM1 and RRM1-RRM2. The SDS-PAGE (right panel) reveals that recombinant RRM1 and
RRM1-RRM2 proteins with or without P112H mutation had a high homogeneity. (b) Gel filtration (Superdex 75 10/300 GL column) profiles
for the His-tagged recombinant RRM1 and RRM2 with (red) or without P112H (black) mutation. (c) The molar mass of TDP-43 proteins,
estimated by size exclusion chromatography-coupled multi-angle light scattering (SEC-MALS): RRM1 (12.17 kD), RRM1-P112H (12.51 kD),
RRM1-RRM2 (21.75 kD), and RRM1-RRM2-P112H (21.81 kD). The calculated molecular weights for RRM1 and RRM1-RRM2 are 12.4 and
20.8 kD, respectively



= L WILEY-§ e

AGRAWAL ET AL.

TDP-43 inclusions have commonly been identified in the
degenerating neurons of patients with a diverse set of
neurodegenerative diseases, including all cases of
amyotrophic lateral sclerosis (ALS) and about half of the
cases of frontotemporal dementia (FTD) and Alzheimer's
disease.”*

ALS is the most prevalent neurodegenerative motor
neuron disease (MND), which is characterized by progres-
sive loss of upper and lower motor neurons, ultimately
leading to paralysis and respiratory failure.'® FTD is a het-
erogeneous neurodegenerative disorder associated with
behavioral, cognitive, and linguistic dysfunctions arising
from loss of neurons in the frontal and temporal lobes of
the brain.'” Interestingly, overlapping clinical and patho-
logical features of FTD and ALS are frequently observed,
with some ALS patients developing cognitive and behav-
ioral impairments, and some FTD patients presenting
motor neuron dysfunctions.'® The clinical syndromes
patients display may range from pure ALS without any
cognitive or behavioral deficits to pure FTD without MND,
or encompass a mix of cognitive/behavioral impairments
with MND,"*?° indicating an unknown but partially shared
pathological link between these diseases.

Apart from forming similar TDP-43-positive inclusions,
both ALS and FTD patients can exhibit TDP-43 mutations.
Although the majority of ALS cases (~90%) are sporadic
and of unknown cause, ~3% have been linked to muta-
tions of the TDP-43 encoding gene TARDBP.”! In contrast,
~40% of FTD patients have a family history of the
disease,**** with mutations in the progranulin (GRN) and
microtubule-associated protein tau (MAPT) genes, and
hexanucleotide GGGGCC repeat expansion in the chromo-
some 9 open reading frame 72 (C90rf72) being common.**
Rare genetic mutations have also been identified in
TARDBP of FTD patients,**** but cases of FTD-
associated TDP-43 mutations, that is, without MND, are
rare.?28 To date, ~60 TDP-43 mutations have been identi-
fied from ALS patients, whereas only a few TDP-43
mutations—including A382T, G295S, N267S, K263E,
M359V, and I383V—have been reported from FTD patients
with or without MND.***° Notably, most ALS/FTD-linked
mutations are located in the G-rich region of TDP-43, with
only a few exceptions, such as A90V in the NTD, and
D169G, K181E and N259S within or adjacent to RRM.**™!

Relative to the aforementioned variants, the P112H
mutation of TDP-43 is quite unique as it was identified
from patients presenting with pure FTD without MND
and it is located in RRM1 of TDP-43.** This P112H muta-
tion is deemed pathogenic based on clinical, neuroimag-
ing, and neuropathological characteristics of patients
possessing it and that present with an unclassified
TDP-43 inclusion pattern, a high burden of tau-negative
f-amyloid neuritic plaques, and an unclassifiable

four-repeat tauopathy.** The co-occurrence of multiple
protein inclusions is indicative of a pathogenic mecha-
nism that promotes protein interaction and/or aggrega-
tion, or that loss of TDP-43 function somehow impairs
protein clearance. Thus, to clarify the molecular mecha-
nism underlying the pathogenic effect of P112H muta-
tion, it is necessary to examine its impact on TDP-43 at
the protein level.

Here, we compare the biochemical and biophysical
properties of two truncated TDP-43 proteins, RRM1 (resi-
dues 101-191) and RRMI1-RRM2 (residues 101-265),
bearing the P112H mutation with those of wild-type
proteins. We show that P112H mutation of TDP-43
RRMs induces local protein conformational changes
and increases protein thermal stability yet reduces both
RNA-binding activity and protein aggregation ability.
Our 2D-nuclear-magnetic resonance (NMR) spectrometry
analysis confirms those local conformational changes
surrounding the P112H mutational site. Together, our
results reveal that P112H mutation of TDP-43 may impair
the protein's function in RNA metabolism and curtail
protein clearance.

