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ligomers derived from TDP-43
LCD promote the condensation and
phosphorylation of TDP-43

Bryan Po-Wen Chen, †ab Chi-Chang Lee,†a Ruei-Yu He,a An-Chi Huang,ab

Jie-rong Huang, c Jerry Chun Chung Chan *b

and Joseph Jen-Tse Huang *adefg

The aberrant aggregation of TAR DNA-binding protein 43 (TDP-43) is a hallmark of amyotrophic lateral

sclerosis (ALS). While TDP-43 aggregation can occur via both classical amyloidogenesis and phase

separation-mediated mechanisms, the role of amyloidogenic oligomers in modulating TDP-43

condensation remains unclear. Herein, we employ a reverse micelle method to prepare uniform

oligomers derived from the low-complexity domain of TDP-43, termed D1core oligomers. These

amyloidogenic oligomers are toxic, potently induce phase separation of recombinant TDP-43 C-terminal

domains, and promote phosphorylation of cytosolic TDP-43 condensates in cells. Compared to

monomeric or fibrillar forms, D1core oligomers uniquely enhance the condensation propensity of wild-

type TDP-43 and further potentiate aggregation of the ALS-associated A315T mutant. Live-cell studies

using fluorescence recovery after photobleaching reveal that oligomer-induced condensates are

modulated by HSP70, which preserves their liquid-like properties. These findings provide new insights

into the interplay between TDP-43 oligomers, phase separation, and aggregation, advancing our

understanding of ALS-related proteinopathy.
Introduction

TDP-43 has been linked to neurodegenerative diseases since its
aggregates were found in the brains of patients with amyo-
trophic lateral sclerosis (ALS) and frontotemporal dementia
(FTLD).1 Subsequent studies revealed that these TDP-43 aggre-
gates, which are hyperphosphorylated and ubiquitinated, are
primarily composed of their low complexity domain (LCD)
located in the C-terminal region.2,3 Current studies have
revealed that the LCD in TDP-43 is closely associated with its
intermolecular self-assembly, autoregulation, and RNA splicing
activity.4,5 Nevertheless, it is worth noting that many LCDs are
prone to misfolding, potentially leading to amyloid
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formation.6–9 The aggregation of amyloidogenic proteins begins
with a gradual primary nucleation phase, in which monomers
assemble into oligomeric nuclei.10,11 Subsequently, these nuclei
(e.g., oligomers) function as seeds to induce bril formation by
recruiting additional monomers. Increasing evidence suggests
that the primary cytotoxic entities are soluble oligomers of TDP-
43 LCD fragments rather than their brillar aggregates.12,13

These oligomers reside within microvesicles or exosomes and
can be transmitted between cell bodies (somata), inducing the
formation of endogenous TDP-43 granules and subsequent
toxicity in recipient cells.14 Notably, in a mouse model, injecting
oligomers derived from sonicated full-length TDP-43 brils into
the motor cortex results in the propagation of pathological TDP-
43 along pyramidal tract axons.15 This phenomenon closely
aligns with the progressive dissemination of pathology
observed in motor neurons of ALS patients.

Beyond amyloidogenic aggregation, TDP-43 can undergo
liquid–liquid phase separation (LLPS) in response to cellular
stress, forming dynamic and membraneless organelles. This
reversible process, mediated by interactions within its low-
complexity domain (LCD), enables the formation of liquid-like
condensates that support RNA transport and storage, particu-
larly during stress adaptation.16,17 Recent literature further
suggests an interconnection between TDP-43 condensates and
TDP-43 aggregates.16,18,19 While LLPS is initially a reversible and
functional process, prolonged or aberrant phase separation can
Chem. Sci.
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drive the formation of solid-like aggregates, transitioning from
liquid droplets to amyloid brils. This liquid-to-solid transition
may serve as a mechanistic link between normal stress response
and pathological aggregation. Moreover, emerging evidence
suggests a potential connection between TDP-43 LLPS and
oligomerization, wherein oligomeric species of the C-terminal
domain (TDP-CTD, residues 266–414) exhibit biophysical
similarities to TDP-CTD under LLPS conditions, as observed via
electron paramagnetic resonance spectroscopy.16 We surmise
that oligomers may either exist within or actively promote LLPS.
While LLPS is typically reversible and functional, it is thought
that sustained or dysregulated phase separation can lead to the
formation of stable aggregates.20 This transition may represent
a critical step in ALS pathogenesis, as liquid droplets lose
uidity and become pathological inclusions. To date, most
pathological studies on TDP-43 have primarily focused on either
the aging of cellular condensates or the role of oligomers in
amyloidogenesis. However, the potential impact of these olig-
omers on TDP-43 condensation, as well as the resulting gelation
and/or aggregation, remains largely unexplored.

Currently, it is known that the LLPS of TDP-43 is modulated
by numerous factors, including molecular chaperones (like the
heat shock protein 70kD, Hsp70), phosphorylation, and path-
ological mutations. Intriguingly, the role of HSP70 in modu-
lating TDP-43 condensation and stress granules within cells
remains debated. On one hand, HSP70 has been shown to
stabilize TDP-43 in liquid-like condensates and prevent its
transition into amyloid aggregates.21 By contrast, within stress
granules, which are transient cytosolic organelles formed
through LLPS, HSP70 facilitates granule disassembly.22 Given
that TDP-43 condensation is closely associated with stress
granule dynamics, understanding how these modulators inu-
ence TDP-43 behavior in response to oligomeric stimuli is of
particular interest.

