
Research Article
Disrupts Importin a1/b Signaling
0022-2836/� 2024 Elsevier L
Single Acetylation-mimetic Mutation in
TDP-43 Nuclear Localization Signal
Ying-Hui Ko 1, Ravi K. Lokareddy 1, Steven G. Doll 2,3, Daniel P. Yeggoni 4,
Amandeep Girdhar 2, Ian Mawn 2, Joseph R. Klim 5, Noreen F. Rizvi 5,
Rachel Meyers 5, Richard E. Gillilan 6, Lin Guo 2,⇑ and Gino Cingolani 1,⇑

1 - Dept. of Biochemistry and Molecular Genetics, The University of Alabama at Birmingham, 1825 University Blvd,

Birmingham, AL 35294, USA

2 - Dept. of Biochemistry and Molecular Biology, Thomas Jefferson University, 1020 Locust Street, Philadelphia, PA 19107, USA

3 - Dept. of Neurology, Johns Hopkins University School of Medicine, 1800 Orleans St Baltimore, Baltimore, MD 21287, USA

4 - Dept. of Cell Biology, UConn Health Center, 263 Farmington Avenue, Farmington, CT 06030, USA

5 - Faze Medicines, Cambridge, MA 02139, USA

6 - Macromolecular Diffraction Facility, Cornell High Energy Synchrotron Source (MacCHESS), Cornell University,

161 Synchrotron Drive, Ithaca, NY 14853, USA
Correspondence to Lin Guo and Gino Cingolani: lin.guo@jefferson.edu (L. Guo), gcingola@uab.edu (G.
Cingolani)
https://doi.org/10.1016/j.jmb.2024.168751
Edited by Richard W. Kriwacki

Abstract

Cytoplasmic aggregation of the TAR-DNA binding protein of 43 kDa (TDP-43) is the hallmark of sporadic
amyotrophic lateral sclerosis (ALS). Most ALS patients with TDP-43 aggregates in neurons and glia do not
have mutations in the TDP-43 gene but contain aberrantly post-translationally modified TDP-43. Here, we
found that a single acetylation-mimetic mutation (K82Q) near the TDP-43 minor Nuclear Localization Sig-
nal (NLS) box, which mimics a post-translational modification identified in an ALS patient, can lead to
TDP-43 mislocalization to the cytoplasm and irreversible aggregation. We demonstrate that the acetyla-
tion mimetic disrupts binding to importins, halting nuclear import and preventing importin a1/b anti-
aggregation activity. We propose that perturbations near the NLS are an additional mechanism by which
a cellular insult other than a genetically inherited mutation leads to TDP-43 aggregation and loss of func-
tion. Our findings are relevant to deciphering the molecular etiology of sporadic ALS.
� 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies.
Introduction

Amyotrophic lateral sclerosis (ALS) is a
neurodegenerative disease that affects nerve cells
in the brain and spinal cord, causing loss of muscle
control and affecting the vital connection needed to
move, eat, and breathe. The disease is fatal, as no
cure is currently available. A small number of ALS
cases are inherited and can be traced to disease-
causing mutations (familial ALS). However, the
td. All rights are reserved, including those for t
overwhelming majority (90–95%) of ALS cases are
sporadic and occur typically in adulthood in
otherwise normal individuals. The causes of
sporadic ALS involve a combination of genetic and
environmental factors, such as post-translational
modifications (PTMs).1–3 Over 95% of familial and
sporadicALSandfrontotemporal lobardegeneration
(FTD) patients have cytoplasmic inclusion bodies in
vulnerable neurons containing aggregates of the
RNA/DNA binding protein TDP-43.4,5 Although
ext and data mining, AI training, and similar technologies.
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TDP-43 aggregation is commonly regarded as the
hallmarkofALS,6–13 thevastmajorityofALSpatients
with TDP-43 aggregates do not harbor mutations in
the TDP-43 gene. Instead, TDP-43 in brain aggre-
gates is aberrantly post-translationally modified,
containing phosphorylation, acetylation, and ubiqui-
tination.2,4,12,14 TDP-43 aggregates also contain a
mix of the full-length TDP-43 (M.W. 43 kDa) and C-
terminal proteolytic fragments of smaller molecular
weight (TDP-35 and TDP-25).9

TDP-43 is a conserved multidomain RNA/DNA-
binding protein of 414 amino acids10 broadly
expressed in many organs.15 It contains an N-
terminal domain (NTD) implicated in dimerization,
followed by a bipartite Nuclear Localization Signal
(NLS), two RNA binding modules (RRMs), and a
C-terminal prion-like C-terminal domain (CTD) (Fig-
ure 1A). TDP-43 plays an essential housekeeping
function as a modulator of RNA splicing,16,17 which
prevents aberrant RNA splicing and protects the
transcriptome, a function central to the physiology
of motor neurons, whose loss or alteration is linked
to neuronal death. In 2019, several labs reported
that TDP-43 regulates the splicing of the Stathmin
2 messenger RNA.18,19 When TDP-43 is lost or its
function impaired, an aberrant splicing event in the
Stathmin-2 genes introduces a stop codon and a
polyadenylation signal, resulting in an 8-fold reduc-
tion of Stathmin-2, a regulator of microtubule stabil-
ity. Reduced Stathmin-2 is a major feature of
sporadic and familial ALS and a diagnostic marker
for FTD20 due to TDP-43 loss. Recently, Ma et al.21

found that UNC13A is one of the genes with the
most significant levels of alternative splicing when
TDP-43 is lost due to proteinopathy. TDP-43
represses a cryptic exon-splicing event in UNC13A,
and when the protein is lost, UNC13A is diminished.
Functionally, UNC13A is expressed in the nervous
system22 (e.g., synapses and neuromuscular junc-
tions), where it plays an essential role in vesicle
maturation during exocytosis. Thus, TDP-43 is
essential for neuronal physiology, and its loss is
detrimental to neurons.
Different stimuli can trigger TDP-43 aggregation

in neuronal cytoplasm and the formation of
amyloid-like aggregates.23 In familial ALS, muta-
tions within the prion-like CTD (Figure 1A) enhance
the protein stickiness, leading to cytoplasmic aggre-
gation.2 Hexanucleotide repeat expansion in the
C9orf72 gene (found in �50% of familial ALS
cases) leads to dipeptide repeat peptides that exac-
erbate TDP-43 insolubility and phase separa-
tion.24,25 However, most ALS cases are sporadic,
and in these patients, TDP-43 aggregation occurs
by a mechanism independent of mutations in
TDP-43 that includes aberrant PTMs,2,14,26 e.g.,
ubiquitination and phosphorylation27 in the CTD,
acetylation in the RRM,28 that impairs RNA binding,
and some reports of PTMs in the NLS region.2 The
effect of PTMs on TDP-43 is not fully understood
and likely varies among PTMs: establishing a
2

cause-effect relationship between PTMs and
aggregation is challenging, as aggregated TDP-43
may become more susceptible to modification after
aggregating.2