2 | RESULTS

2.1 | TDP-43 P112H mutant proteins
retain overall folding and oligomeric states
of wild-type protein

To examine the impact of disease-linked P112H
mutation on TDP-43, we expressed and purified two trun-
cated forms of TDP-43 protein, with or without P112H
mutation; namely, RRM1 and RRM1-P112H (residues
101-191), and RRM1-RRM2 and RRMI1-RRM2-P112H
(residues 101-265) (Figure 1). Both wild-type and
mutated TDP-43 proteins were purified to high homoge-
neity by chromatographic methods, as shown by SDS-
PAGE (Figure 1la, right panel). Gel filtration profiles of
wild-type RRM1 and RRM1-RRM2 overlapped with
those of RRM1-P112H and RRM1-RRM2-P112H, respec-
tively (Figure 1b), indicating that the P112H mutation
did not affect overall protein folding or oligomeric states.
Size exclusion chromatography-coupled multi-angle
light scattering (SEC-MALS) revealed that wild-type
RRM1 and RRM1-RRM2 and mutant RRM1-P112H and
RRM1-RRM2-P112H are all monomeric, with estimated
molecular weights (MWs) of ~12 kDa (calculated MW:
12,396 Da) and ~22 kDa (calculated MW: 20,794 Da)
for wild-type RRM1 and wild-type RRM1-RRM2, respec-
tively (Figure 1c). These results indicate that mutation of
Pro112 to His in RRM1 does not affect the overall folding
and oligomeric state of TDP-43.
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2.2 | P112H mutation in TDP-43
increases protein thermal stability

To examine the effect of P112H mutation on protein ther-
mal stability, we performed differential scanning fluorim-
etry (DSF) using SYPRO Orange dye as the fluorophore
to measure the thermal melting points of wild-type and
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mutated proteins. We found that RRM1-P112H had a
melting point of 67.3 + 0.2°C, which was 3.3°C higher
than the melting point (64.0 + 0.3°C) of the wild-type
RRM1 (Figure 2a). RRM1-RRM2-P112H also exhibited a
similar trend in that its melting point (57.8 + 0.3°C) was
4.3°C higher than the melting point of 53.5 + 0.5°C for
wild-type RRM1-RRM2.
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FIGURE 2 Mutation of P112H in TDP-43 increases protein thermal stability. (a) The thermal melting points of wild-type (in black) and
P112H-mutated (in red) TDP-43 were assayed by differential scanning fluorimetry using SYPRO Orange dye as the fluorophore. The
fluorescence signal, excited at 465 nm and emitted at 580 nm, was recorded while increasing the temperature from 20 to 90°C (upper

panels). The melting point of each protein was estimated based on the derivatives of the fluorescence signal against temperature (shown in
the lower panels and reflecting three independent measurements). (b) The thermal melting points of wild-type TDP-43 (in black) and P112H
mutants (in red) were estimated by differential scanning calorimetry
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To further confirm these results, the thermal melting
points of these wild-type and mutated proteins were also
measured by differential scanning calorimetry (DSC).
The DSC-measured melting points were a few degrees
lower than those estimated by DSF, but the results were
consistent in that RRM1-P112H had a melting point
2.9°C higher than that of wild-type RRM1 (60.9°C),
whereas RRM1-RRM2-P112H had a melting point 2.2°C
greater than that of wild-type RRM1-RRM2 (53.1°C)
(Figure 2b). Thus, all these results reveal that P112H
mutation significantly increases the thermal stability of
TDP-43, hinting that the mutation may disturb the pro-
cess of cellular protein clearance.

2.3 | P112H mutation induces tertiary
conformational changes in TDP-43 RRM1

To characterize if the disease mutation P112H affects
protein secondary structure, we analyzed wild-type and
mutated TDP-43 proteins by far-UV (190-260 nm) circu-
lar dichroism (CD). Wild-type RRM1 and RRM1-P112H
presented similar far-UV CD spectra, suggesting that
the P112H mutation did not induce major protein struc-
tural changes at the secondary structure level (Figure 3a).
Similarly, the far-UV CD spectra of wild-type RRM1-
RRM2 and RRMI1-RRM2-P112H overlapped consider-
ably, supporting that RRM1-RRM2-P112H retained a sec-
ondary structure similar to that of wild-type protein
(Figure 3a).