In this work, we aim to investigate how amyloidogenic
fragments modulate the condensation of TDP-43 both in vitro
and within cells. Previous studies have shown that proteolytic
cleavage of TDP-43 in cells can generate amyloidogenic frag-
ments that promote phosphorylation, a hallmark of TDP-43
proteinopathy, and accelerate monomer aggregation.23 The
protease-resistant core has been mapped to the LCD (residues
279–360), within which multiple amyloidogenic segments have
been reported by our group and others.24–26 In this study, we
selected the dened amyloidogenic core previously identied by
our group (D1core, residues 307–322) to characterize the direct
interaction between amyloid fragments and TDP-43.27 Using the
reverse micelle (RM) method followed by counterionic extrac-
tion, we obtained well-dened oligomers of D1core. The
physiochemical and amyloidogenic properties of these oligo-
mers were characterized using various biophysical techniques.
Furthermore, we examined the impact of D1core oligomers on
the condensation propensity of the recombinant C-terminal
domain of TDP-43 (residues 266–414). In cells, we further
examined the condensation behavior of wild-type TDP-43 in
response to D1core oligomers, focusing on its interplay with the
stress granule marker, Ras-GTPase-activating protein SH3
domain-binding protein 1 (G3BP1) and the molecular
Chem. Sci.
chaperone HSP70. Notably, the ALS-linked mutant TDP-43
A315T exhibited a distinct condensation phenotype upon
exposure to D1core oligomers, differing from the wild type in
both G3BP1 colocalization and condensate uidity.

Results and discussion
Preparation and characterization of oligomers from reverse
micelles

To dissect the complex interplay between amyloidogenic olig-
omers and TDP-43 condensation, a robust and reproducible
method for generating uniform, high-quality oligomers is
essential. To this end, we employed RMs to prepare the oligo-
mers of a TDP-43 fragment.28,29 Amyloidogenic peptides derived
from the C-terminus of TDP-43, including the D1core and its
uorophore-tagged counterpart (TAMRA-D1core; see Table S1
for the structure), were synthesized using microwave-assisted
solid-phase peptide synthesis. The peptides were puried by
high-performance liquid chromatography and veried by mass
spectrometry (details in the SI). D1core oligomers were
prepared in RMs formed by introducing the negatively charged
surfactant dioctylsulfosuccinate sodium salt (AOT) into isooc-
tane. Monomeric D1core peptides in Tris buffer were then
added to the RM solution. The hydrophilic core of the RMs, with
W0 = 70 (molar ratio of water to surfactant), was found to be
tens of nanometers in diameter (vide infra). Through dynamic
fusion and ssion of RMs, the encapsulated peptides oligo-
merized within the constrained micellar volume.

To back-extract the D1core oligomers from the RM solution
(incubated for at least 7 days in the RMs), we added tri-n-
octylmethyl-ammonium chloride (TOMAC), a cationic surfac-
tant in water, to co-precipitate residual AOT in the organic
phase (Fig. 1a). We found that the addition of TOMAC signi-
cantly enhanced the extraction efficiency of the oligomers. To
quantify this efficiency, we prepared oligomers of TAMRA-
tagged D1core (TAMRA-D1core) in RMs. The extraction yield
was then estimated by measuring the relative absorbance of
TAMRA (lmax = 560 nm) in both the organic and aqueous
phases (Fig. S1). With TOMAC, we achieved complete extraction
of the oligomers into the aqueous phase, whereas without
TOMAC, the yield was only approximately 20%. The extracted
oligomers in the aqueous phase were subsequently collected by
lyophilization for further experiments (details in the SI).

For the following characterization studies, different states of
D1core peptides were examined, with the corresponding prep-
aration protocols described in the Materials and methods
section (“Preparation of D1core peptides in different states”).
TEM images were acquired for the extracted D1core oligomers.
D1core freshly prepared from RMs showed abundant oligomers
under a transmission electron microscope, with diameters
around 25–40 nm (Fig. 1b). By contrast, directly incubated
D1core monomers, without prior treatment in reverse micelles,
did not yield detectable oligomeric aggregates (Fig. S2a). Aer
4–7 days of incubation, further brillization was observed in
both back-extracted and directly incubated samples (Fig. 1c,
d and S2b, c). In parallel, dynamic light scattering (DLS)
revealed that the hydrodynamic size of oligomers was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of D1core oligomers after back-extraction from the RMs. (a) Schematic illustration of the back-extraction process of
oligomers via the addition of a counterionic surfactant. (b–d) TEM images of freshly back-extracted D1core oligomers (b) and after further
incubation for 4 days (c) and 7 days (d). (e) A11 dot blotting analysis of D1core in monomeric, oligomeric, and fibrillar states. †Ab40 peptide,
incubated for 2 hours at 25 °C. (f) Fluorescence intensity of ThT (200 mM) in the presence of monomeric or oligomeric D1core peptides (50 mM).
(g) The alamarBlue assay of U2OS cells treated with D1core peptides (2.5 mM) for 18 hours. Data were analyzed by one-way ANOVA using Tukey's
post-hoc test with 95% confidence interval, with *p <0.05, **p <0.01, and ***p <0.001. The statistical results are shown as mean ± SD of 3
independent replicates.
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approximately 66 nm (Fig. S3a), consistent with the size
observed by TEM. Moreover, both monomers and oligomers
showed negligible turbidity, indicating the absence of large
particles, whereas brils exhibited noticeable turbidity
(Fig. S3b). These results suggest that D1core in RMs underwent
oligomerization through RM fusion and ssion. Upon removal
of the RM constraint, the oligomers proceeded to further
brillization. Compared to the extracted D1core, in which
oligomers were enriched (Fig. 1b), directly incubated D1core
resulted in heterogeneous species (i.e., oligomeric and brillar;
Fig. S2b).

