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Amyloid aggregates of speciﬁc proteins constitute important
pathological hallmarks in many neurodegenerative diseases,
deﬁning neuronal degeneration and disease onset. Recently,
increasing numbers of patients show comorbidities and overlaps
between multiple neurodegenerative diseases, presenting
distinct phenotypes. Such overlaps are often accompanied by
colocalizations of more than one amyloid protein, prompting
the question of whether direct interactions between different
amyloid proteins could generate heterotypic amyloids. To
answer this question, we investigated the effect of α-synuclein
(αS) on the DNA-binding protein TDP-43 aggregation inspired
by their coexistence in pathologies such as Lewy body dementia
and limbic predominant age-related TDP-43 encephalopathy.
We previously showed αS and prion-like C-terminal domain
(PrLD) of TDP-43 synergistically interact to generate toxic
heterotypic aggregates. Here, we extend these studies to investigate whether αS induces structurally and functionally distinct
polymorphs of PrLD aggregates. Using αS–PrLD heterotypic
aggregates generated in two different stoichiometric proportions, we show αS can affect PrLD ﬁbril forms. PrLD ﬁbrils
show distinctive residue level signatures determined by solid
state NMR, dye-binding capability, proteinase K (PK) stability,
and thermal stability toward SDS denaturation. Furthremore, by
gold nanoparticle labeling and transmission electron microscopy, we show the presence of both αS and PrLD proteins
within the same ﬁbrils, conﬁrming the existence of heterotypic
amyloid ﬁbrils. We also observe αS and PrLD colocalize in the
cytosol of neuroblastoma cells and show that the heterotypic
PrLD ﬁbrils selectively induce synaptic dysfunction in primary
neurons. These ﬁndings establish the existence of heterotypic
amyloid and provide a molecular basis for the observed overlap
between synucleinopathies and TDP-43 proteinopathies.

Many neurodegenerative proteinopathies are characterized
by the deposition of misfolded protein aggregates called amyloids in neuronal and glial cells (1–4). These disorders affect
diverse neuroanatomical regions in the brain and exhibit
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clinical heterogeneity (5–7). Although each protein aggregation disease is often presumed to be caused by misfolding of a
single protein, ostensibly distinct neurodegenerative pathologies can show signiﬁcant clinical and pathological overlap
(8–10). It appears the phenotype variations may be attributed
in part to the interactions between two or more amyloid
proteins and accumulation of biochemically distinct heterotypic protein aggregates. For example, aggregates of both tau
and αS have been observed in numerous pathologies that are
collectively known as tauopathies and synucleinopathies,
respectively (11, 12). Indeed, preponderance of interactions
between amyloid-β (Aβ), tau, α-synuclein (αS), and transactive
response DNA-binding protein 43 kDa (TDP-43) suggests that
heterotypic amyloid aggregates may be signiﬁcant in pathology
(13–19). A cornucopia of evidence indicates spatial localization and coexistence of more than one amyloidogenic protein
in many proteinopathies. Although not a ubiquitous phenomenon, some amyloid proteins show a greater degree of
colocalization than the others such as tau and αS. For example,
tau aggregates are often observed in multiple neurodegenerative diseases such as Alzheimer dissease, Parkinson disease,
multiple system atrophy, frontotemporal lobar degeneration
(FTLD) etc. (20–22). Similarly, in addition to its presence in
Lewy body diseases (LBDs), aggregates of αS are often
observed in the aforementioned pathologies alongside tau
deposits (23). Because of their widespread presence in
numerous pathologies, the disorders with lesions enriched in
tau and αS are termed as tauopathies and synucleinopathies,
respectively (21, 24). Yet another protein whose insoluble
amyloid inclusions are nearly as widespread as those with tau
and αS is TDP-43, its presence is increasingly becoming
known in at least 15 different neurodegenerative diseases
including Alzheimer dissease, Parkinson disease, ALS, and
FTLD and seems to be a key component in the rapidly
expanding spectrum of TDP-43 proteinopathies (25). A subset
of this spectrum shows overlap with LBDs in which αS aggregates predominate, suggesting colocalization and potential
interactions between the TDP-43 and αS. Indeed, mounting
evidence indicates synergism between the two protein deposits. In LBD, the severity of αS pathology in the temporal
cortex was observed to be signiﬁcantly more among TDP-43
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positive patients, which correlated with the severity of TDP-43
pathology in the amygdala (26). Perhaps the most compelling
evidence for selective inﬂuence of αS on TDP-43 proteinopathy comes from LATE patient brains in which distinct
neuropathological changes are observed in PrLD/αS aggregates containing LATE-LBD and LATE-AD copathologies
compared to pure LATE (27).
The involvement of TDP-43 in diverse pathophysiological
functions has refocused attention to its role in a wide range of
neurodegenerative pathologies involving αS aggregates. TDP-43
is a 43 kDa protein that belongs to the ribonucleoprotein family.
TDP-43 consists of an N-terminal domain, two RNArecognition motifs, RRM1 and RRM2, and a disordered, prionlike C-terminal domain (PrLD) (28, 29). Under physiological
conditions, the protein is localized predominantly in the nucleus
and plays a role in transcriptional regulation, RNA alternative
splicing, miRNA biogenesis, transport, and stabilization
(29–31). In pathology, TDP-43 translocates to the cytoplasm,
where it undergoes posttranslational modiﬁcations including
phosphorylation, ubiquitination, and aberrant proteolytic
cleavage to generate multiple C-terminal fragments (32–35).
These fragments, ranging from approximately 17 kDa (corresponding to PrLD) to 35 kDa, form insoluble cytoplasmic aggregates and toxic inclusions in cells (33, 36–38). αS is a
14.6 kDa, intrinsically disordered protein containing three domains: amphipathic N-terminal domain, central aggregationprone nonamyloid component, and an intrinsically disordered
charged C-terminal domain (39, 40). As noted, although αS and
TDP-43 are known to form cytoplasmic amyloid inclusions
independently, the question of whether aggregation of the two
proteins can be synergistic and coupled to one another has not
been addressed in detail. This question is pertinent given the fact
that the two proteins are known to inﬂuence each other. For
example, coexpression of αS and TDP-43 enhances neurodegeneration and loss of dopaminergic neurons in Caenorhabditis elegans and transgenic mice (41, 42). Similarly,
incubation of exogenous αS ﬁbrils in SH-SY5Y cells enhances
TDP-43 phosphorylation and aggregation (43). More compelling pathological evidence of the interaction between the two
proteins comes from a recent study that showed that TDP-43
aggregates coexist with αS aggregates in LATE-LBD and
LATE-AD copathologies, exhibiting histopathological differences between pure LATE, LATE-LBD, and LATE-AD (27).
These observations also suggest that the polymorphic ﬁbrils of
TDP-43 observed in these patients could be consequential of the
inﬂuence by αS. Structural polymorphism is known to exist
among many amyloid proteins; however, only a few polymorphic
strains of TDP-43 ﬁbrils derived from patients have come to the
limelight so far (44–48). More importantly, the correlation between structure, biophysical properties, and pathophysiology of
TDP-43 polymorphs remains unclear. Thus, we ask the question
whether polymorphic strains of one amyloid protein can be
induced by another amyloidogenic protein. Despite evidence for
cross-interactions between amyloid proteins such as those for
amyloid-β (Aβ) and islet amyloid polypeptide (IAPP), αS and Aβ,
αS and Tau (13, 18, 49–51), the answer to this question remains
elusive especially for αS and TDP-43.
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Recently, to uncover the mechanistic understanding between the two proteins, we showed that equimolar amounts of
αS and PrLD monomers interact synergistically to form
coaggregated, hybrid ﬁbrils (52). In the same report, we also
showed that oligomers and ﬁbrils of αS cross-seed PrLD ﬁbril
formation selectively but preformed PrLD ﬁbril fails to seed αS
monomers hinting at possible conformational selection in
cross-interactions between the two proteins. In this report, we
extend these investigations to answer the important question
of whether cross-seeding of αS to TDP-43 or heterotypic
coaggregation of the two proteins induce speciﬁc polymorphic
ﬁbrils of TDP-43 compared to the unseeded TDP-43. We
show that PrLD aggregation is sensitive to the αS aggregate
characteristics; both PrLD–αS hybrid ﬁbrils generated by the
interactions of the two monomers and αS ﬁbril (αSf)-seeded
PrLD ﬁbrils show distinctive differences in structural and
biophysical characteristics from PrLD homotypic ﬁbrils
formed in the absence of αS. We also show that the two
proteins colocalize in the cytoplasm of the SH-SY5Y neuroblastoma cells and that PrLD heterotypic aggregates selectively
induce synaptic dysfunction in primary neurons. These results
help us understand the generation and propagation of heterotypic αS-TDP-43 amyloid polymorphs and their signiﬁcance in many neurodegenerative maladies.