To examine tertiary structural change of TDP-43
upon P112H mutation, we compared the near-UV
(260-350 nm) CD spectra of wild-type and mutated TDP-
43 proteins. The CD spectrum in the near-UV region
(260-320 nm) reflects the environments of aromatic
amino acids and may provide a valuable fingerprint of
protein tertiary structure.* Particularly, Pro112 is located
right next to Trp113, which has a peak between 290 to
305 nm in near-UV CD (see Figure 3b for the peak region
of Phe, Tyr, and Trp). The side chain of Trp113 is highly
exposed on TDP-43 surface, responsible for interactions
with nucleic acids.** Mutation of Pro112 to His may dis-
turb the conformation or environment of Trpl13 that
could be detected by near-UV CD. However, the near-UV
signals were very weak, so we had to increase the
protein concentration (from 10 pM for far-UV CD)
to ~160 pM using a big cuvette with a 10 mm path
length to strongly enhance the near-UV CD signals.
Significant changes around 290 nm were observed in
the near-UV CD spectrum of RRM1-P112H relative to
respective wild-type RRM1, suggesting that the P112H
mutation induced tertiary structural conformational
changes (Figure 3b). A similar outcome was observed

for the near-UV CD spectra of RRM1-RRM2 and RRM1-
RRM2-P112H proteins with considerable changes in
260-320 nm (Figure 3b). These changes in the near-UV
CD support the notion that P112H mutation produces
tertiary conformational changes in TDP-43.

To confirm that these structural changes are indeed
caused by the P112H mutation, we also expressed and
purified two additional TDP-43 RRM1 mutants, that is,
RRM1-D169G and the double mutant RRM1-P112H-
D169G. Near-UV CD spectra of these mutant proteins
revealed almost complete concordance between RRM1-
D169G and wild-type RRM1 (Figure 3c), in line with
a previous report on crystal structures showing that
RRM1-D169G is almost identical to wild-type RRM1.>
However, the near-UV CD spectrum of the double
mutant RRM1-P112H-D169G overlapped well with that
of RRM1-P112H, suggesting that the structural change is
indeed due to P112H mutation of RRM1. Based on these
CD results, we conclude that mutation of P112H induces
tertiary conformational changes in RRM1 of TDP-43.

2.4 | TDP-43 P112H mutants
are resistant to aggregation

RRMs of TDP-43 and FUS have been shown to self-
assemble into Thioflavin-T (ThT)-positive amyloid aggre-
gates in vitro.>*>® To further establish the mechanism
underlying pathogenicity of the P112H mutation in TDP-
43, we assayed the amyloid aggregation formation activity
of wild-type and mutated TDP-43 proteins. As anticipated,
we found that wild-type RRM1 and RRMI1-RRM2 self-
assembled into ThT-positive amyloid aggregates upon agi-
tation in a buffer of 25 mM Tris-HCI and 100 mM NacCl
(Figure 4a). In contrast, RRM1-P112H did not form ThT-
positive aggregates under the same conditions, whereas
RRM1-RRM2-P112H formed much less than those gener-
ated by wild-type proteins.

It has been reported previously that, under oxidative
stress, TDP-43 undergoes abnormal disulfide cross-
linking and oligomerization via cysteine oxidation.> Cys-
teine residues (Cys173 and Cys175) in the RRM1 domain
of TDP-43 contribute to oligomerization and pathogenic-
ity of TDP-43.%° Moreover, previous study has shown that
TDP-43 constructs containing the RRM1 domain undergo
an oxidation-induced conformational change, rendering
them susceptible to irreversible aggregation upon oxida-
tion.* To test if the disease-linked P112H mutation,
which is located in close proximity to Cys173, exerts any
effect on TDP-43 oxidation, we analyzed protein aggrega-
tion after H,O, treatment by turbidity assays. Consistent
with previous reports, we found that oxidation of wild-
type RRM1 and RRM1-RRM2 by H,0, (5 mM) induced
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FIGURE 3 Circular dichroism (CD) reveals conformational changes induced by P112H mutation in TDP-43. (a) The far-UV CD spectra
of wild-type TDP-43 proteins (in black) and P112H mutants (in red) were recorded from 190 to 260 nm at 25°C at a protein concentration of
10 pM in a buffer containing 10 mM phosphate (pH 7.5) in a quartz cell with 1-mm path length. (b) The near-UV CD signal (from 260 to
350 nm) for each protein was recorded at a high protein concentration of 2 mg/ml in PBS buffer at 25°C in a quartz cuvette with 10-mm
path length. The peak region (260-310 nm) arise from aromatic amino acids are marked in the near-UV CD of RRM1. (c) The near-UV CD
spectra for RRM1, RRM1-P112H, RRM1-D169G, and RRM1-P112H-D169G. Significant changes were observed in the spectra of
RRM1-P112H (in red) and RRM1-P112H-D169G (green), but not in RRM1-D169G (blue), relative to that of wild-type RRM1 (black)

protein aggregation (Figure 4b). However, protein aggrega- to wild-type proteins. Thus, the resistance of P112H
tion upon oxidation of the RRMI1-P112H and RRMI- mutants to oxidation-induced aggregation might be related
RRM2-P112H mutants was significantly reduced compared  to mutation-associated conformational changes close to
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residue Cys173, which likely becomes inaccessible to
disulfide cross-linked bond formation. Together, these
results show that P112H-mutated TDP-43 proteins are
less prone to aggregation under oxidizing or non-
oxidizing conditions.