To further assess whether the oligomers extracted from RMs
retained their amyloidogenic nature, we examined their
secondary structure using circular dichroism (CD). The spec-
trum revealed that the oligomers were predominantly random
coil, whereas brillization resulted in a clear b-sheet signature
characterized by a negative peak around 220 nm (Fig. S3c).
Furthermore, the oligomer-specic antibody A11 was applied in
a dot blot assay. A concentration of 50 mM Ab40 peptide, incu-
bated for 2 hours at 25 °C, served as a positive control for the
A11 assay. We found that the oligomers freshly extracted from
RMs were recognized by the A11 antibody, whereas D1core
monomers and brils showed weaker signals (Fig. 1e).
Furthermore, we used the thioavin T (ThT) assay to monitor
© 2025 The Author(s). Published by the Royal Society of Chemistry
amyloid bril formation during oligomer incubation. Aer 7
days, the D1core oligomers exhibited increased ThT uores-
cence, comparable to that observed for monomeric D1core
peptides (Fig. 1f). Finally, the toxicity of D1core peptides was
evaluated by the alamarBlue assay in U2OS cells. At 2.5 mM, both
monomers and brils exhibited no signicant toxicity, whereas
D1core oligomers extracted from RMs reduced cell viability by
approximately 44% (Fig. 1g). The residual AOT concentration in
these experiments was estimated to be ∼42 mM (peptide : AOT
molar ratio = 1 : 16.8) by NMR measurements (Fig. S4), a level
that showed negligible toxicity (Fig. S5).

Through these experiments, we conrmed both the feasi-
bility and stability of the RM method for preparing D1core
oligomers. We further evaluated the shelf life of RMs containing
D1core oligomers. DLS analysis showed that the RMs main-
tained a consistent particle size of 35–40 nm for up to 90 days
(Fig. S6a). Moreover, ThT kinetic measurements indicated that
oligomers extracted from RMs aer at least four days of incu-
bation exhibited consistent brillization behavior, with samples
incubated for 4–90 days showing similar kinetics (Fig. S6b).
Collectively, these ndings validate the RM approach as
a robust and shelf-stable method for producing amyloidogenic
oligomers suitable for downstream applications.
Chem. Sci.
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D1core oligomers promoted the condensation of recombinant
TDP-CTD

Nanoscale protein assemblies have been reported to act as
precursors that promote the LLPS of proteins containing low-
complexity domains (LCDs).30 Inspired by this nding, we
hypothesized that protein LLPS could be driven by a clustered
core that engages in multivalent interactions with the LCDs of
surrounding proteins, thereby recruiting soluble proteins and
facilitating their phase separation in a manner reminiscent of
protein seeding. In a cell-free TDP-43 expression system, we
observed that D1core oligomers, but not monomers or brils,
robustly induced TDP-43 aggregation (Fig. S7), suggesting that
oligomeric assemblies mediate a specic interaction with TDP-
43. These ndings prompted us to investigate whether D1core
oligomers can directly promote TDP-43 condensation.

To examine this, we employed recombinant TDP-CTD (resi-
dues 266–414), a C-terminal fragment of TDP-43 encompassing
the LCD and known to undergo LLPS.31,32 To trace the locali-
zation of D1core peptides, each form of peptide solution
Fig. 2 Characterization of TDP-CTD condensates in the presence of D1c
CTD (25 mM) with different D1core peptide states: (a) TDP-CTD alone, (c)
and (g) with fibrillar D1core peptides, all without 1,6-HD (22.5 mM D1core
indicates the region shown in the zoom-in inset image. Panels (b), (d), (f),
Condensate density (i) and total condensate area (j) were quantified us
density at 600 nm (OD600) of TDP-CTD alone and with D1core peptides,
ANOVA using Tukey's post-hoc test with 95% confidence interval, with *p
mean ± SD of 5 independent replicates.

Chem. Sci.
(monomeric, oligomeric, and brillar) was spiked with 10%
TAMRA-labelled D1core. Differential interference contrast (DIC)
microscopy revealed that TDP-CTD formed spherical puncta,
which completely dissolved upon incubation with 1,6-hexa-
nediol (1,6-HD), conrming the uidic nature of the TDP-CTD
condensates (Fig. 2a and b; inset shows a zoomed-in conden-
sate), as 1,6-HD selectively dissolves condensates but not
aggregates.33 Upon the addition of different forms of D1core
peptides, we found that D1core oligomers signicantly colo-
calized with and promoted TDP-CTD condensation (Fig. 2e), as
indicated by increases in both the condensate number (Fig. 2i)
and size (Fig. 2j). By contrast, although the monomeric and
brillar forms of D1core also colocalized with TDP-CTD
condensates (Fig. 2c and g), they failed to promote condensa-
tion (Fig. 2i and j). Furthermore, the uidic properties of the
TDP-CTD condensates were maintained in the presence of all
forms of D1core peptides, as evidenced by their dissolution with
1,6-HD (Fig. 2d, f and h). Notably, under TDP-CTD and brillar
D1core containing conditions, a trace amount of aggregates
ore peptides. (a–h) DIC and fluorescence microscopy images of TDP-
with monomeric D1core peptides, (e) with oligomeric D1core peptides,
and spiked with 2.5 mM TAMRA-D1core). Panel (a), the dashed square
and (h) show the same samples in the presence of 20% 1,6-HD. (i and j)
ing ImageJ based on the fluorescence channel of TAMRA. (k) Optical
without and with 20% 1,6-hexanediol. Data were analyzed by one-way
<0.05, **p <0.01, and ***p <0.001. The statistical results are shown as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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remained even aer 1,6-HD treatment, which may be due to
residual D1core brils or aggregates (Fig. S8).