This study focuses on poorly characterized PTMs
near the TDP-43 Nuclear Localization Signal (NLS)
(Figure 1A). Acetylation of K82, at position P0

1

relative to the NLS and ubiquitination of K79
(position P0

�1) were found in a sarkosyl-insoluble
fraction of TDP-43 aggregates isolated from
brains of ALS patients.29 Acetylation of TDP-
43 K84 (P0

3 position)30 mislocalizes TDP-43 to the
cytoplasm in HEK293E cells. Similarly, mutations
of K84 to alanine or arginine prevented the nuclear
import of a fusion protein comprising the red fluores-
cent protein fused to TDP-43-NLS (RFP-TDP-43-
NLS).31 A study also found that the
ALS-associated A90V mutation, C-terminal of the
minor NLS box, sequesters the endogenous TDP-
43 into insoluble cytoplasmic aggregates.32 In the
TDP-43 NLS linker between minor and major
boxes, three residues, T88, S91, and S92, were
previously identified as targets of casein kinase
1-d33,34 (Figure 1A). Substitution of T88E, S91E,
and S92E to mimic phosphorylation reduced the
affinity of the TDP-43 NLS for the classical nuclear
import system in vitro.35 Similarly, phosphorylation
of S92 was also identified in a cellular model,34

although mass spectrometry of TDP-43 fragments
taken from affected tissue of two ALS patients’
brains did not find phosphorylation within the TDP-
43 NLS.29 This study, however, did not detect any
fragments corresponding to TDP-43 NTD, prevent-
ing the identification of N-terminal PTMs. Contrary
to the idea that phosphorylation exacerbates aggre-
gation, a recent study found that in vitro phosphory-
lated TDP-43 (lacking phosphorylations in the
NLS33) forms dynamic liquid-like condensates,36

suggesting a protective role of this PTM.37

In this paper, we determine that an acetylation
mimetic at position P0

1 mislocalizes TDP-43 in
neuroblastoma cells, obliterating binding to
importins and preventing importin a1/b chaperone-
like activity. Our work establishes the interplay
between TDP-43, PTMs near the NLS, and
importin a1/b binding, providing new insights into
the biology of TDP-43 mislocalization relevant to
understanding sporadic ALS.
Results

Mutations near the TDP-43 NLS minor site
mislocalize TDP-43 in neuroblastoma cells

We previously reported35 that the TDP-43 NLS
binds importin a1 and b (importin a1/b) with
nanomolar affinity via the minor NLS box (Fig-
ure 1A). We also found that importin a1/b binding
to the NLS disrupts TDP-43 N-terminal domain
(NTD) dimerization.3,35 Here, we investigated how
mutations and PTM-mimetics near TDP-43 NLS
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Figure 1. Schematics of all TDP-43 constructs used in this study (panels A–E). The magnified box in panel (A)
shows the sequence of TDP-43 bipartite NLS. Residues contacting importin a1 are shown in black; R83 and K97
occupying the P0

2 and P2 sites, respectively, are colored red and highlighted in yellow. Residues in the NLS that do not
contact importin a1 directly are in gray. The positions of acetylated residues studied in this paper are shown as red
diamonds. A ribbon diagram of the TDP-43 NLS solved in complex with importin a (PDB id: 7N9H) is shown above the
NLS amino acid sequence.
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affect protein localization in a neuroblastoma cell
line.We transduced SH-SY5Y cells with a collection
of TDP-43 variants tagged with mCherry using len-
tiviral particles and sorted the cells expressing
mCherry-tagged TDP-43. We then monitored
TDP-43 localization using fluorescence micro-
scopy. As previously reported,38,39 wt TDP-43
3

was primarily nuclear at steady-state with �95%
of the protein localized in the nucleus of SH-SY5Y
cells (Figure 2A, B). We found that mutations near
the minor NLS box (Figure 1A), namely the acetyla-
tion mimetic K82Q and the dominant negative
mutants R83A/R83K,35 dramatically affected TDP-
43 localization, relocalizing the majority of TDP-43



Figure 2. Subcellular localization of TDP-43 overexpressed in SH-SY5Y cells. (A) Representative micrographs
of SH-SY5Y cells overexpressing indicated TDP-43 variants tagged with mCherry (red) and counterstained with DAPI
(blue) and the membrane stain CellBrite (green). WT TDP-43 is in the nucleus, but K82Q, R83A, AND R83K variants
are strongly localized in the cytoplasm. (B) Quantification of TDP-43 subcellular distribution from three biological
replicate cell experiments (n = 3) quantifying �1000 cells per construct. Dots represent individual cells with a median
indicated by the bars. Standard Deviations are WT=14; K82Q=14.16; R83A=13.67; R83K=14.60; K84Q=15.18;
T88E=14.86; A90V=16.84; S91A=16.44; S92A=13.57; K97A=11.55; A315E=11.44. Statistical analysis was
performed with a one-way ANOVA using Dunnett’s multiple caparisons test. Significant (p < 0.01) deviation from
the WT TDP-43.
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to the cytoplasm (Figure 2A, B), in agreement with
previous reports.40–42 K82 occupies the P0

1 position
of the minor binding site residues immediately
upstream of the P0

2 position. This lysine engages
in two hydrogen bonds with importin a1.35 Less dra-
matic was the effect of the acetylation mimetic
K84Q at position P0

3, which remained 70% nuclear,
displaying a less strong phenotype than seen by
introducing a similar mutation in a reporter protein.31