Results
PrLD and αS colocalize as puncta in the cytoplasm of SH-SY5Y
neuroblastoma cells
While co-occurrence of TDP-43 encephalopathy and LBDs
has been reported in the previous studies (13, 27) and our
recent study showed synergistic interactions between PrLD
and αS (52), it is unclear whether the two proteins colocalize in
the cytoplasm. To investigate this, conﬂuent SH-SY5Y neuroblastoma cells were separately transfected with the plasmids
of blue ﬂuorescent protein (sBFP2)-tagged PrLD and sBFP2
alone as a control. After 24 h of incubation at 37  C to allow
transient expression, both the PrLD-expressing and control
cells were pulsed with Hilyte-532-labeled 500 nM recombinant
αS monomers prepared in 20 mM MES buffer (detailed in
Experimental procedures) and incubated for additional 24 h to
ensure the maximum internalization as reported previously
(53). Live-cell imaging after adding nuclear stain under a
confocal microscope revealed that the control sBFP2expressing cells exhibited diffused blue ﬂuorescence
throughout the cells with a few denser foci in the cytoplasm.
At the same time, the internalized αS monomers were present
in the diffused form in the cytoplasm as anticipated (Fig. 1A).
Thus, sBFP2 and αS did not show colocalization but remained
primarily diffused. In contrast, sBFP2-PrLD expressing cells
showed distinct ﬂuorescent puncta present exclusively in the
cytoplasm, which we believe are PrLD aggregates (Fig. 1B).
Interestingly, internalized αS (yellow) showed colocalization
within the puncta of PrLD (Fig. 1B). Based on our previous
ﬁnding that showed synergistic coaggregation between αS and
PrLD monomers and selective seeding of PrLD monomers by
αS aggregates (52), we conjecture that the colocalized puncta
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Figure 1. Representative live-cell images showing colocalization of αS with blue ﬂuorescent protein (BFP) and BFP-tagged prion-like domain (BFPPrLD). Fluorescent confocal images of human SH-SY5Y neuroblastoma cells 48 h after transfection with BFP (A) and BFP-PrLD (B). Cells were pulse-chased
with Hilyte-532 ﬂuorescently labeled monomeric recombinant αS (yellow) 24 h post-transfection. Cells were stained with nuclear stain (red) prior to confocal
live-cell imaging at 40× magniﬁcation. Merged panel shows degree of cytoplasmic colocalization of αS with BFP and BFP-PrLD (Scale bar = 5 μm). C, box
plot showing number of cytoplasmic puncta observed in cells transiently expressed with BFP or BFP-PrLD, with or without coincubated αS (n= 8 independent cells); *p <0.05, **p <0.005.

are predominantly heterotypic aggregates of αS and PrLD
monomers or oligomers. This conjecture is supported by the
presence of PrLD puncta devoid of αS alongside colocalized
puncta containing both PrLD and αS (Fig. 1C). Moreover, no
signiﬁcant difference was observed between the colocalized
puncta and the total number of puncta (colocalized and isolated) (Fig. 1C; green and blue). These suggest that isolated
PrLD puncta are formed prior to introducing αS, which can be
oligomers, protoﬁbrils, or ﬁbrils. Lack of ﬂuorescence recovery
after photobleaching recovery on these puncta (54) indicated
they are not droplets. The αS monomers taken up by the cells
can potentially interact with monomers, as well as the aggregates of PrLD in the preformed puncta. Nevertheless, conﬁrming cytoplasmic colocalization of the two proteins provides
a cellular basis and support for their direct interactions (52)
and potential formation of pathological polymorphs.
Gold nanoparticle-decorated transmission electron
microscopy images support the existence of heterotypic
hybrid ﬁbrils of αS and PrLD
First, morphological features of heterotypic aggregates were
investigated by negative staining transmission electron microscopy (TEM). Both homotypic PrLD and αS ﬁbrils showed
smooth and long unbranched ﬁbrils, as expected (Fig. 2, A and
B). In contrast, both PrLD–αS hybrid and αSf-seeded PrLD
ﬁbrils showed more branching and clumping in their ﬁbrillar
structures (Fig. 2, C and D). To quantify the amounts of αS and
PrLD within the ﬁbrils, samples were treated with formic acid
(to disaggregate the ﬁbrils) and subjected to MALDI-TOF
analysis. The homotypic PrLD showed the expected mass
(Fig. 2E). The PrLD–αS hybrid ﬁbrils showed the presence of
approximately equimolar amounts of αS and PrLD as shown in
our previous study (52) (Fig. 2F). Since αS ﬁbrils were added as
substoichiometric seed, as expected, αS was barely detectable
in the αSf-seeded PrLD ﬁbrils (Fig. 2G). All the samples also
showed low amounts of sinapinic acid adducts, which has been
shown to be common with this matrix (55). To establish the
formation of heterotypic aggregates, PrLD–αS hybrid ﬁbrils