To further evaluate the extent of condensate formation, we
measured solution turbidity at 600 nm (OD600) using D1core
peptides without TAMRA labelling. Among the three forms
tested, only D1core oligomers signicantly increased the
turbidity of the TDP-CTD solution, whereas the monomeric and
brillar D1core had minimal effects (Fig. 2k). Upon treatment
with 1,6-hexanediol (1,6-HD), the turbidity decreased to nearly
zero, consistent with the dissolution of condensates. A small
residual turbidity signal was observed under bril-containing
conditions, likely due to the presence of pre-formed D1core
brils, as noted earlier (Fig. S8).

Collectively, our ndings demonstrated that D1core oligo-
mers can promote the condensation of TDP-CTD. We speculate
that this phenomenon may arise from the interactions between
the LCDs of D1core oligomers and TDP-CTD. Next, we explored
whether this condensation-promoting effect is also conserved
with full-length TDP-43 in the mammalian cellular context.
D1core oligomers induced the cytosolic condensation of wild-
type TDP-43, and its uidity was maintained by HSP70

With this in mind, we investigated the impact of D1core
peptides on cytosolic TDP-43 condensation, with particular
focus on their inuence on condensation propensity and
uidity dynamics of the resulting condensates, as schematized
in Fig. 3a. Using the TAMRA-labelled D1core, we conrmed that
the peptides successfully penetrated cells and localized within
the cytosol, as demonstrated by uorescence microscopy
(Fig. 3b–d). Next, to visualize how TDP-43 responds to oligo-
mers, the cells were transfected with wild-type eGFP-TDP-43
prior to D1core treatment. We hypothesized that treatment
with D1core oligomers would promote LLPS and induce the
formation of TDP-43 condensates in cells. Indeed, in cells
expressing eGFP-TDP-43, the introduction of D1core oligomers
led to the formation of cytosolic TDP-43 condensates,
a phenomenon signicantly more pronounced compared to
cells treated with monomeric or brillar D1core (Fig. 3e–h; low-
magnication micrograph images in Fig. S9). We further
investigated the relationship between TDP-43 condensates and
endogenous G3BP1, given the potential involvement of stress
granules in ALS/FTLD pathology.20,34,35 Immunostaining with
a G3BP1 antibody (Fig. 3e–g) revealed that co-localization of
TDP-43 condensates with G3BP1 following treatment with
D1core oligomers (Fig. 3f and i), suggesting that these TDP-43
condensates were components of stress granules. Addition-
ally, we found that the TDP-43 within the condensates was
phosphorylated, as shown by immunostaining (anti-pS409/410;
Fig. 3f and i), further indicating their relevance to proteinop-
athy. To assess the uidity of these cellular condensates, we
performed uorescence recovery aer the photobleaching
(FRAP) assay with cells co-expressing mCherry-G3BP1 and
eGFP-TDP-43, as aging and the loss of uidity in condensates
are thought to contribute to pathology.36 Interestingly, both
TDP-43 and G3BP1 remained uidic within the condensates
even aer 18 hours of treatment (Fig. 3j).
© 2025 The Author(s). Published by the Royal Society of Chemistry
In TDP-43 condensates, it is generally believed that many
cellular protein compartments help maintain condensate
uidity. Among them, heat shock proteins (HSPs) have been
implicated in facilitating condensate disassembly and pre-
venting gelation or aggregation.36,37 In vitro studies further
suggest that HSP70 can inhibit the gelation or aggregation of
LCD-containing proteins such as FUS and TDP-43.21,38 Based on
this, we hypothesized that HSP70 may help preserve the uidity
of eGFP-TDP-43 condensates promoted by D1core oligomers.
Immunostaining with a specic antibody against HSP70 on
D1core oligomer-treated cells overexpressing eGFP-TDP-43
revealed that HSP70 was colocalized with cytosolic eGFP-TDP-
43 condensates (Fig. S10). We included the HSP70 inhibitor
(HSPi), VER-155008, in our cell experiments to learn its func-
tional role in maintaining condensate uidity. Cells treated
with HSPi, oligomers, or both exhibited cytosolic eGFP-TDP-43
condensates that colocalized with G3BP1 (Fig. 3k–m); uores-
cence proles are shown in Fig. S11; a quantitative analysis of
cells with cytosolic eGFP-TDP-43 condensates treated with HSPi,
D1core oligomers, or both is included as Fig. S12.

As shown in Fig. 3n and o, cells treated with either HSPi
(green curves) or oligomers alone (red curves) displayed rela-
tively high uorescence recovery, indicating that the conden-
sates remained uidic. In contrast, when both HSPi and
oligomers were applied, uorescence recovery was signicantly
reduced (blue curves), suggesting a transition toward a gelled or
aggregated state. Together, these results indicate that HSP70
maintains the uidity of cytosolic TDP-43 condensates by
counteracting D1core oligomer-induced gelation.
D1core oligomers induced the aggregation/gelation of
pathological TDP-43 mutant (A315T) condensates

In addition to examining wild-type TDP-43, for which HSP70
helps maintain condensate uidity, we also investigated the
condensation behaviour of the ALS-associated A315T mutant of
TDP-43.39,40 This mutation is known to enhance aggregation
propensity, andwe anticipated that its condensatesmight behave
differently from those of the wild-type protein. Similar to wild-
type TDP-43, treatment with D1core oligomers induced
pronounced cytosolic condensation of eGFP-A315T along with
phosphorylation (Fig. 4a–e; low-magnication images are shown
in Fig. S13). However, unlike wild-type TDP-43 condensates,
which largely colocalized with G3BP1 in the presence of oligo-
mers (Fig. 3f), the eGFP-A315T condensates were juxtaposed to
G3BP1 (Fig. 4b and e). Furthermore, in the FRAP assay, eGFP-
A315T condensates exhibited relatively low recovery, hinting at
a transition toward gelation or aggregation in contrast to the
mCherry-G3BP1 signal, which remained highly dynamic (Fig. 4f).
In addition, HSP70 was still detected within cytosolic conden-
sates (Fig. S10). However, the presence of HSP70 seemed insuf-
cient to preserve the uidity of A315T condensates (Fig. 4f).