In contrast, TDP-43 familial mutation A90V32 and
the phosphomimetic S91E33 had a small yet statis-
tically significant TDP-43 steady-state nuclear
4

localization reduction by asmuch as 5% (Figure 2A,
B). Finally, mutations in major NLS binding site
K97A, phosphomimetics T88E and S91E, and
disease-associated mutations found in the CTD,
A315E,2 did not have statistically significant
changes in TDP-43 localization that remained
mainly nuclear (Figure 2A, B). Comparable results
were observed using biochemical subcellular frac-
tionation and immunoblot analysis (Figure S1A,
B). Thus, mutations near the TDP-43 minor NLS
box but not at the major site or CTD affect TDP-
43 localization in an overexpression system.
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A single acetylation mimetic at K82 disrupts
binding to importin a1/b

To correlate TDP-43 cellular localization with
binding affinity for importins, we asked how the
mutations/PTM-mimetics in TDP-43 affect binding
affinity for purified importin a1/b in vitro. To this
end, we introduced K97A, R83A, K82Q, and
K84Q in the soluble TDP-43 fragment comprising
Figure 3. In cellulo pull-down assay. (A) Representative S
TDP-43 NTD-NLS-RRM1 and mutants in TDP-43 NLS regio
(B) Quantification of GST-TDP-43-NTD-NLS-RRM1 bands fr
measured through ImageJ.72 Histogram columns indicate
importin a1 intensity, with standard deviation (error bars).
importin a1 ratio was determined through a two-tailed Stude
not significant.

5

NTD-NLS-RRM1 (Figure 1C). We then monitored
the ability of these mutants to bind the importin
a1/b complex by using an in cellulo pull-down
assay35 (Figure 3A). In this assay, importin a1 and
b were co-expressed from a polycistronic plasmid
in bacteria in the presence of a second plasmid
expressing GST-tagged TDP-43, either WT or point
mutants. After confirming that all TDP-43 variants
express to a comparable level as the WT protein
DS-PAGE gel of the pull-down experiment in which WT
n were co-expressed with the importin a1/b heterodimer.
om replicate SDS-PAGE gels (n = 7). Band intensity was
the ratio of TDP-43 band intensity to the normalized
Significant (p < 0.01) deviation from the WT TDP-43:
nt’s t-test assuming unequal variance. ***p < 0.001; n.s.,
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(Figure S2), equal volumes of lysate containing
importin a1, b and TDP-43, treated under identical
conditions, were immobilized on nickel agarose
beads, washed and analyzed by SDS-PAGE. The
results of these experiments revealed that all point
mutations at the minor NLS pocket of TDP-43 affect
the binding affinity to the importin a1/b heterodimer
(Figure 3A, B). The degree of disrupted binding cor-
relates well with the degree of cytoplasmic mislocal-
ization described in Figure 2B. As reported by Doll
et al.,35 the R83Amutant lacking R83 at the P0

2 posi-
tion showed negligible binding to importins (Fig-
ure 3A, B). Strikingly, the acetylation mimetic
mutation at K82Q had the most destructive effect
on importin a1/b association to TDP-43, which is
consistent with the severe cytoplasmic mislocaliza-
tion of this mutant (Figure 2A, B). The second
acetylation-mimetic, K84Q, reduced but did not
abolish importin a1/b binding (Figure 3A, B), in
agreement with our data in neuroblastoma cells
(Figure 2A, B) and previous work in a non-
neuronal cell model.30 An ala-mutation at K82 had
a less destabilizing effect on importin a1/b binding
affinity (Figure S3A, B) than K82Q. This suggests
that the presence of an acetyl group in K82 (or an
amide group in the Q82 mimetic mutation) rather
than the loss of a positive charge in the K82 side
chain, is the primary reason for the disruption of
high affinity binding to importins. Instead, K82A
was indistinguishable from K82Q in our pull-down
assay (Figure S3A, B). In contrast, the K97A muta-
tion at the major NLS pocket did not affect the bind-
ing affinity for importin a1/b (Figure 3A, B). This
variant behaved like WT TDP-43 and even had
slightly enhanced binding, as also found by Doll
et al.35 Thus, TDP-43 mislocalization in SH-SY5Y
cells due to mutations at position P0

1 and P0
2 can

be explained by loss of high-affinity binding to
importin a1/b.

Importin a1/b disrupts the TDP-43 aggregation

Importin a1/b were shown to reduce TDP-43
aggregation in vitro, exerting chaperone-like
activity.24,43 Next, we asked how mutations and
PTM-mimetics in TDP-43 affect the importin a1/b
chaperone activity. We used a turbidity assay to
monitor TDP-43 aggregation over time.44 In this
assay, full-length TDP-43 was fused to a C-
terminal Maltose Binding Protein (MBP) affinity tag
(Figure 1B) that keeps the TDP-43-M chimera sol-
uble at 37 �C, at the concentration used in the assay
(10 lM). TDP-43 aggregation was triggered by the
addition of TEV protease that cleaves MBP liberat-
ing TDP-43, which began to aggregate in a time-
and temperature-dependent manner (Figure 4A,
red curve). Without TEV, TDP-43-M remained sol-
uble under identical experimental conditions (Fig-
ure 4A, blue curve, although the MBP-tagged
TDP-43 was aggregation-prone on amylose beads,
as shown in Figure S6). We measured turbidity at
395 nm after 50 min (denoted by an asterisk in Fig-
6

ure 4A–E) as a proxy for aggregated TDP-43 versus
TDP-43 left in solution. In addition to WT TDP-43,
we tested the same mutants that majorly mislocal-
ized TDP-43 in SH-SY5Y cells (Figure 2B) and
reduced binding to importin a1/b by pull-down assay
(Figure 3B), namely K97A, R83A, K82Q, and
K84Q.
At first, we asked if mutations/PTM-mimetics near

the NLS affect the rate of TDP-43 aggregation at
37 �C (Figure 4A–E, red curves), but found that all
mutants, tested under identical experimental
conditions, resulted in a comparable degree of
aggregation after 50 min, quantified in Figure 4F.
Next, we asked how different mutations affect the
chaperone activity of importins. In the presence of
a stoichiometric quantity of importin a1/b
(Figure 4A–E, green curves), or just importin b
(Figure 4A–E, yellow curves), aggregation was
dramatically reduced for both WT and K97A
(Figure 4F). In contrast, TDP-43 variants carrying
mutations K82Q and R83A were insensitive to
importin a1/b chaperone activity and had reduced
sensitivity to importin b anti-aggregation activity
(Figure 4F). Finally, TDP-43 carrying an
acetylation mimetic at K84 was partially sensitive
to either importin a1/b or importin b chaperone
activity (Figure 4E and F), displaying an
intermediate behavior between K97A and K82Q.
TDP-43 aggregates’ shape, size, and density in