were investigated using Au-nanoparticle–labeled TEM. Substoichiometric hexa-histidine tagged protein to facilitate
nanogold particle binding was mixed with the untagged protein (hetero or homo) and incubated for ﬁbril formation (see
Experimental procedures). Fibrils were then isolated and
incubated with Au-nanoparticles to be visualized by TEM
(Fig. 2H). The positive control, homotypic PrLD ﬁbrils, were
prepared by mixing 5 μM his-tagged PrLD with 20 μM untagged PrLD ﬁbrillar structures studded with Au-nanoparticles
(Fig. 2I). Images of Au-nanoparticle incubated PrLD–αS
hybrid ﬁbrils containing his-tagged αS and untagged PrLD also
showed the presence of Au-nanoparticle studded ﬁbrils conﬁrming the presence of both PrLD and αS within the sample
ﬁbrils. In other words, there is a hybrid heterotypic PrLD–αS
polymorph (Fig. 2J).
αS-induced PrLD ﬁbril polymorphs exhibit biophysical
differences
To further examine the conformational differences among
PrLD polymorphs generated by the interactions with αS,
intrinsic tryptophan ﬂuorescence along with binding to known
amyloid dyes such as 8-anilinonaphthalene-1-sulfonic acid
(ANS), curcumin, and 9-(dicyano-vinyl) julolidine (DCVJ)
were measured. First, homotypic PrLD ﬁbrils generated in the
absence of αS, hybrid ﬁbrils generated by incubating equimolar
amount of PrLD, and αS monomers and αSf-seeded PrLD ﬁbrils along with controls were analyzed for intrinsic tryptophan
ﬂuorescence. Fibrils were prepared as reported in our previous
study (52), (detailed in Experimental procedures). All three
samples, PrLD–αS hybrid ﬁbrils, αSf-seeded PrLD ﬁbrils, and
homotypic PrLD control ﬁbrils showed blue shifts compared
to PrLD monomers (λEm = 340 nm), reﬂecting a solventprotected apolar environment within the ﬁbrils (Fig. 3A).
Among the samples, hybrid ﬁbrils showed marginally greater
blue shift (Δλ = |12| nm) as compared to αSf-seeded PrLD
(Δλ = |9| nm) or control PrLD ﬁbrils (Δλ = |8| nm). However,
the intensities for both control PrLD and PrLD–αS hybrid ﬁbrils showed a signiﬁcant decrease while αSf-seeded PrLD
J. Biol. Chem. (2022) 298(11) 102498
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Figure 2. TEM images of unlabeled and nanogold-labeled ﬁbrils along with their MALDI-TOF spectra A–E, negative EM staining of (A) homotypic PrLD
ﬁbrils, (B) homotypic αS ﬁbrils, (C) hybrid ﬁbrils, and (D) αSf-seeded PrLD ﬁbrils. E–G, normalized MALDI-ToF spectra of formic acid treated PrLD homotypic
ﬁbrils (E), hybrid ﬁbrils (F), and αSf-seeded PrLD ﬁbrils (G) showing relative amount of αS and PrLD monomers. The ‘*’ indicates the protein adduct formed
with sinapinic acid (SA). H, schematic showing possible arrangement of Au-nanoparticle bound his-tagged αS with untagged PrLD in the hybrid ﬁbrils. I and
J, Ni-NTA Au-nanoparticle–labeled PrLD ﬁbrils (I) and hybrid ﬁbrils (J). Black dots on the ﬁbrils are 5-micron nanogold particles bound to the hexa-histidine
tag on αS or PrLD surface. TEM, transmission electron microscopy.

ﬁbrils showed a small increase in intensity reﬂecting a more
solvent-protected environment for latter (Fig. 3, A and E).
Intrinsic ﬂuorescence for control αS ﬁbrils could not be
monitored as the protein is devoid of tryptophan residues. The
ANS dye, known to binding exposed hydrophobic surfaces (56,
57), also showed signiﬁcant differences in both wavelength
shifts and intensities (Fig. 3, B and E).
Surprisingly, PrLD–αS hybrid ﬁbrils and αSf-seeded PrLD
ﬁbrils showed no wavelength shift compared to monomers but
both control PrLD and αS ﬁbrils showed red shifts in the order
of (Δλ = |4.5| nm) and (Δλ = 11| nm), respectively (Fig. 3, B
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and E). The intensity of ANS ﬂuorescence, which reﬂects the
extent of exposed hydrophobic surfaces, showed noticeable
changes; here too, αSf-seeded PrLD ﬁbrils showed the largest
percentage increase, followed by PrLD–αS hybrid ﬁbrils and
the control PrLD ﬁbrils, while the control αSf showed a
decrease in the intensity (Fig. 3, B and E). Curcumin, which is
known to bind and distinguish different aggregate structures
(58, 59), also showed signiﬁcant blue shifts in wavelength that
were somewhat uniform in magnitude (Δλ = |15| nm) except
for control αS ﬁbrils (Δλ = |8| nm) (Fig. 3, C and E). The
intensities for the same samples, however, showed variations;
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Figure 3. Intrinsic ﬂuorescence and dye binding of heterotypic αS-TDP-43 PrLD species. A–D, intrinsic tryptophan, ANS, curcumin, and DCVJ ﬂuorescence emission scans, respectively for TDP-43 PrLD monomers (—), αS ﬁbrils ( ), TDP-43 PrLD ﬁbrils ( ), αS-TDP-43 PrLD hybrid ﬁbrils ( ), and αSfseeded TDP-43 PrLD ﬁbrils ( ); n = 3 independent scans. E, table showing mean shift in tryptophan, ANS, curcumin, and DCVJ emission maxima (△λEmmax)
along with percentage change in total intensity (% Int. change) of αS ﬁbrils, TDP-43 PrLD ﬁbrils, αS-TDP-43 PrLD hybrid ﬁbrils, and αSf-seeded TDP-43 PrLD
ﬁbrils to TDP-43 PrLD monomers. Both monomers and ﬁbrils (2 μM) were prepared in 20 mM MES buffer pH 6.0. Samples concentration was determined
using Pierce BCA protein assay kit; ﬁbrils concentration is expressed as monomer equivalents (see details in Experimental procedures). ANS, 8anilinonaphthalene-1-sulfonic acid; BCA, bicinchoninic acid; DCVJ, 9-(dicyano-vinyl) julolidine.

again, αSf-seeded PrLD ﬁbrils showed the largest percentage
increase (1420%), followed by control PrLD ﬁbrils (1234%),
while PrLD–αS hybrid ﬁbrils and control αS ﬁbrils showed
lesser change (448%) (Fig. 3, C and E). Finally, the addition of
the dye DCVJ showed dramatic red shifts in wavelength for
αSf-seeded PrLD ﬁbrils (Δλ = |7| nm) followed by control
PrLD (Δλ = |4| nm) and PrLD–αS hybrid (Δλ = |2.3| nm),
while the control αS ﬁbril showed negligible shift (Fig. 3, D and
E). The αSf-seeded PrLD ﬁbril sample also showed a dramatic
percentage increase (390%) and PrLD–αS hybrid ﬁbrils
showed no change in the intensity, and control PrLD and αS
ﬁbrils showed 200% and 100% increases, respectively (Fig. 3, D
and E). Together, these data bring out the subtle yet important
differences in the ability of the amyloid binding dyes to
distinguish between ﬁbril polymorphs of PrLD induced by αS.
More importantly, each of the dyes were able to differentiate
between PrLD–αS hybrid, αSf-seeded, and control PrLD ﬁbrils,
bringing out the potential conformational differences between
these three polymorphs.
To investigate the potential differences between PrLD–αS
hybrid, αSf-seeded PrLD, and control PrLD ﬁbril polymorphs,
their enzymatic stabilities were analyzed. First, to see how
stable the polymorphs are toward enzymatic degradation, a
broad-spectrum serine protease-proteinase K (PK) that is
widely used to assess the stability and conformational differences of many amyloid proteins was used (60–62). The three