Despite the differing physical behaviour of G3BP1 and TDP-
43, both wild-type and A315T variants showed cytosolic accu-
mulation of phosphorylated TDP-43 following D1core oligomer
treatment (Fig. 3f and 4b). These observations suggest that the
oligomer-induced condensation of TDP-43, in both cases, may be
Chem. Sci.
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Fig. 3 D1core oligomers induced cytosolic TDP-43 condensation. (a) Schematic illustration of experimental design to assess the impacts of
D1core peptides on cytosolic TDP-43 condensation. (b–d) Confocal images of U2OS cells treatedwith 2.5 mMTAMRA-D1core for 18 hours. (e–g)
Fluorescence images of U2OS cells transfected with eGFP-TDP-43 followed by immunostaining of endogenous G3BP1 and phosphorylated
TDP-43 (condensates are arrowed) in the presence of monomeric (e), oligomeric (f) and fibrillar (g) D1core peptides, respectively. (h) Quanti-
fication of cells with cytosolic eGFP-TDP-43 condensates in the presence of D1core peptides. Data were analysed by one-way ANOVA using
Tukey's post-hoc test with 95% confidence interval, with *p <0.05, **p <0.01, and ***p <0.001. Results are presented as mean ± SD from five
independent replicates, with 150 cells counted per replicate. (i) Fluorescence profiling of eGFP-TDP-43, endo-G3BP1, and phosphorylated TDP-
43 in the presence of D1core oligomer along the cross section indicated in (f). (j) FRAP analysis of cytosolic condensates in cells co-expressing
mCherry-G3BP1 and eGFP-TDP-43 following treatment with D1core oligomers to assess condensate fluidity. FRAP data are presented as mean
± SD (n $20) of fluorescence recovery (%) at 60 s. Data were analysed by two-way ANOVA using Tukey's post-hoc test with 95% confidence
interval, with ***p <0.001. (k–m) Fluorescence images of cells co-expressingmCherry-G3BP1 and eGFP-TDP-43 treatedwith D1core oligomers,
HSPi, or both. (n and o) FRAP analysis of cytosolic eGFP-TDP-43 (n) and mCherry-G3BP1 (o) condensates after 18 hours of D1core oligomer
treatment. Statistical results of FRAP analyses are shown as mean ± SD (n $20) of fluorescence recovery (%) at 60 s post-bleaching. Data were
analysed by two-way ANOVA using Tukey's post-hoc test with 95% confidence interval, with ***p <0.001.

Chem. Sci. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 D1core oligomers induced cytosolic A315T condensation. (a–c) Fluorescence images of U2OS cells transfected with eGFP-A315T fol-
lowed by immunostaining of endogenous G3BP1 and phosphorylated TDP-43 (condensates are arrowed) in the presence of monomeric (a),
oligomeric (b) and fibrillar (c) D1core peptides, respectively. (d) Quantification of cells with cytosolic eGFP-A315T condensates in the presence of
D1core peptides. Data were analyzed by one-way ANOVA using Tukey's post-hoc test with 95% confidence interval, with *p <0.05, **p <0.01,
and ***p <0.001. Results are presented as mean ± SD from five independent replicates, with 150 cells counted per replicate. (e) Fluorescence
profiling of eGFP-A315T, endo-G3BP1 and phosphorylated TDP-43 in the presence of D1core oligomer with the cross section indicated in (b). (f)
FRAP analysis of condensates in cells co-expressing mCherry-G3BP1 and eGFP-A315T after D1core oligomer treatment to assess fluidity.
Statistical results of FRAP analyses are shown as mean ± SD (n = 22) of fluorescence recovery (%) at 60 s post-bleaching. Data were analyzed by
two-way ANOVA using Tukey's post-hoc test with 95% confidence interval, with ***p <0.001.
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relevant to ALS/FTLD pathology.1 Based on these ndings, we
concluded that D1core oligomers can induce cytosolic conden-
sation of both wild-type and A315T TDP-43, while the A315T
mutant shows further inclination to gelation or aggregation.

In this study, we demonstrated the specic recruitment of
HSP70 to TDP-43 condensates upon exposure to D1core oligo-
mers (Fig. S10). While HSP70 may also interact with D1core
oligomers, several lines of evidence support a primary engage-
ment between HSP70 and TDP-43 condensates. Under cellular
stress conditions (e.g., heat shock or oxidative stress), HSP70
colocalizes with TDP-43 foci, consistent with a chaperone–client
interaction.21,41,42 Moreover, mapping studies have identied
a conserved HSP70-interaction hotspot within the TDP-43 LCD
(residues 320–340),21 which minimally overlaps with the D1core
fragment (residues 307–322). Given that HSP70 typically recog-
nizes short, solvent-exposed motifs in disordered clients, these
ndings suggest that HSP70 preferentially engages TDP-43
within condensates.