2.5 | TDP-43 P112H mutants have
reduced RNA-binding activities

RRM1 in TDP-43 is involved in RNA binding, and loss of
RNA-related functions could contribute to pathogenicity
and disease onset,"** so we wondered if the P112H muta-
tion impairs the RNA-binding activity of TDP-43. Conse-
quently, we measured the RNA-binding affinity of our
truncated RRM1 and RRM1-RRM2 proteins for a single-
stranded 12-nucleotide (nt) 5'-fluorophore (FAM)-labeled
(UG)s RNA by fluorescence polarization assays. We found
that the RNA-binding affinity of RRM1-P112H was three-

fold lower (Kd = 148.7 + 3.4 nM) than that of wild-type
RRM1 (Kd = 56.9 + 2.1 nM), and the RNA-binding affinity
of the RRM1-RRM2-P112H mutant (Kd = 71.6 + 2.9 nM)
was about eight-fold lower than that of wild-type RRM1-
RRM2 (Kd = 9.5 + 1.3 nM) (Figure 5). Thus, the disease-
linked P112H mutation reduces the RNA-binding activity
of TDP-43 and, accordingly, may impair its various cellular
functions in RNA metabolism.

The P112H mutation is located in Loopl between the
Bl strand and al helix of RRM1 (Figure 6a). A crystal
structure of TDP-43 RRM1-DNA complex revealed that the
Trp113 side chain located in Loop1 is sandwiched between
two nucleobases, making n-x stacking interactions with the
single-stranded DNA (ssDNA) (Figure 6a).*> Mutation of
Trpl13 to Ala (W113A) considerably reduced the interac-
tion of RRM1 with a 30-nt ssDNA (Kd = 114.5 nM for
W113A mutant vs. Kd = 20.6 nM for wild-type RRM1).***
Mutation of P112H likely alters the side chain conforma-
tion of the neighboring Trpl13, thereby reducing the



AGRAWAL ET AL.

Boos-WiLey L=

= RRM1

[T

E 451

c

.0 3 3 Y 3

‘ﬁ p S

E 30+

]

o

(O]

g 15 Kd=56.9+2.1nM

3

(]

o

3 O 4 L] L] L] L]

= 500 1000 1500 2000 2500
Protein Concentration (nM)

. RRM1-P112H

& 60

E

c

.0

®

N

S

[e]

o

(O]

o Kd =148.7 £ 3.4 nM

8 15+

(7]

o

S o4 ' ' . '

Lo 500 1000 1500 2000 2500

Protein Concentration (nM)

a= RRM1-RRM2
(TR
E 60
S * X
-(E'v 45+
®
& 301
8
= +
§ 154 Kd=9.5+13nM
(%]
g
S o# . . . ,
= 0 200 400 600 800 1000
Protein Concentration (nM)
RRM1-RRM2-P112H
60+
45+

w
o
1

Kd=71.56 £ 2.9 nM

=
[$)]

Fluorescence Polarization (mFP)

0 200 400 600 800
Protein Concentration (nM)

1000

FIGURE 5 P112H mutation of TDP-43 reduces RNA-binding activity. The RNA-binding affinities of TDP-43 RRM1 and RRM1-RRM2
proteins with or without P112H mutation for a 5'-end FAM-labeled (UG)s RNA were measured by fluorescence polarization assays. The
dissociation constants (Kd) and standard deviations shown in the figure were estimated from three independent measurements

mutant protein's binding affinity for ssRNA. To confirm
that hypothesis, we measured the intrinsic protein fluores-
cence of RRM1 and RRMI1-RRM2, as previous study
showed that intrinsic fluorescence signal of RRM1 was
reduced upon ssDNA binding due to local environmental
changes surrounding Trp113.*> We used two different
ssDNA substrates for this assay, that is, 10-nt (10TG_DNA)
and 12-nt (12ATG_DNA) ssDNAs that were used in previ-
ous crystal structural and NMR structural analyses, respec-
tively.*>*® As reported previously, we observed diminished
fluorescence signal for wild-type RRM1 and RRM1-RRM2
in the presence of ssDNA when the temperature was lower
than the proteins' melting point (~65°C), indicative of local
environmental changes surrounding Trp113 upon ssDNA
binding to the folded protein (Figure 6b). In contrast,
no change was observed in the fluorescence signal for
RRM1-P112H or RRM1-RRM2-P112H upon DNA binding
when proteins were folded or unfolded, demonstrating
that Trpl13 of P112H mutants is not involved in DNA
interactions (Figure 6b). These results suggest that muta-
tion of Prol12 to His in TDP-43 reduces the protein's

RNA-binding activity, likely due to disruption of interac-
tions between Trp113 and RNA.