ﬁbril samples along with control αS ﬁbrils were incubated with
PK, and aliquots of the samples were quenched at various time
points to investigate the kinetic stability of the ﬁbrils for
degradation. The samples were then analyzed using SDSPAGE and MALDI-TOF mass spectrometry. PK digestion of
control αSf showed a predominant band at 28 kDa (Fig. 4A)
but without other low molecular weight bands, presumably
due to extensive digestion. Control PrLD ﬁbrils showed bands
near 10, 17, and 30 kDa along with a faint band smear,
presumably due to the dissociation of higher molecular weight
oligomers and ﬁbrils (Fig. 4A). In addition to the predominant
bands near 28 and 10 kDa, PrLD–αS hybrid ﬁbrils and αSfseeded PrLD ﬁbrils showed multiple digested bands near 50,
28 to 10, and 6 kDa that are different from those observed for
the control ﬁbrils (arrows; Fig. 4A). The bands corresponding
to molecular weight larger than the individual proteins are
likely dissociated oligomers of the ﬁbrils. The temporal stability of the polymorphic ﬁbrils also showed differences in the
rate of digestion.
While the control ﬁbrils showed barely any change in the
intensity of the digested bands, the bands near 8, 10, and
50 kDa for the PrLD–αS hybrid and αSf-seeded ﬁbrils showed
progressive disappearance with time, suggesting lesser enzymatic stabilities for the two ﬁbrils (Fig. 4A). These data also
indicate that heterotypic ﬁbril structures have more accessibility for PK to cleave the polypeptide backbone in coreJ. Biol. Chem. (2022) 298(11) 102498
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Figure 4. SDS-PAGE gel and MALDI-TOF spectra of proteinase K digested polymorphic αS and PrLD ﬁbrils. A, proteinase K digestion of αS homotypic
ﬁbrils, PrLD homotypic ﬁbrils, αS-PrLD (1:1) hybrid ﬁbrils, and αSf-seeded PrLD ﬁbrils at different time points (10, 20, 30, and 40 min). Arrows indicate the
) indicate the fragments
digested bands unique to heterotypic ﬁbrils. B, MALDI-TOF of proteinase K digested fragments from the same sample. Arrows (
unique to heterotypic ﬁbrils, and star ( ) indicate fragments that are absent in heterotypic ones.

amyloid regions or in other words, more amorphous than
homotypic ﬁbrils. To investigate the digestion pattern in the
low molecular weight range (<8 kDa) that is not visible in
SDS-PAGE gels, the same samples were analyzed by MALDITOF spectrometry. Homotypic control αS ﬁbrils showed
extensive digestion with numerous small molecular fragments
(<6 kDa), which also answers why higher molecular weight
fragmentations were not observed in the gel (Fig. 4B). The
control PrLD ﬁbrils also showed many fragments between 5
and 7 kDa (Fig. 4B). In contrast, the heterotypic ﬁbril polymorphs showed fewer digested fragments but, more importantly, showed the absence of the digested fragments observed
in the control along with some newer fragments suggesting a
different structure for all the polymorphs (Fig. 4B).
Based on the PK digestion patterns, one could argue that the
heterotypic ﬁbril polymorphs of PrLD–αS hybrid, αSf-seeded
ﬁbrils are more exposed to PK than the control homotypic
PrLD ﬁbrils. Therefore, it can be conjectured that the heterotypic polymorphs may show lesser thermodynamic stabilities than the homotypic PrLD ﬁbrils. To test this
interpretation, all samples were subjected to SDS treatment
and denaturation and disaggregation as function of temperature. As established previously in our lab, SDS pretreatment
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can help reveal relative stabilities of amyloid aggregates since
direct temperature increase does not “melt” amyloid aggregates (59). Typically, the conversion of β-sheets (ﬁbrils) to αhelical structures (SDS-denatured and disaggregated) is
monitored by far-UV CD as a function of temperature, and the
degree of melting is represented as the ellipticity difference
between 208 nm (α-helix) and 218 nm (β-sheet); more positive
the difference is, more β-sheet the structure is.
The control homotypic PrLD ﬁbrils, prior to SDS treatment
and temperature increase, displayed an intense β-sheet spectrum with a minimum at 218 nm (premelt; Fig. 5A). An increase in temperature resulted in a conformational change to
an α-helical structure with a midpoint of transition at 60  C,
typical for an amyloid ﬁber (Fig. 5, A and E). The ﬁbrils also
failed to convert to a complete α-helix even after 90  C, suggesting high thermal stability (Fig. 5E). Heterotypic PrLD–αS
hybrid ﬁbrils showed a much less intense spectrum with a
broad minimum at 214 to 218 nm, suggesting a less welldeﬁned β-sheet signature prior to melting (premelt; Fig. 5B).
Treatment of SDS immediately converted the spectrum to a
partial α-helical structure, which became more deﬁned and
more intense with the increase in temperature (Fig. 5, B and E).
Caution must be exercised with the intensity of the spectra as
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Figure 5. Differences in the thermal stabilities of αS-induced PrLD polymorphs suggest differences in their core structures. A–D, mean residue
ellipticity [θ] from CD spectra obtained for homotypic PrLD ﬁbrils (A), PrLD–αS hybrid ﬁbrils (B), αSf-seeded PrLD ﬁbrils (C), and PrLD monomers (D) after
treatment with 1% SDS and temperature increase from 20  C to 90  C. E, the difference in [θ] between 208 nm (α-helix) and 218 nm (β-sheet) is plotted as a
function of temperature and ﬁtted with Boltzmann’s sigmoidal ﬁts.

the data were normalized based on our assumed 1:1 stoichiometry for PrLD: αS within the ﬁbrils (Fig. 1A) (52). Nevertheless, nearly half of the β-sheet melted to helix at 20  C and
completely at 40  C, which suggests that the ﬁbrils are more
amorphous and less stable than the homotypic PrLD ones
(Fig. 5E). αSf-seeded PrLD ﬁbrils showed an intense minimum
at 218 nm (β-sheet) with a shoulder near 210 nm before melt,
indicating the presence of an α-helical component within the
ﬁbrils to some degree (premelt; Fig. 5C). This result suggests a
structure that is different from the homotypic ﬁbrils. Treatment with SDS at 20  C showed nearly half of the structure
converted to an α-helix similar to PrLD–αS hybrid ﬁbrils
(Fig. 5, C and E). But, subsequent melting upon increasing
temperature showed a slow and gradual conversion to a
complete helical structure at 90  C (Fig. 5E). As expected, the
control PrLD monomers showed a predominant random coil
structure with a partial α-helix as it is known to have a helical
segment in the middle (63) that almost immediately melted to
a complete α-helix (Fig. 5, D and E). The date collectively indicates that both PrLD–αS hybrid and αSf-seeded PrLD ﬁbrils
differ in their structures, sensitivity toward SDS denaturation,
and thermal stability from homotypic PrLD ﬁbrils. Both heterotypic ﬁbrils seem to be more amorphous, SDS-unstable ﬁbrils, which seems to correlate with the PK enzymatic stability.
PrLD amyloid molecular structure is sensitive to αS
interactions
NMR spectra indicate that PrLD molecular structure differs
between PrLD–αS hybrid, αSf-seeded PrLD ﬁbrils, and control
PrLD control ﬁbrils (Fig. 6). In these experiments, only PrLD
was isotopically labeled with 13C. The spectra directly report
on PrLD structure inﬂuenced by the interactions with αS. The
molecular structure of PrLD within the amyloid core depends