Figure 4A–E were also visualized by light
microscopy after 50 min (Figure S5), at 100�
magnification. Figure 4G shows a quantification of
particle size for all TDP-43 variants. Overall, both
importin a1/b and importin b potently reduced
TDP-43 aggregation in vitro. This effect was
specific and not reproduced by an unrelated
protein like the GTPase Ran (Figure S4). We also
asked if importin a1 (or the isoform a5) alone were
sufficient to prevent TDP-43 aggregation in a
turbidity assay but found that either protein
aggregated TDP-43 in the absence of importin b
(data not shown). Thus, mutations in the TDP-43
minor NLS box affect the NLS-dependent
recognition of importin a1/b more dramatically
than importin b chaperone activity.

Importin a1/b disrupts TDP-43 dimerization via
the N-terminal domain (NTD)

Doll et al. found that importin a1/b association
with TDP-43 NLS disrupts NTD dimerization.
TDP-43 NTD is essentially always dimeric in
solution,45–49 whereas the trimeric importin a1/b:
TDP-43 complex is a 1:1:1 species.35 We then
asked if mutations/PTM mimetics in the NLS minor
site interfere with importin a1/b-mediated disruption
of NTD dimerization. To this end, we generated a
minimal TDP-43 construct containing only NTD
and NLS (Figure 1D, E) and introduced mutations
K97A, R83A, K82Q, and K84Q in the NLS region.
Each NTD-NLS construct was expressed fused to
an N-terminal Cyan Fluorescent Protein (CFP) or



Figure 4. TDP-43 aggregation monitored by turbidity assay. (A–E) The turbidity assay was carried out for each
TDP-43 variant using 10 lM of the TDP-43-TEV-MBP fusion protein (TDP-43-M). For each TDP-43 variant, we
recorded four aggregation kinetics: TDP-43-M incubated without TEV (blue dot); TDP-43-M incubated with TEV (red
dots); TDP-43-M incubated with TEV and importin a1/b (green dots); TDP-43-M incubated with TEV+importin b
(yellow dots). Free MBP (blue dot) is included as a control. Each TDP-43 variant was independently repeated three
times. (F) Quantification of TDP-43 variants turbidity at 395 nm after 50 min from panels (A–E). (G) After 50 min
(shown by an asterisk in A–E), each TDP-43 variant was imaged under a 100� magnification microscope (Leica
DMi8) (shown in Figure S5). The panel shows a quantification of particle size for all TDP-43 variants. Each dot
represents the length of the aggregated particles at 100� magnification. Mean and standard deviation are shown as
black lines in each group.
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Quantification of normalized FRET signal at 531 nm from panel (B). (D) Quantification of the normalized FRET signal
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mimetics in the TDP43 NLS. Each experimental group was independently repeated three times. The standard
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Yellow Fluorescent Protein (YFP), and CFP-TDP-
43 and YFP-TDP-43 used as a FRET pair to moni-
tor NTD dimerization (Figure 5A, left panel). When
CFP-TDP-43 and YFP-TDP-43 were mixed at stoi-
chiometric concentrations (�5 lM), the engineered
FRET pair produced a specific signal at 531 nm
resulting from the dimerization of NTDs (Figure 5B).
Previous studies demonstrated that at the concen-
tration used in this assay, TDP-43NTDs are dimeric
with higher order assemblies formed at higher con-
centrations.35 As the amount of the importin a1/b
complex titrated into the reaction increased (Fig-
ure 5B, C), a dramatic reduction of FRET signal at
531 nm was observed, indicating decreased energy
transfer between donor and acceptor (Figure 5D).
We interpret the loss of FRET signal as a disruption
of TDP-43 NTD dimerization due to importin a1/b
specific association with the NLS (Figure 5A, right
panel). To corroborate this idea, TDP-43 NLS
makes six salt bridges, 24 H-bonds, and 214 van
derWaals interactions with importin a135 versus just
three salt bridges, 9 H-bonds, and 101 van der
Waals interactions stabilizing the NTD dimerization
interface.50

We conducted additional experiments using
various constructs with single mutations in the
NLS region. We found that the K97A and K84Q
mutations, while not reducing the FRET signal as
much as the WT TDP-43, still led to a significant
FRET decrease of 40% (Figure 5D, orange and
blue line). In contrast, the negative control R83A,
and even more, the acetylation mimetic K82Q
consistently showed a slightly higher FRET signal
at 531 nm than WT, consistent with a �25% and
�15% rise in fluorescence emission (Figure 5D,
yellow and gray lines).
Structural insights into the binding of importin
a1/b to TDP-43

In a final set of experiments, we attempted to
decipher how human importin a1/b recognize
TDP-43 and whether the structure of the trimeric
complex could explain the observed chaperone
activity described above. At first, we purified a
trimeric importin a1/b:TDP-43 complex for
structural analysis. To minimize aggregation, we
used a TDP-43 NTD-NLS-RRM1 (res. 1–179)
(Figure 1C) that lacks the CTD and RRM2, both
involved in aggregation. TDP-43 NTD-NLS-RRM1
was co-expressed in bacteria with importin a1/b,
and the trimeric complex was purified in two
chromatographic steps using a his-tag in importin
a1. The importin a1, b and TDP-43 formed a 1:1:1
complex of �170 kDa by size exclusion
chromatography (SEC), as validated by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis (Figure 6A). We then
subjected the purified importin a1/b:TDP-43
complex to SEC coupled with small-angle X-ray
scattering (SEC-SAXS)51 (Figure 6B). In a concen-
9

