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a b s t r a c t

The C-terminal, intrinsically disordered, prion-like domain (PrLD) of TDP-43 promotes liquid condensate
and solid amyloid formation. These phase changes are crucial to the normal biological functions of the
protein but also for its abnormal aggregation, which is implicated in amyotrophic lateral sclerosis (ALS)
and certain dementias. We and other previously found that certain amyloid forms emerge from an in-
termediate condensed state that acts as a nucleus for fibrillization. To quantitatively ascertain the role of
individual residues within TDP-43's PrLD in its early self-assembly we have followed the kinetics of NMR
1He15N HSQC signal loss to obtain values for the lag time, elongation rate and extent of condensate
formation at equilibrium. The results of this analysis represent a robust corroboration that aliphatic and
aromatic residues are key drivers of condensate formation.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

TDP-43 is an essential protein that regulates RNA splicing and
translation [1]. To carry out these functions, TDP-43 forms part of
biomolecular condensates, such as nuclear speckles and stress
granules [2]. TDP-43 also assembles functional amyloids to function
in muscle regeneration [3]. In addition, this protein occasionally
forms other assembled, aberrant species that are implicated in ALS,
FTD and other dementia [4,5]. A rather large protein, TDP-43 con-
tains a N-terminal domain with a singular structure [6], two RNA
recognition motifs (RRM) and a long, disordered C-terminal tail.
Research over the last decade has shown that this C-terminal,
intrinsically disordered region or prion-like domain (PrLD, residues
267e414) plays key roles in both physiological and pathological
phase transitions and oligomeric assembly. In particular, muta-
tional studies [7], mass spectrometry [8] and solution NMR spec-
troscopy have shown that the PrLD contains a hydrophobic
segment which tends to form a sticky a-helix (residues 321e340)
[9e11], several aromatic residues that are scattered throughout the
sequence and promote condensate formation [12], and finally a Q/
N-rich segment (residues 341e366) with strong amyloid-forming
pe�an).
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propensity [13,14]. More recently, consensus has started to
emerge that condensate formation precedes the assembly of
certain fibril forms [15e17], and a combination of solution and
solid-state NMR spectroscopies has revealed that Phe residues in
the PrLD become fixed when the condensate converts into the
fibrillar solid state [17]. A recent cryo-electron microscopy (cryo-
EM) structure provided direct structural evidence for the presence
of such residues in the amyloid core [18], thus highlighting them as
potentially valuable pharmaceutical targets. Despite these ad-
vances, many residue-level details of the initial assembly events are
still unclear since both solid-state NMR and cryo-EM study the
final, end-stage fibril forms. The main objective of this study,
therefore, has been to characterize TDP-43 condensate formation
quantitatively by following the kinetics of this process on a per-
residue level by solution NMR spectroscopy.

2. Materials and methods

A13C, 15N-labeled TDP-43 PrLD construct, consisting of residues
267e414 was produced and handled as previously described to
ensure conditions where fibrils emerge from a droplet, condensed
state (Fig. 1A) [17]. Under these conditions, the monomer-to-
droplet conversion can be tracked by solution NMR [17]. To
conduct NMRexperiments, the protein is initially stored in 8M urea
and the denaturant is removed using a PD-10 (GE-Healthsystems)
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A. Thioflavin T (ThT) staining of condensates formed by the PrLD of TDP-43. ThT
shines on the condensate/solvent interface, but not the condensate interior, indicating
that fibrils emerge from the condensate surface. Left: light transmitted image; middle:
fluorescent image; right: overlay. Bar scale is 100 mm
B. Schematic illustrating different stages and events in TDP-43 phase transitions, as
monitored by the intensity of liquid state NMR 1He15N HSQC spectra. The dead time is
the period prior to the recording of the first NMR spectrum. During the dead time, part
of the intensity that is lost (presumable due to condensate formation) is the burst
phase intensity. The lag time is the period prior to the formation of amyloid nuclei.
Once formed, there is a rapid decrease in intensity as monomers quickly added on to
the growing fibril. From this period, it is possible to measure an intensity change as
well as a growth or elongation rate. Finally, at long times, there is a small amount of
signal remaining, the intensity at infinite time, which is due to the population of
monomer in solution that is in equilibrium with condensate and amyloid phase.