2.6 | P112H mutation perturbs RRM1
conformation

To determine the molecular basis for the reduced RNA-
binding activity of TDP-43 P112H mutants, we conducted
NMR spectrometry on wild-type and mutated RRM1 to
detect if the mutation induces any conformational
changes. We prepared '°N-labeled wild-type RRM1 and
RRM1-P112H, and acquired 2D °N/'H HSQC spectra for
these two proteins. The peak assignment for the 2D
1>N/'H HSQC spectrum of wild-type RRM1 was imported
from BMRB entry 18,765.*' An overlay of the wild-type
RRM1 '’N-HSQC spectrum (Figure 7a, red) with that
of the RRM1-P112H spectrum (blue) showed that the
P112H mutation induced significant structural changes,
with ~20% of the RRM1-P112H peaks not matching the
respective ones of wild-type RRM1 (a plot of chemical
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FIGURE 6 P112H mutation of TDP-43 RRM1 disrupts the interactions between Trp113 and nucleic acids. (a) The P112H mutation is
located in Loopl of RRM1. The crystal structure of TDP-43 RRM1-DNA complex (PDB entry: 4IUF) shows that the side chain of Trp113 is
sandwiched between two nucleobases, making n-r stacking interactions with DNA.*® (b) Intrinsic tryptophan fluorescence profiles (ratio of
absorption at 350/330 nm) of wild-type RRM1 and RRM1-RRM2 reveal diminished signal upon binding of a 10-nt (10TG_DNA) or 12-nt
(12ATG_DNA) DNA (upper panels). However, RRM1-P112H and RRM1-RRM2-P112H presented similar intrinsic tryptophan fluorescence
profiles (lower panels) in the presence or absence of DNA, indicating that the environment surrounding residue Trp113 was not changed
upon DNA binding
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shift perturbation [CSP] for each residue is shown in
Figure 7e). It should be noted that these HSQC peak
shifts might be due to the changes in protein dynamics
and/or surrounding chemical environments, other than
resulted from structural changes. We mapped the amino
acids of the RRM1-P112H mutant exhibiting significant
HSQC peak shifts onto the available crystal structure of
TDP-43 RRM1 (shown in red in Figure 7d), most of
which resided in Loop1 (residues 109-116). A representa-
tive closer examination of residues Leul09 and Thrl16
(both N-H atoms) exemplifies the strong perturbations
within Loopl (Figure 7b). These results confirm that the
P112H mutation induces local conformational changes
surrounding the mutational site.

Moreover, we also observed perturbations around
Cys173 and Cysl75 in RRMI1-P112H (Figure 7c),
suggesting structural changes at these Cys residues. These
results are in agreement with our finding that the
RRM1-P112H and RRM1-RRM2-P112H mutants are more
resistant to oxidation and subsequent aggregation. These
NMR spectra reveal that the mutation of Pro112 to His in
Loop1 results in local conformational changes, particularly
at Loopl and Turné, offering a plausible explanation for
the altered biochemical and biophysical properties of the
TDP-43 P112H mutants, including their higher thermal
stability, greater resistance to protein aggregation, and
reduced RNA-binding activity.

3 | DISCUSSION

In this study, we have compared the biochemical and
biophysical properties of disease-linked TDP-43 P112H
mutants to wild-type proteins. We observed unexpectedly
that RRM1-P112H and RRM1-RRM2-P112H mutant pro-
teins exhibit significantly greater thermal stability than
wild-type proteins. Proline is a unique amino acid with a
side chain bonded to the backbone nitrogen, forming a
five-membered pyrrolidine ring. This ring conformation
restricts the rotation of the N-Ca bond, and decreases the
backbone conformational entropy, that may enhance
protein stability upon protein folding.*’” Various examples
have shown that replacement of different amino acids

to proline decreases the entropy of folding and thus
increases protein thermal stability.***° On the contrary,
proline is also a secondary structure breaker due to the
absence of a hydrogen atom on the amide nitrogen,
prohibiting proline from acting as a donor in a hydrogen
bond.”® Mutation of different residues to proline may pro-
duce conflicting results of decreasing protein thermal sta-
bility.>! Therefore, replacement of a Pro to His may affect
protein thermal stability dependent on the location of the
proline residue in the folded protein. Pro112 is located
in the middle of Loopl exposing on the surface of
RRM1 in TDP-43, and hence the mutation of Prol12 to
His should not produce unfavorable steric clashes for
protein folding. We generated a structural model of
RRM1-P112H using the crystal structure of wild-type
RRM1 as the template, showing that the side chain of
His112 (N81 atom) could form a hydrogen bond with the
main-chain nitrogen of Trp113 to stabilize Loop1 confor-
mation in RRM1 (Figure 8). This structure model sug-
gests that P112H mutation may decrease the flexibility of
Loopl and thus increase thermal stability of TDP-43.