on whether PrLD ﬁbrils are homotypic, formed in the absence
of αS (Fig. 6A), αSf-seeded PrLD ﬁbrils (Fig. 6B), or PrLD–αS
hybrid ﬁbrils (formed by equimolar coincubation of PrLD and
αS monomers in solution) (Fig. 6C). The NMR techniques
employed (crosspolarization as well as dipolar assisted rotational resonance dipolar recoupling (64, 65)) are expected to
yield signals from rigid regions of the spectrum (66) and thus
produce signals only from the amyloid core structure.
Furthermore, for the 50 ms mixing time employed for 13C-13C
dipolar couplings the off-diagonal peaks are mainly due to
13
C-13C interactions between atoms within the same amino
acids or adjacent amino acids in the primary structure. Noting
that the primary structure of the PrLD or the NMR experimental parameters did not vary between samples, the
appearance of NMR crosspeaks in some spectra and not others
indicates sample-dependent differences in the amyloid core
regions. It is expected that protein backbone motion in the
presence of water (samples were hydrated ultracentrifuge
pellets) would suppress crosspeaks for molecular domains
outside of the amyloid core. Another factor that would reduce
detectability of signals outside the amyloid core is inhomogeneous broadening, caused a greater distribution of molecular
conformations expected for regions outside of the amyloid
core. To further illustrate the differences between the samples,
Fig. 6D shows overlaid 13C spectra for the three ﬁbril samples.
Although further research is necessary to determine the
detailed effects of αS on TDP-43 aggregated structure, molecular structural variation is evident in Fig. 6. To guide the
eye, we circled selected regions of the spectrum and further
note that some residues occur sparsely in the PrLD sequence.
The regions 1, 2, 6, 8, 9, and 10 in Fig. 6 indicate crosspeaks
between 13C atoms in residues that are low abundance or
rarely occur in the PrLD sequence (including E, D, Y, W, I, and
L) (67). These regions also include several crosspeaks that
J. Biol. Chem. (2022) 298(11) 102498
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Figure 6. 13C NMR spectra of uniformly 13C-labeled TDP-43 PrLD in amyloid ﬁbrils. Spectra correspond to: 2D 13C-13C unseeded homotypic PrLD ﬁbrils
(A), αSf-seeded PrLD ﬁbrils (B), and heterotypic PrLD–αS hybrid ﬁbrils (C) and overlaid aliphatic regions (scaled for equal total intensity) of the 13C NMR
spectra from all three samples (D). The αS protein was not labeled with 13C and therefore did not contribute directly to the spectra and the amino acids
likely to contribute signal to these regions, as discussed in the text. Our residue level associations of NMR peaks with speciﬁc results are tentative and do not
correspond to conﬁrmed spectral assignments.

appear in some but not all the PrLD spectra. The regions 3 and
5 include crosspeaks between atoms on nearest-neighbor
amino acids, most likely residues adjacent to S residues. Regions 4 and 7 correspond to the high-abundance amino acids S
and A. The homotypic PrLD ﬁbrils may have a structure like
the cryo-EM structure reported earlier (68), in terms of residues involved in the core ﬁbril. In contrast, we detected fewer
signals overall in the spectra from αS-seeded and heterotypic
ﬁbrils (Fig. 6, B and C, respectively), suggesting that these
structures include smaller (or entirely distinct) regions of
PrLD.
αSf-seeded PrLD ﬁbrils cause synaptic dysfunction in primary
neuronal cultures
To determine the functional consequences of αS-induced
TDP-43 polymorphs, we investigated their effect on synapses.
C57BL/6 primary cortical neurons were treated with 1 μM of
αSf-seeded PrLD ﬁbrils along with homotypic αS and PrLD
ﬁbrils. The monomers of each protein were also used as
controls. The cells were ﬁxed after 24 h and immunostained
using presynaptic (Synapsin 1) and postsynaptic (PSD95) antibodies (Fig. 7A). The cells were then imaged using a confocal
microscope and analyzed using the protocols described in the
Experimental procedures. The αSf-seeded PrLD ﬁbrils (p =
0.0138), homotypic αS and PrLD ﬁbrils (p = 0.0013), and αS
monomers (p = 0.0089) showed reduction in Synapsin 1
density when compared to the untreated cells (Fig. 7B). But the
reductions were 10% to 15% as compared to the untreated
cells (Fig. 7B). In contrast, a signiﬁcant reduction in PSD95
density was observed when the neurons were treated with αSf-
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seeded PrLD ﬁbrils (35%; p < 0.001), followed by PrLD and
αS monomers (18%–20%) as compared to the untreated
control (Fig. 7C). Analysis of the colocalization of the presynaptic and postsynaptic signal density also showed that αSfseeded PrLD ﬁbrils treated neurons had the greatest reduction
compared to untreated cells (50%; Fig. 7D). This suggests
that selectively, αSf-seeded PrLD ﬁbril polymorph is able to
reduce the number of functional synapses in primary neurons.
In sum, the data indicate that αSf-seeded PrLD ﬁbril polymorph could contribute to synaptic dysfunction.

Discussion
Signiﬁcant clinical and pathological overlaps observed
among neurodegenerative diseases have brought to bear
increased attention on understanding the potential crossinteractions between different amyloid proteins. Many amyloid
proteins are known to crossinteract with one another both
in vitro and in vivo including Aβ and hIAPP (69–71), αS and
tau (72, 73), and αS and Aβ (74, 75). Recently, tau was shown
to induce distinct molecular conformations of αS ﬁlaments
in vitro, implicating that heterotypic interactions may generate
speciﬁc polymorphs and potentially discrete phenotypes (76).
However, the involvement of heterotypic aggregates formed as
a result of coaggregation of two different proteins to behave as
polymorphic strains remains unclear. Compounding this
scarcity is the lack of high resolution structures of brainderived TDP-43 polymorphs. In fact, only a few examples
exist that include the cryo-EM structure of TDP-43 PrLD ﬁbrils. For example, TDP-43 ﬁbrils derived from frontal cortex
of an ALS patient showed a unique ‘double-spiral fold’ (77).

α-Synuclein induces polymorphic aggregates of TDP-43 PrLD

Figure 7. Effect of monomeric and ﬁbrillar αS and TDP-43 PrLD along with αSf-seeded TDP-43 PrLD ﬁbrils on presynaptic and postsynaptic
expression in primary cortical neurons. A, representative confocal images of C57BL/6 primary cortical neurons treated with 1 μM monomer (left panel) or
ﬁbril (right panel) of α-Synuclein (αS), prion-like domain (PrLD) of TDP-43, or αS ﬁbrils seeded TDP-43 PrLD ﬁbrils (αSf-PrLD) for 24 h. Cells were ﬁxed and
immunostained with presynaptic marker (Synapsin I, green), postsynaptic maker (PSD-95, red), mature neuronal marker (βIII-tubulin, magenta), and merged
with nuclear staining (DAPI, blue). The scale bar represents 20 μm. B–D, quantiﬁcation of density of presynaptic (B), postsynaptic (C), and Pearson’s
colocalization coefﬁcient analysis of the synaptic proteins (D) in αS, PrLD, or αSf-PrLD-treated primary neurons using Imaris software. Each treatment group
was randomly imaged in ﬁve different regions of interest and performed in triplicate. Image analysis was calculated by one-way ANOVA with Tukey’s
multiple comparison. Bar graphs represent the value of mean ± SD. *p < 0.05, **p < 0.01, ****p < 0.0001. DAPI, 40 ,6-diamidino-2-phenylindole.