Amyloidogenic oligomers have long been recognized as
important dynamic entities in neurodegenerative diseases.11

These oligomers exist in various states characterized by
© 2025 The Author(s). Published by the Royal Society of Chemistry
differences in size, conformation, and cellular responses,
posing challenges for pathology studies and drug develop-
ment.43 Therefore, acquiring uniform oligomers with a pre-
determined state is critical. Taking advantage of RMs, different
states of oligomers could be obtained by manipulating the size
of RMs through adjustments in their water-to-surfactant ratio.44

Moreover, the notable stability of oligomers within RMs ensures
rigorous quality control, a crucial aspect that could signicantly
benet our understanding toward the structural details of
oligomers. For instance, RMs have been applied to study the
structures of Ab oligomers, highlighting their potential as
a powerful tool in amyloid research.28,44,45

To date, the precise molecular structures of amyloidogenic
oligomers remain unresolved. However, several techniques
have indicated the presence of substantial b-sheet strands in
these oligomers.44,46,47 During protein assembly, it is possible
that the b-strands within D1core oligomers act as templates for
intermolecular interactions with TDP-43, facilitating the
recruitment of soluble TDP-43 via its LCD undergoing
condensation. This interaction is supported by the seeding
experiments (Fig. S7), where D1core oligomers interacted with
Chem. Sci.
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TDP-43 LCDs, ultimately leading to their aggregation. Previ-
ously, our group identied a scrambled sequence of D1core
(ScD1core) that, despite being amyloidogenic, failed to seed the
TDP-43 protein like the original D1core peptide.27 This result
suggested that seeding requires sequence-specic interactions
with TDP-43. Consistently, we found that ScD1core oligomers
prepared in reverse micelles also failed to promote TDP-CTD
condensation (Fig. S14). Together, we inferred that similar
interactions may underlie the promotion of TDP-43
condensation.

The aging of TDP-43 condensates is thought to play a role in
ALS/FTLD pathology.18,20,48,49 To study cellular TDP-43 conden-
sation, stressors such as arsenite or sorbitol18,35 along with
genetic mutations (e.g., deletion of the nuclear localization
signal, DNLS)18 have frequently been applied to recapitulate
ALS-like phenotypes, including TDP-43 condensation and mis-
localization, in cells.18,20,49 However, these reagents may also
trigger unrelated non-specic cellular stress responses.50 In this
study, we instead utilized disease-relevant D1core oligomers to
elicit TDP-43 condensation, allowing a more disease-relevant
comparison.

Accordingly, we showed that D1core oligomers can trigger
cytosolic condensation of wild-type TDP-43 and promote
aggregation of its A315T variant. In wild-type TDP-43, the
induced condensates colocalized with G3BP1 and remained
dynamic, suggesting a stress granule-like property. These
structures were phosphorylated and required HSP70 activity to
maintain uidity, implying that phosphorylation and chap-
erone function acted together to preserve a reversible, regulated
state. This supports the idea that phospho-TDP-43 may mark an
early, protective phase of condensation rather than a terminal
aggregation state.51 In contrast, A315T formsmore rigid, G3BP1-
negative condensates, indicating a direct phase transition
toward aggregation. Together, these ndings suggest that early
TDP-43 condensation is tuneable and regulated and that
phosphorylation might serve to delay its pathological
transition.

Conclusion

This work establishes a reliable and effective protocol for
stabilizing homogeneous D1core oligomers in RMs with satis-
factory shelf life. The back-extracted D1core oligomers were
found to promote the condensation of recombinant TDP-CTD.
Notably, upon oligomer treatment, wild-type TDP-43 formed
condensates that remained dynamic and chaperone-responsive,
while the A315T mutation promoted a shi toward less revers-
ible and aggregated assemblies. Oligomer-induced TDP-43
cytosolic condensation may serve as a mechanistic bridge
between reversible phase separation and irreversible aggrega-
tion, potentially contributing to neurodegenerative pathology.

Materials and methods
Peptide synthesis

The peptides were synthesized on rink amide AM resin using
a peptide synthesizer (CEM, USA). The peptides were cleaved
Chem. Sci.
from the resin by using a cocktail of 94 : 2.5 : 2.5 : 1 TFA/H2O/
EDT/TIS, which were reacted for 3 hours and then precipitated
in ice-cold MTBE. Finally, the peptides were puried by HPLC
(Agilent, USA) on a C18 column (Shiseido, Japan) using
a gradient of water/acetonitrile with 0.1% TFA. The molecular
masses of the puried peptides were conrmed by matrix-
assisted laser desorption ionization (MALDI) mass spectrom-
etry. For uorescence imaging, peptides were labelled with 5(6)-
carboxytetramethylrhodamine, succinimidyl ester (TAMRA-SE).
First, ∼30 mg peptides were dissolved in 100 mL DMSO with 10
mL triethylamine. Then, 20 mL of TAMRA dye (1 mM) was added
into the peptide solution and reacted for 1 hour at 30 °C with
shaking. The crude product was nally puried by HPLC. The
molar extinction coefficient of the TAMRA labelled peptide was
about 65 000 M−1 cm−1, as estimated using UV-vis
spectrometry.

Preparation and incubation of peptide monomers

The puried peptides (∼2 mg) were rst pretreated with HFIP
and sonicated in an ice bath for 1.5 hours. HFIP was then
removed by drying under a nitrogen stream, followed by 2 hours
of lyophilization. The resulting peptide powders were rehy-
drated with 1 mL Tris buffer (20 mM, pH 7.4). The samples were
sonicated for 5 minutes and ultracentrifuged at 220 000g at 4 °C
for 1 hour. The supernatant (90% of the volume from the top)
was carefully collected and quantied by UV-vis spectrometry. It
is important to note that the absorbance spectrum of D1core0s
phenylalanines should show three distinct vibronic bands
centered at 254 nm. If the spectrum displays a continuous band
extending to around 340 nm, the peptide either requires re-
treatment with HFIP or should be discarded. The nal
peptide concentrations were diluted to 50 or 150 mM with
20 mM Tris buffer (pH 7.4) for subsequent experiments.