tration range between 0.5–2 mg ml�1, the importin
a1/b:TDP-43-RRM1 complex gave scattering pro-
files suitable for biophysical analysis. From the Gui-
nier fits of the scattering intensities, we calculated a
radius of gyration, Rg = 53.95 ± 0.25�A (Figure 6C).
We determined that the Volume of Correlation (Vc)
mass was �184.5 kDa close to �174.0 kDa
expected for the importin a1/b:TDP-43-RRM1 com-
plex. The distance distribution function P(r) calcu-
lated from data indicates a maximum diameter
(Dmax) of 217.2 �A, consistent with an elongated
complex (Figure 6D). We also calculated a Kratky
plot of the scattering data to estimate the globularity
and flexibility of the importin a1/b:TDP-43-RRM1
complex (Figure 6E). The scattering data revealed
a hyperbolic region at low scattering angle indicat-
ing the presence of a globular structure. However,
as the scattering angle increased, the hyperbolic
region did not move to meet the X-axis but instead
produced what is commensurate with a Porod pla-
teau (Figure 6E, red bar). This region suggests
the presence of flexibility within the heterotrimeric
complex. We also calculated an electron density
from the scattering data using DENSS52 that
revealed an asymmetric volume similar to the num-
ber ‘9’ (Figure 6F). We placed the solenoid struc-
tures of the importin b and a1:TDP-43 within the
electron density generated by DENSS, and vali-
dated the proposed quaternary structure by calcu-
lating a theoretical scattering profile that fits the
experimental data with a v2 value of 1.31 (Fig-
ure 6G). In this low-resolution model, the TDP-43
import complex is elongated with the NTD located
distal from the importin b. Alternative conformations
of importin b that visually fit the low-resolution SAXS
density gave a higher v2 value (>3.5), suggesting
the proposed quaternary structure shown in Fig-
ure 6F is the most likely model that fits the SAXS
data. In agreement with previous SAXS data,53

TDP-43 retains a bead-on-a-string topology, mak-
ing high-affinity contacts with importin a1 NLS-
binding surface.35 TDP-43 NTD is over 100�A away
from the importin b and is unlikely to contact the
import receptor directly.
We also vitrified the same importin a1/b:TDP-43

complex used for SEC-SAXS (Figure 6A) and
subjected it to cryogenic electron microscopy
(cryo-EM) single particle analysis (SPA). We
obtained a 3.7 �A reconstruction of the complex
that surprisingly only had density for the importin b
solenoid bound to the N-terminal Importin b
binding (IBB) domain of importin a1 (Figure S7A–
D, Table S1). The density for the IBB-domain
bound to the importin b was strong,
superimposable to that observed
crystallographically,54 and all side chains could be
unambiguously interpreted (Figure S7B). However,
no density was seen for the importin a Armadillo-
core (Arm-core) bound to TDP-43, which connects
to importin b through a protease-sensitive linker.55

We hypothesize that the importin a Arm-core:
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TDP-43 complex exists in infinite poses relative to
importin:IBB,56 thus making it impossible to align
and classify into discrete 2D classes for SPA.
Discussion

A conundrum of TDP-43 proteinopathy is that the
protein rarely loses its function and aggregates
because of mutations in the TDP-43 gene. TDP-
43 aggregation arises due to poorly characterized
cellular insults, possibly linked to Nuclear Pore
Complex (NPC) dysfunction and alteration in
nucleocytoplasmic transport.3,57–61 We previously
determined that recognition of the TDP-43 NLS
depends chiefly on binding to the minor NLS pocket
of the importin a1.35 In this study, we sought to
establish a causative relationship between PTMs
reported near the P0

2 of TDP-43 in ALS patients
and protein mislocalization to determine if a pertur-
bation of the TDP-43 minor NLS tract could play a
dominant negative role in TDP-43 nuclear import,
and hence cytoplasmic aggregation. Our data sug-
gest that a single acetylation-mimetics at K82 dis-
rupts two importin a1/b signaling aspects. On one
side, it slows down TDP-43 nuclear import by weak-
ening the NLS strength, as a cargo with a weak NLS
is less likely to be imported into the cell nucleus.62

On the other hand, it reduces the importin a1/b ’s
ability to disrupt TDP-43 NTD dimerization, possibly
leading to large aggregates. Mounting evidence
suggests that NTD dimerization and the formation
of larger concentration-dependent oligomers are
involved in TDP-43 aggregation.47,48 NTD under-
goes reversible oligomerization that enhances the
propensity of the CTD to form amyloid-like struc-
tures50,63. NTD self-association is thought to bring
TDP-43 molecules closer together, enhancing the
local concentration of CTDs. This intrinsically disor-
dered portion begins the formation of amyloid-like
structures,23 and larger and larger oligomers even-
tually become phase-separated aggregates.
Our studies identified two distinct anti-

aggregation activities in importin a1/b versus free
importin b.The heterodimer anti-aggregation
activity is strictly NLS-dependent: mutations
destabilizing TDP-43 NLS binding to importin a1
(e.g., K82Q, R83A) abolish entirely anti-
aggregation activity. Instead, importin b alone,
which has no detectable binding affinity for TDP-
43 in vitro, appears to be less destabilized by
mutations in the NLS. Importin b anti-aggregation
activity can be explained by its highly acidic
concave surface, potentially making low-affinity
interaction with TDP-43 basic moieties. It is also
possible that the importin b outer surface, which
harbors FG-binding pockets, reduces TDP-43
aggregation in vitro by stabilizing FGs in TDP-43
CTD.3 Nonetheless, eukaryotic cells have low con-
centrations of free importin b,64 which suggests that
the anti-aggregation activity of free importin b seen
11
in vitro is likely insignificant in a live cell. To rational-
ize how importins reduce TDP-43 aggregation, we
also investigated the quaternary structure of the
TDP-43 nuclear import complex using SAXS and
cryo-EM. At the time scale of SAXS, we observed
an elongated TDP-43 nuclear import complex with
some flexibility. Our model suggests the NTD does
not make direct contact with importin b. High-
resolution studies by cryo-EM single particle analy-
sis yielded a reconstruction of just importin b bound
to the IBB-domain but failed to visualize the TDP-
43:importin a1 complex. We speculate that the
importin a1 Arm-core bound to TDP-43 moves at
a high frequency around the importin b:IBB com-
plex, preventing meaningful classification.56 These
structural studies suggest that importin a1/b chap-
erone activity cannot be explained by a global qua-
ternary structure wrapping importin a1/b around the
TDP-43 domains, akin to a chaperonin binds
unfolded substrates.65