This was different from the cryo-EM structure of PrLD ﬁbrils
generated in vitro (68). In addition, two different amyloid
forming segments of TDP-43, SegA (residue 311–360), and
SegB A315E (386-331) revealed four different polymorphs
(44). TDP-43 strains have also been isolated from FTLD-TDP
brain tissues, which induce the formation of morphologically
distinct aggregates in cells, and induce distinct morphological
and subcellular distribution of TDP-43 pathology in transgenic
mice (45). Although these studies showed TDP-43 polymorphs
both in vitro and in vivo, TDP-43 strains in copathologies are
not investigated so far. In our previous study, we discovered
that αS monomers, oligomers, and ﬁbrils are able to promote
PrLD ﬁbrillization (52), further providing a possible molecular
mechanism by which the two proteins may interact with one
another. This current report advances these ﬁndings by
showing that the two proteins indeed form colocalized cytoplasmic foci in SH-SY5Y neuroblastoma cells. More importantly, the data unequivocally show that depending on the
nature of the αS seeds, that is, whether they are monomers or
ﬁbrils, conformationally distinct polymorphs of PrLD are
generated. However, it is interesting to observe that addition of

αS (monomers or ﬁbrils) seems to destabilize heterotypic PrLD
ﬁbril polymorphs by making them more amorphous (evident
from PK digestion and temperature stability data). Equimolar
incubation of both monomers generates ﬁbrils in which the
proteins retain their equimolar composition suggesting
‘hybrid’ ﬁbrils (52). Au-nanoparticle labeling and TEM of
PrLD–αS hybrid ﬁbrils shown here unequivocally suggests
integration of αS within the PrLD ﬁbrils. Although it is clear
that hybrid ﬁbrils are less stable and more susceptible toward
enzymatic digestion, they show residue-level differences in
solid-state NMR (ssNMR), suggesting a different structure as
compared to either αSf-seeded or αSf-unseeded PrLD. Fibril
polymorphism has also been made evident by differences in
intrinsic tryptophan ﬂuorescence and dye-binding assays. This
may be due to different ﬁbrillar structure; for example, length
or width of ﬁbrils, degree of twisting, and crossover distance.
More importantly, such differences may alter degree of
accessibility to dye-binding regions or completely mask the
dye-binding surfaces that are revealed by total ﬂuorescence
intensity or change in emission maxima (59, 78). Despite being
less stable than homotypic PrLD ﬁbrils, the αSf-seeded PrLD
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ﬁbrils show signiﬁcantly different synaptic effect in primary
neurons, suggesting amorphous polymorph may functionally
be more deleterious in vivo.
It is important to distinguish the differences between the
cross-seeding and heterotypic coaggregation. As discussed
throughout the article, several examples of cross-seeding
interactions among amyloid proteins exist. Typically, crossseeding occurs when a preformed seed of one amyloid protein enhances the aggregation of a second amyloid protein.
Such a cross-seeding may result in ﬁbrils that are similar or
dissimilar to homotypic ﬁbrils without the inﬂuence of the
second amyloid protein seed. On the other hand, coaggregation is a process of synergistic aggregation of two
different amyloid protein monomers toward heterotypic
hybrid ﬁbrils containing both proteins. Hybrid heterotypic
aggregates thus far have not been observed among amyloid
proteins except for a select few atypical amyloid systems
(79–82). PrLD–αS hybrid ﬁbrils shown here and in our previous study (52) form the ﬁrst among the class of hybrid
heterotypic amyloid ﬁbrils. Furthermore, the results presented
here suggest that both heterotypic PrLD ﬁbrils (cross-seeded
or coaggregated with αS) have different structures and biophysical properties.
Among the two modes of crossinteractions of PrLD with
αS, that is, αS monomers or αSf, the latter is more pathologically relevant as pre-existing Lewy bodies can seed TDP43 aggregates in the cytoplasm. Although, reverse phenomenon involving PrLDf seeding αS monomers could also be
equally relevant and interesting, this was not investigated
because our earlier data demonstrated that seeding of αSf to
PrLD monomers is far more efﬁcient than PrLDf seeding αS
monomers, suggesting conformational selectivity in seeding
(83–85). The data presented here establish that aggregation
dynamics and structures of PrLD ﬁbrils grown under the
inﬂuence of αS are different from the homotypic PrLD ﬁbrils.
Importantly, polymorphism seems to be correlated with
pathological changes in primary neurons. However, several
questions still remain less understood. For example, how
PrLD ﬁbril polymorph generated via templated seeding of αSf
is different from those generated by coaggregating monomers
of PrLD and αS (PrLD–αS hybrid ﬁbrils) or homotypic PrLD
ﬁbrils? Similarly, it will be interesting to understand how
PrLD–αS hybrid ﬁbrils are organized; are the cross β-sheets
interdigitated β-strands of PrLD and αS or are they formed as
block polymers by epitaxial growth of the two ﬁbrils? Indepth investigations in the future will enable better insights
into the structures of PrLD ﬁbril polymorphs, which may
uncover molecular basis of phenotype emergence in comorbid neurodegenerative diseases.