Fig. 2. Signal versus time data for representative residues: 307 from the first glycine/
aromatic-rich region (light blue squares), 327 and 332 from the hydrophobic segment
(inverted orange triangles and red circles, respectively), 354 from the Q/N-rich
segment (blue triangles) and 405 from the second glycine/aromatic-rich region
(green diamonds). The solid curves show the fit of Equation (1) to the data. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 3. TDP-43 PrLD show distinct residue-level phase transition kinetics.
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desalting column to buffer exchange the protein to 1 mM DAc in
90% H2O/10% D2O. The final urea concentration was <10 mM as
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determined using refractive index [17,19]. Then, a series of 2D
1He15N HSQC NMR spectra were recorded in an 800 MHz spec-
trometer equipped with a cryogenic probe, at 25 �C over a period of
25 h. The 1He15N HSQC peak assignments used are deposited in the
BMRB under accession code 50154, and all the experimental pro-
cedures used to obtain them are reported in Ref. [19].

The intensities of each resolved peak in the 1He15N HSQC
spectra was measured using the program NMRFAM-SPARKY [20].
The kinetic model for amyloid formation described by Morris et al.
[21]:

It ¼ (k1 / k2 þ I0) / [ 1 þ (k1 / k2$I0) $exp((k1 þ k2$I0)$t)] (1)

Where It is the signal intensity at time t, k1 is the nucleation rate
(inversely related to the lag time to form a minimal amyloid nu-
cleus that here is a condensed form), k2 is the elongation rate
(which senses the amyloid fibril growth rate after nucleation from
the condensed state), and I0 is the initial intensity at time 0.

Parameters describing the lag time, growth rate and extent of
amyloid formation at equilibrium were obtained by fitting this
model by a least-squares algorithm to the per-residue intensity
versus time data sets (Fig. 1B). The burst amplitude is the intensity
that is lost during the dead time prior to the acquisition of the first
experiment (Fig. 1B). Here, it was estimated as the intensity of the
strongest 1He15N peak in the first spectrum minus the sum of the
intensity changes during amyloid growth plus that at infinite time
(Fig. 1B).

3. Results

Following denaturant removal, TDP-43 self-assembly manifests
a residue-specific loss of peak intensities in the 1He15N HSQC NMR
spectra, as we and others have shown previously [10e12,17]. The
intensity decays are rapid for residues within the sticky, hydro-
phobic a-helix of TDP-43's PrLD and have been interpreted as line
broadening resulting from intermolecular interactions, establishing
the unique role of this region in driving TDP-43 self-assembly un-
der very different conditions [10e12,17]. We note, however, that a
per-residue peak analysis has not been accomplished yet. To
address this gap, in this work we have analyzed in detail such in-
tensity changes during self-assembly by collecting a series of
1He15N HSQC spectra over the course of 25 h following removal of
denaturant. Data fitting of the peak intensities to a model for am-
yloid growth affords a quantitative interpretation of the dynamic
picture for the monomer-to droplet-to fibril conversion that we
reported for TDP-43's PrLD (Fig. 1). Noticeable intensity decreases
are observed for most residues over time. Certain residues, such as
327 and 332 show signal decrease sooner and more completely
than others. These distinctions are seen more clearly when the
signal intensities are plotted versus time (Fig. 2). In particular, the
intensity changes occurring in the burst phase (Fig. 3A) is greater
for residues in the hydrophobic helix.