The studies presented in this paper and the
literature allow us to rationalize three distinct
mechanisms by which insults in TDP-43 other
than mutations lead to loss of function and
aggregation, the hallmark of sporadic ALS. First,
phosphorylation in the CTD,2,66,67 mainly on S379/
S403/S404 and S409/S41068,69 decrease protein
degradation and enhance TDP-43 aggregation
(Figure 7A). These modifications exacerbate TDP-
430s intrinsic tendency to aggregate via the prion-
like CTD that ultimately results in the formation of
an ultra-stable double-spiral-shaped structure char-
acteristic of b-amyloid-like aggregates.23 Second,
acetylation of TDP-43 at K145 (or the acetylation-
mimetic K145Q)28 and possibly K136Q30 reduce
RNA/DNA binding affinity (Figure 7B), enhancing
TDP-43 insolubility and leading to substantial loss
of splicing activity.70 The Cohen group has estab-
lished endogenous models of sporadic TDP-43
acetylation at K145.28 Notably, an acetylation-
mimicking variant at this position recapitulates spo-
radic ALS, promoting the accumulation of insoluble,
hyper-phosphorylated TDP-43 species that resem-
ble pathological inclusions found in ALS and FTLD,
leading to cognitive dysfunction in a mouse model.
Third, as demonstrated in this study, an
acetylation-mimetic mutation at K82 in the TDP-43
minor NLS box reduces the binding affinity for
importins, slowing down nuclear import in SH-
SY5Y cells and reducing importin a1/b chaperone-
like activity towards TDP-43 aggregates in vitro43

(Figure 7C). Thus, each of TDP-43 three domains,
NTD-NLS, RRMs, and CTD (Figure 7A–C) is the
target of PTMs that enhance aggregation by differ-
ent mechanisms. In addition, the pathogenic func-
tion of PTMs described above can be exacerbated
by two cellular events promoting further TDP-43
aggregation. On one hand, hexanucleotide repeat
expansion in the C9orf72 gene (found in �50% of
familial ALS cases) encodes arginine-rich dipeptide
repeat proteins that bind directly to multiple



Figure 7. Model for how insults in TDP-43 lead to aggregation. (A) Phosphorylation of TDP-43 CTD at S379,
S403/S404, and S409/S410 enhance aggregation. (B) Acetylation in RRMs impairs RNA binding, leading to the
accumulation of insoluble TDP-43. (C) Acetylation in the NTD-NLS at K82 (and possibly ubiquitination of K79)
disrupts importin a1/b signaling. (D) C9orf72 DPRs impair importins function. (E) TDP-43 fragments TDP-25 and
TDP-35 lacking the NLS further contribute to aggregation by making CTD-mediated contacts with WT and PTMs-
modified TDP-43. Altogether, these insults cause TDP-43 aggregation and formation of b-amyloid-like aggregates.
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importins and promote their insolubility and conden-
sation, enhancing TDP-43 insolubility and phase
separation24,25 (Figure 7D). On the other hand,
TDP-43 is cleaved into smaller fragments (TDP-35
and TDP-25)9 lacking the NLS (Figure 7E), which
functionally mimic our R83A mutation at P0

2 (Fig-
ure 2B) and are expected to be strictly cytoplasmic.
These C-terminal proteolytic fragments of TDP-43
increase the cytoplasmic concentration of the
prion-like CTD without shuttling back and forth
through the NPC. They may be significant determi-
12
nants in enhancing and propagating the seeding of
TDP-43 aggregates.71

The scenarios described above are likely
interlinked as PTMs in TDP-43 can initiate the
formation of aggregates that capture both WT,
truncated, and modified TDP-43, altering the
kinetics of transport through the NPC and causing
cytoplasmic mislocalization. This feeds a vicious
cycle of a protein that continues to stall in the
cytoplasm, cannot exert its housekeeping function
in the nucleus, and cannot be solubilized by
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importins due to impaired association. In
conclusion, this paper provides in vitro evidence
that a minor insult near TDP-43 NLS can exert a
dominant negative effect on protein localization,
solubility, and binding affinity for importins.
Materials and Methods

Molecular biology

The constructs WT TDP-43, NTD-NLS-RRM1,
NTD-NLS-RRM1-R83A, NTD-NLS-RRM1-K97A,49

and FL-TD-P43-MBP41 have been described previ-
ously. Briefly, FL-TDP-43 and NTD-NLS-RRM1 are
cloned in pGEX-6P-1, while FL-TD-P43-MBP is
cloned in pJ4M. Plasmids of eCFP and eYFP
encoded at N-term of TDP-43 NTD-NLS (WT,
K97A, R83A, K82Q, K84Q) mutants were synthe-
sized by GenScript and cloned into a pET28(+)-
TEV vector. Site-directed mutagenesis was used
to introduce point mutations K82Q, K82A, R83A,
K84Q, K84A, K97A in FL-TD-P43-MBP, NTD-
NLS-RRM1, CFP-NTD-NLS, and YFP-NTD-NLS.
The TDP-43-mCherry variant constructs were syn-
thesized by VectorBuilder and cloned into their
pLV vector. All constructs generated in this study
were sequenced to verify the correctness of DNA
sequences. Supplementary Tables S2 and S3 list
all the plasmids and primers used in this study.
Cell culture

SH-SY5Y, the neuroblastoma cells (ATCC), were
cultured in DMEM/F12 (Gibco) supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin–
streptomycin (Gibco) at 37 �C with 5% CO2. After
initial transduction of SH-SY5Y by lentiviruses
harboring TDP-43 variants tagged with mCherry
(Vectorbuilder), cells were enriched with a BD
FACS Aria cell sorter for mCherry-expressing
cells. Experiments were performed within 5
passages of sorting to maintain similar levels of
TDP-43 expression.
Subcellular localization studies