To our knowledge, P112H mutation in TDP-43 is not
the only one with a change of increasing protein thermal
stability. The D169G mutation of TDP-43 RRM1 was also
shown previously to enhance protein thermal stability
and cleavage by caspase 3, resulting in greater accumula-
tion and aggregation of cellular pathogenic protein
fragments (TDP-35).> Moreover, several ALS-linked
mutations of TDP-43—including K263G, G298S, Q331K,
and M337V—also induce longer half-lives and greater
stability relative to wild-type TDP-43.%>">* These results
indicate that TDP-43 protein stability may be a major
contributor to the pathogenesis of ALS and FTD. We
also noticed that TDP-43 RRMs harboring the P112H
mutation are less prone to forming ThT-positive aggre-
gates and more resistant to oxidation-induced protein
aggregation relative to wild-type protein, indicating that
P112H mutation reduces the intrinsic propensity of TDP-
43 to aggregate. Taken together, these results support
the notion that by increasing the protein stability of
TDP-43, the P112H mutation might cause defects in cel-
lular protein clearance and thereby contribute to TDP-43
proteinopathy.

FIGURE 7

2D-NMR reveals that the P112H mutation perturbs TDP-43 RRM1 conformation. (a) Superimposition of the *N-HSQC

NMR spectra of wild-type RRM1 (in red) and RRM1-P112H (in blue), revealing that the P112H mutation induces peak shifts. The peak
assignments for the wild-type RRM1 spectrum were imported from BMRB entry 18,765. (b) A representative region shows that residues
Leul09 and Thr116 located within Loopl of RRM1-P112H exhibit significant shifts of HSQC peaks. (c) A closer look at the HSQC spectrum
highlights the peak shifts in two cysteine residues of RRM1-P112H. (d) Amino acids exhibiting significant shifts of HSQC peaks (marked in
red) occur mainly in two regions, Loopl and Turn6, and are mapped onto the RRM1 structure. (e) The chemical shift perturbation (CSP)
between the >N-HSQC spectra of RRM1 and RRM1-P112H were calculated and plotted as a function of residue number. No value is shown

for residues that could not be assigned in one or both spectra
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FIGURE 8 Molecular model of TDP-43 RRM1-P112H mutant. The molecular model of RRM1-P112H was built using the crystal
structure of wild-type RRM1 (PDB entry: 4YOF) as the template.** The geometry of the initial RRM1-P112H model was optimized using the
modeling tool in PHENIX (version 1.13-2,298). In the final model, the side chain (N81 atom) of His112 located in Loop1 forms a hydrogen
bond with the main-chain nitrogen of Trp113, suggesting that P112H mutation likely decreases the loop flexibility, and thus increases the

thermal stability of TDP-43

Loss-of-function in RNA binding and impairment in
RNA metabolism of TDP-43 could also contribute to dis-
ease pathogenesis. We show through near-UV CD and 2D-
NMR spectrometry that the P112H mutation induces local
structural changes in RRM1 of TDP-43 surrounding the
mutation site, particularly in Loopl and Turné. These con-
formational changes disrupt the m-n stacking interaction
between Trp113 and RNA, so TDP-43 P112H mutants bind
RNA with a lower affinity relative to wild-type proteins.
Some TDP-43 mutations compromise the protein's splicing
ability for specific mRNA transcripts. For instance, alterna-
tive splicing of the POLDIP3 gene depends on RRM1, and
P112H-mutated TDP-43 is deficient in restoring normal
POLDIP3 splicing in TDP-43 knockout cell lines.>>”® A
similar result has been reported for the ALS/FTD-linked
TDP-43 K181E mutation, with that residue being located
in close proximity to RRM1. TDP-43 K181E mutant protein
completely lacks the ability to interact with a 12-nt RNA
in vitro and fails to splice out exon 3 of POLDIP3.>* How-
ever, unlike the P112H mutation, K181E-mutated TDP-43
is prone to aggregation and forms abundant aggregates
in transfected cells,”® suggesting that although both these
mutations occur in or near RRM1, they induce mechanisti-
cally divergent outcomes at protein level and can be linked
to different disease phenotypes (i.e., pure FTD for P112H
mutation, and ALS/FTD for K181E mutation). Our results
show that the P112H mutation of TDP-43 impairs its RNA
binding function, causing RNA splicing defects and/or
other dysfunctions in RNA metabolism.