Formation of oligomers in reverse micelles

The reverse micelle preparation process was adapted from
a previously reported method.28,29 First, a solution of 132.1 mM
AOT (dioctyl sulfosuccinate sodium salt) in isooctane was
prepared. To 3 mL AOT isooctane solution, 0.5 mL of freshly
prepared peptide solution (150 mM) was added [W0(water
loading) = 70]. The resultant solution was sonicated for 5
minutes and stored at 25 °C under quiescent conditions for 7–
90 days before the extraction, as the storage time in RMs
showed consistent aggregation kinetics in the ThT assay. The
extraction process of peptide oligomers from the reverse
micelles is as follows. A 5% (w/w) aqueous suspension of m-
ethyltrioctylammonium chloride (TOMAC) was prepared and
sonicated in a water bath for 10 min before each use (the
solution appears turbid and white). To extract the peptides, the
solutions of reverse micelles in isooctane and TOMAC in water
were mixed with equal volumes and shaken with a turbo mixer
at 3000 rpm for 2 min. The emulsion was then centrifuged at 12
200g at 4 °C for 1 hour. The aqueous phase of the solution
containing 20 mM D1core was collected and lyophilized. The
powder was rehydrated with water to a nal peptide concen-
tration of 50 mM for incubation. The rehydrated peptide
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution should be completely clear aer few times of pipetting.
While collecting the aqueous parts, the organic phase was rst
removed using a pipette, then 90% vol. of the solution was
collected with microloader tips or long pipette tips. The
protocol was to avoid wrongly collecting the organic part of the
solution. The lyophilized powder should not be kept in the
refrigerator or lyophilizer for longer than 24 hours.

Dot blot assay

Two aliquots of peptide solutions (2.0 mL for each) were applied
to a nitrocellulose membrane (GE Healthcare, USA) of 0.1 mm
pore size. The membrane was immersed in blocking buffer (2%
BSA in TBS-T) for 30 min with gentle shaking. The oligomer
antibody, A11 (Sigma-Aldrich, USA), diluted with a blocking
buffer (1 : 5000) was then applied overnight with shaking. The
membrane was washed with TBS-T three times (10 min with
shaking each time). Finally, the membrane was transferred to
the solution of secondary antibody [HRP-conjugated antirabbit
antibody in blocking buffer (1 : 5000)] for 45 min of staining and
again washed three times with TBS-T. The HRP complexes on
membrane were detected on a Biospectrum® AC image system
(UVP, USA) using a chemiluminescent substrate for HRP
(Millipore, USA). The blotting signals were analyzed with ImageJ
(National Institutes of Health, Bethesda, MD).

Transmission electron microscopy (TEM)

An aliquot (10 mL) of sample was suspended on a glow-
discharged carbon-coated copper grid for 1 min and dried.
The grid was washed with water drip 2 times and stained with
2% uranyl acetate for 30 s. The grid was dried in a high vacuum
overnight at 25 °C before submission to TEM analysis. TEM
images were recorded with a FEI Tecnai G2 TF20 TWIN electron
microscope operated at 120 kV.

Dynamic light scattering (DLS)

An aliquot (800 mL) of sample (20 mM) in Tris buffer was placed
in a 1.0 cm plastic cuvette and measured at 25 °C using a Zeta-
sizer Lab (Malvern Panalytical).

Circular dichroism spectroscopy (CD)

An aliquot (250 mL) of sample (25 mM) in Tris buffer was placed
in a 0.1 cm quartz cuvette and measured at 20 °C using a J-815
spectrometer (JASCO, Japan).

Thioavin T (ThT) binding assay

Experiments were performed using a PerkinElmer ELISA
microplate reader. One aliquot of peptide solution (50 mM) in
Tris buffer was mixed with the same volume of ThT (200 mM).
The ThT uorescence emission spectra were recorded from 462
to 600 nm (EX = 442 nm).

Preparation of D1core peptides in different states

The monomeric state peptides were prepared by mixing freshly
prepared D1core monomers with a stoichiometric amount of
AOT (1.0 mM peptides corresponding to 16.7 mM AOT in buffer).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The D1core oligomers were freshly extracted from the reverse
micelles as mentioned above. The D1core brils were prepared
from incubation of D1core oligomers longer than 14 days at
37 °C.

Purication of the TDP-CTD protein

Purication of TDP-CTD was performed following a previously
published protocol.31,32,52 In short, the construct of the C-
terminal domain of TDP-43 (residues 266–414) containing
a hexahistidine tag was expressed and isolated from inclusion
bodies using 8 M urea. The extracted protein was initially
puried using nickel-charged immobilized metal-ion affinity
chromatography (IMAC; QIAGEN) followed by further purica-
tion on a C4 reverse-phase column (Thermo Scientic) via
HPLC. The eluted protein was lyophilized for 24 h, subsequently
incubated with 1,1,1,3,3,3-hexauoro-2-propanol (HFIP) at
a concentration of 1 mg mL−1 for 24 h at room temperature to
disrupt potential aggregates and nally lyophilized again for
24 h. Lyophilized samples were stored in a dry cabinet.

Differential interference contrast (DIC) microscopy and
turbidity experiments of TDP-CTD condensates

The concentration of TDP-CTD was determined by measuring
the absorbance at 280 nm. TDP-CTD and D1core peptides
(spiked with 2.5 mM TAMRA-D1core) were mixed to a nal
concentration of 25 mM each in a buffer containing 40 mM
phosphate, 10 mM Tris and 100 mMNaCl (pH 7.2). For samples
containing TDP-CTD alone, 418.0 mM AOT was presented in the
same buffer to match the residual surfactant present during the
D1core preparation. To dissolve the TDP-CTD condensate, 20%
of 1,6-hexanediol (1,6-HD) was presented in the solution, and
the mixture was shaken at 1400 rpm for 20 min. Differential
interference contrast (DIC) images were captured using a 64×
oil immersion objective on a Nikon Tie microscope. Turbidity
(OD600) was measured using a JASCO J-815 spectrometer at 25 °
C. Quantitative analysis of TDP-43 condensates was conducted
using ImageJ, where threshold functions were applied to the
uorescence channel (TAMRA) to analyze and quantify the area
and number of droplets. Irregular aggregates in the bril
sample were manually excluded during the quantication
process.