For fluorescence microscopy, cells were fixed
with 4% PFA (Electron Microscopy Sciences) for
15 min, and permeabilized with 0.1% Triton-X-100
in 1� PBS for 15 min. Nuclei were stained with
DAPI (Invitrogen), and membranes were stained
with CellBrite Green (Biotium). For analysis of
TDP-43 subcellular localization, cell images were
acquired using a Biotek Cytation 5 multimode
imaging reader. Membrane staining was used to
determine the cytoplasm as a region of interest
and then DAPI staining to identify the nuclear
region of interest. The TDP-43 mCherry intensity
in these two regions was used to calculate the
percent nuclear TDP-43.
For analysis of TDP-43 cellular distribution by

immunoblot analysis, SH-SY5Y cells expressing
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TDP-43 variants tagged with mCherry were lysed
with Thermo Subcellular Protein Fractionation Kit
for cultured cells (Thermo, 78840) and processed
according to the manufacturer’s instructions. After
one wash with ice-cold 1� PBS, �3 million cells
were lysed in 500 lL of cytoplasmic extraction
buffer. For immunoblot assays 2:1:1 lL of
cytoplasmic extraction buffer:nuclear extraction
buffer:pellet extraction buffer were separated by
BoltTM Bis-Tris Plus Mini Protein Gels, 4–12%,
1.0 mm, WedgeWell format (Invitrogen),
transferred to PVDF membranes (Invitrogen) and
probed with antibodies against TDP-43 (1/1,000,
ProteinTech Group). Fluorescent secondary
antibodies (LiCor 800CW) were used for band
detection, and the Kaleidoscope precision plus
protein ladder for size estimation (BioRad). Licor
imaging system and software were used to
quantify protein band signal to generate
distribution ratio.

Protein expression and purification

Individual pGEX-6p-1-TDP-43 NLS-RRM1
constructs were co-transformed with importin a1/
b-pACYCDuet-1 into BL21-DE3 E. coli expression
strain supplemented with ampicillin and
chloramphenicol. Protein was expressed for 1.5 h
at 30 �C with 500 mM IPTG. The heterotrimeric
complex comprising TDP-43 NTD-NLS-RRM1 and
the importin a1/b was purified in a Low-Salt Lysis
buffer (20 mM Tris–HCl, pH 8.0, 75 mM NaCl,
1 mM PMSF, and 3 mM 2-mercaptoethanol) and
bound to nickel agarose beads (low density,
GoldBio). The complex was washed using a Low-
Salt Wash buffer (20 mM Tris–HCl, pH 8.0,
50 mM NaCl, 0.1 mM PMSF, and 3 mM 2-
mercaptoethanol). The GST tag was cleaved on
beads through overnight incubation with
PreScission protease at 4 �C. The complex was
further washed with a Low-Salt buffer
supplemented with 5 mM imidazole and eluted
with Low-Imidazole Elution buffer (20 mM Tris–
HCl, pH 8.0, 50 mM NaCl, 75 mM imidazole,
1 mM PMSF, and 3 mM 2-mercaptoethanol).
These heterotrimeric complexes were further
purified via size-exclusion chromatography (SEC)
using a Superdex 200 16/600 preparative column.
Fractions corresponding to mono-disperse TDP-
43: importin a1:b at a 1:1:1 ratio were pooled and
concentrated in a 30 kDa concentrator (Vivaspin)
and subjected to downstream applications. The
importin a1/b-pACYCDuet-1 construct was
transformed into BL21-DE3 E. coli expression
strain. Proteins were expressed for 3 h at 28 �C
with 500 mM IPTG. The above purification protocol
was followed without subjection to protease
cleavage. The untagged importin b was separated
from the dimeric a1/b complex bound to the nickel
agarose beads using a Separation buffer (20 mM
Tris–HCl, pH 8.0, 250 mM MgCl2, 150 mM NaCl,
0.1 mM PMSF, and 3 mM 2-mercaptoethanol).
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The importin b was further purified and buffer-
exchanged by SEC using a Superdex 200 26/600
preparative column.
For the aggregation assay, pJ4M-TDP-43-full

length-TEV-MBP-his-tagged wild type and mutant
(K82Q, R83A, K84Q, K97A) constructs each were
transformed into BL21-DE3 E. coli expression
strain. Proteins were expressed for 4 h at 28 �C
with 500 mM IPTG. The TDP-43 with MBP-tagged
full-length proteins were lysed in Lysis buffer
(20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.1%
sarcosine, 1 mM PMSF, and 3 mM 2-
mercaptoethanol) and bound to low-density nickel
agarose beads. The proteins were washed with a
High-Salt Wash buffer (20 mM Tris–HCl, pH 8.0,
600 mM NaCl, 0.1 mM PMSF and 3 mM 2-
mercaptoethanol) containing 5 mM imidazole and
10 mM imidazole and eluted with High-Imidazole
Elution buffer (20 mM Tris–HCl, pH 8.0, 150 mM
imidazole, 150 mM NaCl, 0.1 mM PMSF, and
3 mM 2-mercaptoethanol) The proteins were
further purified, and buffer exchanged to Gel
Filtration buffer (20 mM HEPES pH 7.4, 150 mM
NaCl, 0.1 mM PMSF and 3 mM 2-
mercaptoethanol) by SEC using a Superdex 200
16:600 preparative column.
Fusion proteins for the FRET assay were

expressed for 3 h at 30 �C with 500 mM IPTG. The
CFP- and YFP-tagged TDPs were purified in a
Low-Salt Lysis buffer (20 mM Tris–HCl, pH 8.0,
50 mM NaCl, 1 mM PMSF, and 3 mM 2-
mercaptoethanol) and bound to low-density nickel
beads and washed using a Low-Salt Wash buffer
(20 mM Tris–HCl, pH 8.0, 50 mM NaCl, 0.1 mM
PMSF, and 3 mM 2-mercaptoethanol). The
proteins were eluted with High-Imidazole Elution
buffer (20 mM Tris–HCl, pH 8.0, 150 mM
imidazole, 150 mM NaCl, 0.1 mM PMSF, and
3 mM 2-mercaptoethanol). All proteins were
further purified by SEC using a Superdex 200
16:600 preparative column. SEC was conducted
using a BioRad NGC single wavelength FPLC unit
for all purifications described in this paper. BioRad
provided ChromLab software to facilitate the
visualization and analysis of chromatograms.