In conclusion, our findings reveal that the P112H
single-site mutation of TDP-43 induces local conforma-
tional changes in RRM1, leading to increased protein sta-
bility and impaired RNA binding, as well as a reduced
tendency to aggregate. Our analyses reveal potential
molecular links between TDP-43 P112H mutation and
FTD pathogenesis, including a loss-of-function in RNA
binding that could contribute to impaired RNA metabo-
lism and a gain-of-function in increased protein stability
that could induce defects in cellular protein clearance.

4 | MATERIALS AND METHODS

4.1 | Site-directed mutagenesis, protein
expression, and purification

The cDNA encoding wild-type RRM1 (residues 101-191)
and RRM1-RRM2 (residues 101-265) were amplified from
the human TARDBP gene and inserted into the BamHI/
HindIII sites of pQE30 vector (Qiagen) for expression of
the N-terminal His-tagged recombinant proteins. TDP-43
mutants—RRM1-P112H, RRM1-D169G, RRM1-RRM2-
P112H and RRM1-P112H-D169G—were generated by site-
directed mutagenesis using a QuikChange site-directed
mutagenesis kit (Stratagene) with wild-type plasmids as
templates. TDP-43 expression plasmids were transformed
into Escherichia coli M15 strain and grown by cell culture
at 37°C in LB medium supplemented with 100 pg/ml
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ampicillin. When the optical density (ODggy) of the
cell culture had reached 0.6, it was cooled down to
18°C and induced by adding 0.8 mM isopropyl 1-thio-
B-D-galactopyranoside (IPTG), and then cultured for
16-18 hr at 18°C. The cells were harvested by pelleting
down the culture and resuspending it in 50 mM phos-
phate buffer (pH 7.5), 500 mM NaCl, and 10 mM
B-mercaptoethanol (BME), together with a tablet of com-
plete EDTA-free protease inhibitor cocktail (Roche). The
cells were lysed using a microfluidizer (Microfluidics
M-110P) and the cell supernatant was applied to a
HisTrap FF column (GE Healthcare), followed by a HiTrap
Heparin HP column (GE Healthcare) and finally a HiLoad
16/600 Superdex 75pg column (GE Healthcare). The
purity of the eluted proteins was checked by 12% SDS poly-
acrylamide gel electrophoresis.

4.2 | Multi-angle light scattering

The molecular mass of wild-type and mutated TDP-43
RRM proteins was measured by SEC-MALS (size exclu-
sion chromatography coupled with multi-angle light
scattering). The purified protein samples were cen-
trifuged at 4°C and 13,000 rpm for 30 min and filtered
through a 0.22-pm Millex-GV filter (Millipore). The sam-
ples were injected into a pre-equilibrated Agilent Bio
SEC-3100 A column (Agilent Technologies, for RRM1)
or Superdex 75 10/300 GL column (GE Healthcare, for
RRM1-RRM2) connected to a DAWN HELIOS II-18
angle MALS instrument (Wyatt Technology) with a
refractive index (RI) detector (Optilab T-rEX, Wyatt
Technology). Samples were run using the AKTA-UPC
900 FPLC system (GE Healthcare). The UV, scattering
and refractive index data were analyzed using ASTRA
software (Wyatt Technology) to calculate the molar mass
of each sample.

4.3 | Differential scanning fluorimetry

The DSF experiments were carried out using a Lig-
htCycler 480 system (Roche). Assay parameters, includ-
ing dye concentration and protein concentration, were
optimized prior to performing the experiments. Samples
containing a final protein concentration of 10 pM protein
and 15X SYPRO Orange dye (Invitrogen) were used in a
LightCycler multi-well 96 white plate (Roche), with a
total volume of 20 pL for each sample. The thermal melt-
ing point was assessed by raising the temperature from
20 to 90°C at a rate of 0.06°C/s, with 10 acquisitions per
degree. An excitation filter of 465 nm and an emission

filter of 580 nm were used for SYPRO Orange detection.
Melting temperatures (Tm) were calculated by Lig-
htCycler® protein melting analysis.

4.4 | Differential scanning calorimetry
An auto PEAQ-DSC Malvern capillary differential scan-
ning calorimeter was used to precisely measure the stabil-
ity and Tm of wild-type and mutated TDP-43. Protein
samples at a concentration of 0.5 mg/ml in 1x PBS were
used. The temperature was increased from 10 to 90°C at
a scanning rate of 240°C/hr in high feedback mode.
For each sample, a blank buffer scan was used for buffer
subtraction. The raw data were processed and a Tm
report was generated in MicroCal PEAQ-DSC software
(Malvern).