Experimental procedures
Recombinant expression and puriﬁcation of unlabeled PrLD,
αS, 13C-labeled PrLD and 15N-labeled αS
Recombinant expression and puriﬁcation of both unlabeled
and 13C/15N-labeled TDP-43 PrLD and αS was carried out as
described previously (52). For TDP-43 PrLD, N-terminal
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hexahistidine tag fused construct (Addgene plasmid #98669)
with a tobacco etch virus (TEV) cleavage site was expressed in
BL21 Star (DE3) cells and puriﬁed using Ni-NTA afﬁnity
chromatography. Brieﬂy, cells expressing unlabeled and
labeled TDP-43 PrLD were resuspended in lysis buffer (20 mM
Tris, 500 mM NaCl, 5 mM imidazole, 6M urea, 0.5 mM PMSF,
pH 8.0), sonicated, and centrifuged. The supernatant was
incubated with the Ni-NTA beads and washed using wash
buffers each containing 15 mM and 30 mM imidazole in buffer
containing 20 mM Tris, 500 mM NaCl, 6M urea, pH 8.0, to
remove nonspeciﬁcally bound proteins. Protein was eluted in
150 mM imidazole containing elution buffer followed by
dialysis in 20 mM Tris buffer, 500 mM NaCl, 2M urea, pH 8.0,
concentrated, and stored at -80  C. For experiments, protein
was thawed in ice and desalted using Sephadex G-25 HiTrap
desalting column (Cytiva) in 20 mM MES buffer pH 6.0.
Protein concentration was determined using UV spectrometer
(extinction coefﬁcient 19,480 M-1 cm-1). Both unlabeled and
15
N labeled recombinant αS was expressed as N terminus
hexahistidine tag followed by thrombin cleavage site in BL21
(DE3) cells. Protein was puriﬁed using Ni-NTA afﬁnity chromatography, eluted in elution buffer containing 250 mM
imidazole, dialyzed in nanopore water to remove imidazole,
concentrated using 10 kDa centrifugal ﬁlter (Thermo ﬁsher),
and stored at -80  C. Prior to the experiments, protein was
thawed in ice and incubated for 30 min with 40 mM NaOH to
disaggregate the oligomers and subjected to size-exclusion
chromatography using Superdex-200 column in 20 mM MES
buffer pH 6.0. Protein concentration was determined using UV
spectrometer using extinction coefﬁcient 5960 M-1 cm-1.
Labeling of monomeric αS
For cell culture studies, αS was ﬂuorescently labeled using
HiLyte Fluor 405 succinimidyl ester (Anaspec). Monomeric αS
in 20 mM MES buffer pH 6.0 was incubated with 3 M excess of
dye and incubated at 4  C for 16 h. Excess dye was removed
using Sephadex G-25 HiTrap desalting column (Cytiva) for
two times and protein was eluted in sterile 20 mM Tris buffer
pH 7.5. The protein was used as such for internalization assays.
Cell growth, transfection, and colocalization analysis
Colocalization analysis of αS and TDP-43 PrLD was carried
out in SH-SY5Y neuroblastoma cells (ATCC) maintained at
37  C and 5.5% CO2 in Dulbecco’s modiﬁed Eagle’s medium
and F-12 (1:1) media containing 10% fetal bovine serum and
1% penicillin/streptomycin (Thermo Fisher Scientiﬁc). At ﬁrst,
transfection reagent was prepared by mixing 9 μl of OptiMEM, 100 ng of TDP-43 PrLD plasmid (sBFP2-PrLD) and
TransIT-X2 dynamic delivery system, Mirius (0.3 μL). The
mixture was incubated for 20 min prior to transfection in cells
with conﬂuency greater than 70% that are grown by seeding
45,000 cells/well in 96-well glass bottom plates (Cellvis). After
24 h, media containing transfection reagent was replaced,
washed for two times with warm fresh media, and incubated
with approximately 500 nM Hilyte-532–labeled recombinant
αS monomers. Cells were further incubated for 24 h and media
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containing αS monomers was replaced with fresh media. Cells
were stained with nuclear marker (NucSpot Live 650, Biotium)
and imaged using Leica STELLARIS-DMI8 microscope at 40×
magniﬁcation. All the acquired images were processed using
Adobe illustrator software (Adobe Inc) and cytoplasmic
puncta from the respective images were counted using ImageJ
software (https://imagej.nih.gov/ij/index.html).
Preparation of homotypic and heterotypic ﬁbrils
Both labeled and unlabeled ﬁbrils samples were prepared for
different biophysical studies. For ssNMR, homotypic ﬁbrils of
13
C-labeled TDP-43 PrLD, hybrid ﬁbrils containing 13C TDP43 PrLD and 15N αS, and αSf-seeded 13C-labeled TDP-43 PrLD
ﬁbrils were used. Homotypic 13C labeled-TDP-43 PrLD ﬁbrils
were prepared by incubating 20 μM 13C-labeled TDP-43 PrLD
monomers for 7 days. Hybrid ﬁbrils were prepared by mixing
20 μM 13C TDP-43 PrLD and 15N αS at 1:1 stoichiometry and
incubating for 7 days. αSf-seeded TDP-43 PrLD ﬁbrils were
prepared by incubating 2 μM αS sonicated ﬁbrils with 20 μM
13
C TDP-43 PrLD for 7 days. All the samples were incubated
under quiescent conditions in 20 mM MES buffer, 0.01% sodium azide, pH 6.0 at 37  C. Fibrils from respective reaction
were harvested by centrifuging at 20,000×g for 20 min, washed,
and centrifuged ﬁbrils pellets were subjected for ssNMR
studies. For other studies, unlabeled ﬁbrils were prepared and
resuspended in sterile water or buffer prior to the experiment.
αS ﬁbrils were prepared by incubating 5 mg of αS monomers
with 150 mM NaCl and 0.01% sodium azide in 20 mM Tris
buffer pH 8.0 at 37  C and 600 rpm for 10 to 14 days. The
ﬁbrils were centrifuged at 18,000×g for 20 min, washed, and
resuspended in water or buffer of choice. αS-sonicated ﬁbrils
were generated by sonicating resuspended ﬁbrils using Misonix XL-2000 sonicator for seven cycles each with 30 s burst
and 1 min rest at 35% intensity, incubated on ice for 30 min
prior to incubation with TDP-43 PrLD.
Au-nanoparticle labeling and TEM
All the unlabeled ﬁbrils were prepared as described earlier.
Au-nanoparticle–labeled PrLD ﬁbrils were prepared by mixing
5 μM his-tagged PrLD monomers with 20 μM untagged PrLD
monomers and incubated under quiescent condition at 37  C.
Moreover, nanogold-labeled hybrid ﬁbrils were prepared by
incubating 20 μM untagged PrLD monomers with 5 μM histagged αS monomers and 15 μM untagged αS monomers
under quiescent condition at 37  C. Fibrils were harvested by
centrifugation and resuspended in ultrapure water. These were
directly incubated with 5 nm Ni-NTA-Nanogold (Nanoprobes
Inc) stock solution at 1:20 v/v dilution. Freshly prepared
nanogold-labeled and unlabeled ﬁbrils stock solution was
diluted to 1 μM in ultrapure water prior to TEM imaging. All
samples were then applied onto ultrathin carbon ﬁlm supported by a lacey carbon ﬁlm on 400 mesh copper grids (Ted
Pella Inc) for 2 min. Nanogold-labeled samples had an additional wash step of spotting 5 ml of ultrapure water onto the
grid for 1 min two times. Samples were then negatively stained
with 2% uranyl acetate for 1 min. TEM grids were analyzed
using a Hitachi HT-7700 TEM.