In cellulo pull-down assays

Plasmids encoding pGEX-6p-1-TDP-43 NTD-
NLS-RRM1 (WT, K97A, R83A, K82Q, K84Q,
K82A, K84A) mutants were co-expressed in
E. coli BL21-DE3 expression strain with the
pETDuet-1 plasmid expressing the importin a1/b.
Protein was expressed for 1.5 h at 30 �C with
500 mM IPTG. Pre- and post-induction optical
densities were measured for each co-transformant
to ensure a similar growth rate across all cultures.
Trimeric complexes were purified as previously
described for the importin a1/b complex and
eluted from equal volumes of low-density nickel
beads. Eluates were analyzed by SDS-PAGE gel.
Volumes corresponding to an equal mass of the
14
importin a1 were loaded onto a 13.7% SDS-PAGE
gel alongside molecular weight markers. SDS-
PAGE gels were run in triplicate (n = 3), and the
average ratio of GST-TDP-43 NTD-NLS-RRM1 to
the importin a1 band intensity was calculated for
each construct through densitometry using
ImageJ.72 We employed a two-tailed Student’s T-
test assuming unequal variance to determine statis-
tical significance between the means of the control
and experimental pull-downs. The alpha parameter
had to be outside the 99th percentile for statistical
significance (p < 0.001, indicated by ***). Error bars
indicate the standard deviation of the mean.
Turbidity assay and visualization of
aggregates by light microscopy

Turbidity was used to assess spontaneous
aggregation by measuring absorbance at 395 nm
by TECAN Spark plate reader (TECAN). The
TDP-43 aggregation was also confirmed by 6uL of
protein under 100� magnification microscope
(Leica DMi8) at different time points. TDP-43
(10 lM) aggregation was initiated by adding TEV
protease that cleaves the affinity tag (MBP) on the
C-end of the TDP-43-full length-MBP proteins.
TDP-43 aggregation is monitored by continuous
reading at 395 nm (OD395), which we measure
every minute using a TECAN with a humidity
control chamber at 37 �C for 50 min. The TDP-43
aggregates were inspected using a conventional
light microscope (Leica DMi8, 100� magnification)
after 50 mins. For Anti-aggregation, the importin
a1/b complex (25 lM) was pre-incubated with
TDP-43 before adding TEV protease and following
the same measurement previously described.
FRET assay

Purified TDP-43 CFP-NTD-NLS and NTD-NLS-
YFP proteins were concentrated to about
100 lM range while the imp a1/b heterodimer
was concentrated to about 150 lM. For the
assay, 5 lM ECFP and 5 lM EYFP with the
same TDP-43 mutants were pre-incubated for
1 h at 4C in the well of a 96-well Blackwell plate.
After 1 h, 10–100 lM of importin a1/b or buffer
(as control) were added to the TDP-43 and
incubated for another 2 h. 5 lM CFP-TDPs only
and 5 lM YFP-TDPs were also included for
reference. Fluorescence recordings were
performed with a TECAN Spark plate reader. A
fixed excitation wavelength of 435 nm with a
bandwidth of 7.5 nm was employed for the entire
assay. Emission wavelengths of 483 nm and
530 nm were consistently recorded during the
assay. In the titration assay for importin a1/b,
emission wavelengths from 455 nm to 600 nm
were continuously recorded. All FRET assays
were conducted at room temperature,
approximately 23 �C. FRET normalization for
each group was calculated using the formula:
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FRET normalization

¼ OD530 sampleð Þ �OD483 CFP � YFPð Þ
OD483 sampleð Þ

� ��

�OD530 CFPð Þ �OD530 YFPð Þ
�
� 100%
Size exclusion chromatography coupled to
small-angle X-ray diffraction (SEC-SAXS)

Importin a1/b:TDP-43-NTD-NLS-RRM1 complex
was analyzed at the Cornell High Energy
Synchrotron Source (CHESS) beamline G1 at
Cornell University in Ithaca, NY. The complex was
first separated on a Superdex 200 16:600 column
and then subjected to X-ray studies. Small-angle
diffraction data was collected and subsequently
processed using the RAW software package
(version 2.1.1),73 including plug-ins from ATSAS.74

Sample peak intensities were normalized to a
region of the scattering baseline that satisfied the
following conditions: 1. The selected baseline did
not include any individual frames that differed signif-
icantly from the average intensity, and 2. The
selected baseline produced a distribution of radii
of gyration that included a Guinier region. From
the Guinier region, the molecular mass of each
complex was predicted, and a P(r) plot was gener-
ated. P(r) plots corresponding to each complex
were submitted to the DENsity from Solution Scat-
tering (DENSS)52 plug-in to generate low-
resolution electron densities. We modeled the
TDP-43 NTD-NLS and NLS-RRM1 bound to
DIBB-importin a1 using available crystal structures
of TDP-43 NTD (PDB: 5MDI) and TDP-43 RRM1
(PDB: 4BS2), mouse importin a1 (PDB: 1Y2A)
and importin b(PDB: 1QGK). These complexes
were fit into the DENSS density and refined against
the low-resolution SAXS density using the fit-into-
map command in Chimera.75 The scattering profiles
of these models were compared to the empirically
observed scattering data using the FoXS server,76

which generated a predicted-to-observed v2 value
in each case.

Vitrification and Cryo-EM data collection and
single particle analysis

2 lL of the heterotrimeric importin a1/b:TDP-43-
NTD-NLS-RRM1 complex was applied to a 200-
mesh copper Quantifoil R1.2/1.3 holey carbon grid
(EMS) that had been negatively glow-discharged
for 60 sec at 15 mA in easiGlow (PELCO). All
grids were blotted for 5 sec at blot force 5 and
frozen in liquid ethane using Vitrobot Mark IV
(FEI). Micrographs were pre-screened on 200 kV
Glacios equipped with a Falcon4 detector at
Thomas Jefferson University. EPU software was
used for data collection using accurate positioning
mode. For high-resolution data collection,
micrographs were collected on a Titan Krios
microscope operated at 300 kV and equipped with
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a K3 direct electron detector camera (Gatan) at
the National Cryo-EM Facility. A total of 6,400
movies were collected. All cryo-EM data collection
statistics are in Table S1. The Fourier Shell
Correlation (FSC) resolution curve is in
Figure S7C. All movies were imported and
analyzed by cryo-SPARC,77 including patched
motion-correction, patched CTF (contract Transfer
Function) estimation, exposure curation, particle
picking and curating, 2D and hetero 3D classifica-
tion, homogeneous refinement with CTF and defo-
cus refinement options, and post-processing on a
GPU cluster at Thomas Jefferson University. The
density map of IBB bound the importin b was sharp-
ened using phenix.auto_sharpen.78 The model of
IBB bound the importin b was subjected to several
rounds of rigid-, real-space, and B-factor refinement
using phenix.real_space_refinement.79 The final
model was validated using MolProbity.80
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