Cell free system and seeding experiments

The eukaryotic cell-free system derived from the rabbit reticu-
locyte lysate (TNT T7 Quick-Coupled Transcription/Translation
System, Promega, USA) was applied to generate TDP-43 protein.
10 mL TNT master mix, 0.25 mL methionine (1 mM) and 0.5 mL
plasmid (FLAG-TDP-His) were incubated at 30 °C for 4 h for
protein synthesis. Later, 4.5 mL seed solutions were added into
cell-free cocktails for further reaction at 30 °C for 20 h. To
evaluate the seeding abilities of seeds, the samples were divided
into supernatant and pellet fractions by centrifugation at 16
100g for 30 minutes at 4 °C. The pellet was then dissolved in
SDS-PAGE loading buffer (50 mM Tris–HCl, pH 6.8, 7.5% glyc-
erol, 1% SDS, 0.02% bromophenol blue and 1% b-mercaptoe-
thanol), and the proteins in the supernatant were precipitated
Chem. Sci.
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with acetone for 18 hours followed by resuspension with the
SDS-PAGE loading buffer. TDP-43 in both fractions was detected
by western blotting with the primary anti-FLAG M2 monoclonal
antibody (Sigma, USA). The antibody–TDP-43 complexes were
detected with a BioSpectrum®AC imaging system (UVP, USA)
using a chemiluminescent HRP substrate (Millipore, USA). The
blotting signals were analyzed using ImageJ, and the fraction of
TDP-43 protein in the supernatant was determined using the
equation S/(S + P), where S and P denote the signals of TDP-43 in
supernatant and pellet fractions, respectively. All the experi-
ments for each sample were repeated three times.

Cell viability

U2OS cells were purchased from ATCC (HTB-96) and were
cultured at 37 °C and 5%CO2 inMcCoy's 5A (modied) medium
(Gibco) supplemented with 10% (vol/vol) fetal bovine serum
(FBS) and 100 U per mL penicillin–streptomycin. For viability
experiments, the cells were inoculated in a 96-well plate. Aer
24 h of incubation, the culture medium was replaced by 200 mL
of peptide-containing medium, and the cells were incubated for
another 18 h. The peptides (2.5 mM) in different states (mono-
meric, oligomeric and brillar D1core) were lyophilized and
rehydrated with medium before the cell treatments. The cell
viability was determined using the alamarBlue assay by detect-
ing the absorbance at 570 nm. The cell viability ratio was
calculated as: viability = (sample − background)/(ctrl − back-
ground) × 100%. The error bars indicated SEM from the means
of three independent experiments.

Cell culture and transfection

Plasmids were transfected into U2OS cells using Lipofectamine
3000 reagent in Opti-MEM with the plasmid (0.5 mg) to P3000
(mL) to Lipofectamine 3000 (mL) ratio of 1 : 1 : 1. eGFP-TDP-43-
WT was provided by Dr Pang-Hsien Tu. eGFP-TDP-43-A315T
was created with site-directed mutagenesis (primer sequences:
F0: gaactttggtacgttcagcattaatc; R0: gattaatgctgaacgtaccaaagttc).
mCherry-G3BP1 was created with In-Fusion Snap Assembly
cloning kits (Takara Bio, Shiga, Japan) and cloned into an in-
house C-terminally fused mCherry vector. Primer sequences:
Frag1_F0: ttcgaattctgcagtcgacgatggtgatggagaagcctagt; Frag1_R0:
tatgtctgcaggtgctggagaagaactct; Frag2_F0: ctccagcacctgcagaca-
tagctcagacagtacag; Frag2_R0: ttatcta-
gatccggtggatctcactgccgtggcgcaag. All plasmids were sequence-
veried to conrm they were error-free.

FRAP assay in living U2OS cells

FRAP experiments were performed using a Zeiss LSM880
confocal microscope at CO2 and 37 °C with an oil immersion
63× objective lens (N.A. 1.4) and a Zen system (black edition).
U2OS cells were co-transfected with eGFP-TDP-43 or eGFP-TDP-
A315T along with mCherry-G3BP1. The oligomer/monomer/
bril were, respectively, treated with cells for 18 hours aer 6
hours of transfection. Aer 18 hours of peptide treatments,
FRAP experiments were performed as described above. For HSPi
experiments, the cells were treated with HSPi (HSP70 inhibitor,
VER-155008) and/or oligomers for 3 hours aer 21 hours of
Chem. Sci.
transfection. For photobleaching the condensates, the green
channel of the condensates was photobleached using a 405 nm
laser at 50% power, and the red channel was carried out with
a 561 nm laser at 100% power with 20 iterations, respectively.
For each condition of photobleaching, at least 20 ROIs were
carried out and analyzed. The relative uorescence intensity of
the photobleached region of interest (ROI) was determined by
subtracting the mean intensity of the background from that of
the photobleached ROI and then normalized to the mean
intensity of the pre-bleached ROI.

Immunostaining

U2OS cells transfected or treated as indicated above were xed
with 4% paraformaldehyde, permeabilized with 0.1% NP-40,
and pre-incubated with 5% BSA/PBS. For staining, primary
antibodies were incubated overnight at 4 °C, followed by
staining with secondary antibodies (1 : 1000 dilution) for 1 h.
The dilution for primary antibodies is as follows: G3BP1
(Abcam, ab181150) was stained with 1 : 500 dilution, HSP70
(Proteintech, 10995-1-AP) with 1 : 1000 and pTDP-43 (pS409/410,
Cosmo Bio, TIP-PTD-M01) with 1 : 500. Nuclei were stained with
DAPI (1 : 10 000 dilution). Images were captured using a Zeiss
LSM880 with 63× objective (N.A. 1.4) and the Zen system (black
edition).
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