Intrinsic tryptophan ﬂuorescence and dye-binding assays
Intrinsic tryptophan ﬂuorescence and dye binding of
monomers, homotypic and heterotypic ﬁbrils were carried out
in Cary Eclipse spectrometer (Varian Inc) in scan mode. Stock
solution of ANS was prepared in water, whereas DCVJ and
curcumin were prepared in 95% ethanol. In intrinsic tryptophan ﬂuorescence, samples were equilibrated for 1 min and
spectra were collected by setting the excitation and emission
wavelength at 280 nm and 300 to 450 nm, respectively. For
ANS, samples were diluted in 100 μM ANS, equilibrated for
1 min and spectra were collected by setting the excitation and
emission wavelength of 388 nm and 400 to 650 nm, respectively. For DCVJ, samples were diluted in 10 μM DCVJ,
equilibrated for 1 min, before measuring the ﬂuorescence at
excitation and emission wavelength of 433 nm and 450 to
650 nm, respectively. Similarly, curcumin ﬂuorescence was
measured by incubating the samples in 5 μM curcumin followed by 1 min equilibration. Fluorescence spectra were
collected in excitation and emission wavelength of 430 nm
and 470 to 600 nm, respectively. All the samples were used at
2 μM ﬁnal concentration in 20 mM MES buffer pH 6.0. The
shift in ﬂuorescence emission wavelength maxima was
calculated by subtracting the emission wavelength maxima of
samples to TDP-43 PrLD monomers. Moreover, percentage
change in intensity was calculated by subtracting the integrated area under the curve of samples to TDP-43 PrLD
monomers.
PK digestion
Homotypic and heterotypic ﬁbrils (4 μg) formed by αS and
TDP-43 PrLD were resuspended in sterile water and subjected
to digestion using 280 ng of PK (Ambion, Inc) diluted from a
stock of 20 mg/ml in sterile water. All the reactions were
carried out by shaking at 200×g at 37  C. Reactions were
quenched at 10, 20, 30, and 40 min, respectively, using 0.5 mM
PMSF. Finally, aliquots of reactions were mixed with nonreducing laemmli sample buffer (4×) and subjected to SDSPAGE. Gel was stained using Pierce silver stain kit (Thermo
Fisher scientiﬁc) as per manufacturer’s protocol and imaged on
a GelDoc molecular imager (Bio-Rad).
MALDI-TOF spectrometry
PK digestion of monomers, homotypic and heterotypic ﬁbrils (1 μg) was carried out as described before. Samples for
MALDI-TOF were prepared by mixing 1 μl of the digested
ﬁbrils with equal volume of sinapinic acid prepared in 1:1
acetonitrile/water and 0.1% TFA. The sample was spotted on
the MSP 96 MALDI plate (Bruker Daltonics). Spectra were
collected by maintaining the laser power at 70% and analyzed
using ﬂex analysis. All the data were processed using OriginPro 8.5 (OriginLab Inc).
CD melting
SDS-induced temperature melt of TDP-43 PrLD monomers
or homotypic ﬁbrils, hybrid ﬁbrils, and αSf-seeded PrLD ﬁbrils
was carried out on a Jasco J-815 spectrometer. The ﬁbrils were
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resuspended in water and spectra were collected in 10 mm
pathlength cuvette at standard sensitivity with scan rate of
50 nm/min, 8 s DIT, 1 nm bandwidth, and 0.1 nm data pitch.
For stability analysis, 1% w/v SDS was added to the samples,
immediately followed by temperature interval measurement by
collecting the spectra at every 5  C temperature interval from
20  C to 90  C. The data were normalized for mean residual
ellipticity and ellipticity difference between 208 nm and
218 nm was calculated. The ellipticity difference, as an indicative of α-helical or β-sheet structure, was plotted against the
temperature and ﬁt using the Sigmoidal Boltzmann function
(see equation below) in Origin 8.5.
y¼

A1 −A2
ðx−x0 Þ=
dx

1þe

þA2

ssNMR
Fibrils were packed into Bruker 3.2 mm NMR rotors via
ultracentrifugation at 4  C and 150,000g for 30 min using
Beckman Optima XPN-100 ﬁtted with a SW-41 Ti swingingbucket rotor and Ultra-Clear tubes. NMR spectra were
collected on a 11.75 T magnet (500 MHz 1H NMR frequency)
using a Bruker spectrometer and a 3.2 mm Bruker Low-E 1H/
13C/15N NMR probe. Two-dimensional 13C-13C NMR
spectra were collected using the two-dimensional dipolar
assisted rotational resonance NMR technique at 10 kHz magic
angle spinning speed with a mixing time of 50 ms. A 1H
radiofrequency ﬁeld of 100 kHz was used. Signal averaging of
all the spectra in Fig. 6 required approximately 24 h. This
technique produces off-diagonal peaks (crosspeaks) that
mostly correspond to interactions between 13C atoms within
the same amino acid (64, 86, 87).
Primary neuron isolation and cell treatment
This study was conducted in a facility approved by the
American Association for the Accreditation of Laboratory
Animal Care. All procedures were performed in accordance
with recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. Our
protocol was approved by the Institutional Animal care and
Use Committee of the University of Texas Medical Branch
(UTMB). Primary cortical neuronal cultures were prepared
and maintained as described previously (62, 88–90). Brieﬂy,
cortices were isolated from C57BL/6 mice (Jackson Laboratory; 000664) during embryonic day 13 to 16. Brain tissues
were digested using Accutase solution (Sigma) followed by
gentle trituration with a ﬁre-polished glass pasture pipet.
Dissociated cells were plated at a density of 1.6 × 105 cells/ml
on poly-L-lysine–coated coverslips. Culture media contains
neurobasal medium (Gibco; 12348017) supplemented with 2%
B-27 Plus supplement (Gibco; A3582801), 0.5 mM GlutaMax
(Gibco; 35050-061), 10,000 units/ml penicillin, 10,000 μg/ml
streptomycin, and 25 μg/ml amphotericin B (Gibco;
15240062). Half of the media was changed every 3 to 4 days.
On 10 days in vitro, cells were treated with monomers or ﬁbrils
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of α-synuclein, TDP-43 PrLD, or αSf-seeded PrLD ﬁbrils at 1
μM for 24 h. Buffers used in samples preparation were the
vehicle control in all experiment.
Immunoﬂuorescence, confocal microscopy, and imaging
analysis
After cell treatments, primary neurons were gently washed
three times with 1× PBS. Formaldehyde solution 4% (Sigma)
was used for ﬁxation for 15 min at room temperature (RT)
followed by three washes. Cells were permeabilized using
0.25% Triton X-100 (Sigma) in 1× PBS for 10 min and blocked
for 30 min at RT in blocking buffer. Cells were then incubated
with primary antibodies diluted in blocking buffer overnight at
4  C. Primary antibodies used include mouse anti-βIII-tubulin
(1:1000, Abcam; ab78078), rabbit anti-Synapsin I (1:1000,
Abcam; ab8), or rabbit anti-PSD95 (1:1000, Abcam; ab18258).
On the next day, cells were washed and incubated with secondary antibodies (1:700, Life Technologies) for 1 h at RT in
the dark. After three washes, cells were mounted with Prolong
Gold antifade reagent with 40 ,6-diamidino-2-phenylindole. All
samples were examined with 63× objective of a Zeiss LSM 880
confocal microscope using 405 nm diode laser and argon laser
458/488/514 nm. To build the z-stack, 17 stacks/0.37 to 0.41
μm optimal thickness were captured. Each treatment condition was randomly imaged in ﬁve different regions of interest
and performed in duplicate. Neuron-speciﬁc presynaptic and
postsynaptic signals were analyzed using Imaris software
(Oxford Instruments Inc) as previously described (91). Brieﬂy,
for each image, presynaptic (Synapsin-1) and postsynaptic
(PSD-95) channels were ﬁltered based on neuronal surface and
discrete quantitative “spots” were created. Once presynaptic
and postsynaptic spots were detected, the distance threshold to
identify colocalized spots was set to 1 mm, providing for an
estimate of synapse number (92–94). The number of colocalized spots were normalized to the untreated. Statistical
analysis was performed in GraphPad Prism 9 (GraphPad
Software Inc) using one-way ANOVA followed by Tukey’s
Test. Results were considered statistically signiﬁcant at p <
0.05.

Data availability
Most of data presented in the article are self-contained
within the article. Raw MALDI-TOF data have been appended in the supplementary information. Additional data on
NMR, confocal microscopy, and biophysical experiments are
available upon request. Please contact the corresponding authors, Drs. Vijay Rangachari (Vijay.rangachari@usm.edu) or
Anant Paravastu (anant.paravastu@chbe.gatech.edu).
Supporting information—This
information.
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