4.5 | CD spectroscopy

A Chirascan-plus CD spectrometer (Applied Photo-
physics) was used to record the near-UV and far-UV CD
signal for each protein sample. To assess secondary struc-
ture, far-UV CD spectra were scanned from 190 to
260 nm at 25°C. For far-UV CD, protein samples at a
concentration of 10 pM in a buffer containing 10 mM
phosphate (pH 7.5) were measured in a quartz cell with
1-mm path length. Near-UV CD signal (from 260 nm to
350 nm) for each protein was recorded at a high concen-
tration of 2 mg/ml in 1x PBS buffer at 25°C in a quartz
cuvette of 10 mm path length.

4.6 | Invitro fibrillation and ThT
binding assays

Purified protein (50 pM) in a buffer of 25 mM Tris-HCl
(pH 8.0 for RRM1 or pH 9.0 for RRM1-RRM2) and
100 mM NaCl was centrifuged at 20,000g for 10 min and
filtered through a 0.22-pm Millex-GV filter to remove
any insoluble material or aggregates. The samples were
then shaken at 200 rpm at 37°C for 3 days to promote
fibril formation. The freshly-formed fibrillar solutions
(5 pL) were subjected to ThT-binding assays. ThT amy-
loid binding dye (ThT, purchased from Sigma) was dis-
solved in water to make a stock solution of 1 mM,
which was filtered through a 0.2-pm Sartorius Minisart
syringe filter and stored in 1 ml aliquots at —20°C and
protected from light. The fibrillar solutions were mixed
with ThT dye to a final concentration of 20 pM dye and
~10 pM protein. After 5-min incubation in the dark, the
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samples were excited at 438 nm and the fluorescence
emission intensity was recorded from 472 to 600 nm on
a SpectraMax Paradigm microplate reader (Molecular
Devices).

4.7 | Protein aggregation by turbidity
measurements

Wild-type or mutated protein samples at a concentration of
1 mg/ml (for RRM1) or 0.5 mg/ml (for RRM1-RRM2) in
1x PBS were treated with 5 mM H,O, or PBS (as a con-
trol). Oxidation-induced protein aggregation was measured
according to increased sample turbidity by recording light
absorbance at 405 nm at room temperature. The optical
density at 405 nm for wild-type and mutated proteins was
plotted against time to monitor protein aggregation over
time upon oxidation.

4.8 | RNA-binding by fluorescence
polarization assays

RNA-binding affinity of wild-type and mutated TDP-43
proteins for single stranded (UG)s RNA was determined by
measuring changes in fluorescence polarization (FP) using
a Paradigm microplate reader (Molecular Devices) at exci-
tation and emission wavelengths of 485 nm and 538 nm,
respectively. The 5'-end fluorescein-labeled single-stranded
RNA (sequence 5'-FAM-UGUGUGUGUGUG-3') at a final
concentration of 10 nM was mixed with serially-diluted
concentrations of protein in a binding buffer of 20 mM
HEPES (pH 7.5), 50 mM NaCl, and 1 mM dithiothreitol
(DTT). The samples were prepared in a 384-well OptiPlate-
Black (PerkinElmer) and incubated at 37°C for 30 min
before obtaining the FP data. FP values were plotted
against protein concentration to estimate Kd (dissociation
constant) values.

4.9 | Intrinsic fluorescence assay
Wild-type or mutated TDP-43 proteins at 50 pM in 1X
PBS were mixed with DNA substrates in a 1:1 M ratio
and incubated at room temperature for 30 min. The
samples were centrifuged at 20,000 g for 5 min to
remove any possible precipitants and insolubilities. A
NanoTemper Tycho NT.6 system was used to detect fluo-
rescence intensity at 350 nm and 330 nm upon heating
the sample from 35 to 95°C with a 30°C/min scanning
rate. The fluorescence intensity ratio 350/330 nm versus
temperature was plotted to monitor changes in protein-
DNA interaction.

410 | NMR spectroscopy

The E. coli cells harboring the TDP-43 expression vector
were grown in M9 minimal medium supplemented with
1>N-NH,CI (1 g/L). The "*N-labeled proteins were purified
in the same way as the un-labeled proteins. The protein
samples were prepared in a buffer containing 25 mM
HEPES pH 7.0, 125 mM NaCl, and 1 mM DTT. The pro-
teins at a concentration of 0.7 mM in 10% D,0O were cen-
trifuged at 20,000 g for 30 min to remove any insolubilities
and potential aggregates. The 2D "°N/'H HSQC data were
collected using a 600-MHz Bruker Avance spectrometer
equipped with a 5-mm TCI CryoProbe at 298 K. The spec-
tra were processed using Topspin 2 (Bruker) and analyzed
in NMRFAM Sparky. Backbone assignment for wild-type
RRM1 was reported previously (BMRB accession number
18765). The following formula was used to calculate the
CSP shown in Figure 7e:

H)* + (0.14 2
CSP:\/(S )+(o2 x 5N)

where O8H and ON are the chemical shift changes
(in ppm) of 'H and '°N shifts, respectively.
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