The values for the burst phase intensities, lag rate, elongation
rate, intensity change during elongation and the intensity at infinite
time, It (∞), obtained from fitting equation (1) to the data are
plotted in Fig. 3AeE. From these data, it can be observed that res-
idues of the hydrophobic helix have significantly elevated values
during the burst phase intensity (Fig. 3A). This strongly suggests
Fig. 4. Model for residue contributions to TDP-43 PrLD condensate and amyloid formation
A. Residue sequence of TDP-43, coloring the N-terminal domain green, the RRM domains blu
181e190) gray. Regarding the C-terminal disordered region, the glycine/aromatic-rich segm
segment is colored magenta. B. The C-terminal region is mostly disordered with a minor
position W334 to favor long-range contacts (D) as suggested by these residues' faster and
segments (magenta) to form b-strands (arrows) as a first step towards amyloid formation.
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that these residues coalesce to form a condensate more quickly and
to a greater extent than other residues. This signal loss occurs as
tumbling of the local polypeptide segment slows upon condensate
formation leading to high transverse relaxation rates and very
broad signals [22]. In addition, short segments containing a few
residues centered on residues 291, 303, 350, 364, 375 and 384 also
show burst intensities which are significantly higher than average.
Interestingly, the lag rate is lowest for the hydrophobic segment; in
fact, it is an order of magnitude lower than the average of the
remaining residues (Fig. 3B). The residues of the hydrophobic
segment also show the fastest elongation rates (Fig. 3C). In addition,
other short segments centered on residues 291, 350, 364, 375 and
384 also manifest faster than average elongation rates. Regarding
the intensity change during elongation, residues of the hydropho-
bic segment and the other short segments aforementioned have
the smallest values (Fig. 3D), as a rather substantial fraction of their
signal was lost in the burst phase. In contrast, neighboring residues
like 355, 381, or 398 show high intensity changes during elongation
as their burst phase amplitudes are small. Finally, the intensity
remaining at infinite time, It(∞), also shows quantitative differ-
ences (Fig. 3E). The hydrophobic segment shows the smallest
values, approaching zero. For this segment the conformational
evolution from monomer to high-molecular weight species ap-
pears to be almost complete. Other short segments near residues
364, 375, 384 and 413 also have lower than average It(∞) values,
whereas short segments near residues 294, 300, 354, 357, 381 and
398 have higher than average It(∞) values (Fig. 3E). Within the
hydrophobic helix itself, certain residues like 323, 327, 331 and 332
have larger burst phase amplitude changes, short lag times, faster
growth rates and lower It(∞) values (Fig. 3). Keeping in mind that
the hydrophobic segment forms a a-helix, residues 323, 327, 331
and 332 are positioned on the same side of the a-helix. This would
explain the recently reported helix-driven dimerization, critical for
condensate formation [23], illustrating the key participation of
these four residues in association processes as gauged from the
analysis presented in this manuscript.

4. Discussion

The residuesequenceofTDP-43 is showninFig.4A.Residuesof the
hydrophobic segment, which show fast phase change kinetics are
underlined, as are the residues of other short segments which also
show faster-than-average kinetics and larger burst phase amplitudes.
It is interesting thatmostof these short segments contain anaromatic
residue, andhave alreadybeen reported tobemutated inALSpatients
and to promote aggregation in several in vitro and in cellulo systems
[24].Within the hydrophobic segment, residueswith especially quick
and complete condensate kinetics, namely 323, 327& 331þ332, are
underlined inFig. 4A. These residueswouldbeon the same sideof the
a-helix and we propose that they interact with the same residues in
other TDP-43 molecules to form initial dimers and then coiled-coils
(Fig. 4B). Such coiled-coils would form quickly and explain why the
NMR 1He15N HSQC signal drops faster for the hydrophobic segment,
as well as the initial increase in light scattering and fluorescence
anisotropy that we reported elsewhere during this process [17]. In
such an a-helix environment, Trp334 would be positioned on the
exterior face (Fig. 4C), and would be available to interact with aro-
matic, aliphatic and/or sp2 groups found in residues like Asn, Gln, Pro,
e and the NLS (residues 80e100) and the linker connecting the RRM domains (residues
ents are colored purple, the hydrophobic segment shown in black and the Q/N-rich
a-helical population. C. Association with another a-helix would increase stability and
more complete aggregation kinetics. E. These events would configure the Q/N-rich
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Phe, Tyr, Trp to drive the formation of larger oligomers/condensates
(Fig. 4D). As these interactions are formed, more light would be
scattered, the Trp side chains would become more rigid and attain a
somewhat more nonpolar milieu, concurring with reported fluores-
cence data [17] and in line with previous results that uncovered the
important contributionsof Trp residues for the self-associationof this
region [12]. During this conformational evolution, other segments
would retain more liberty and still show relatively strong signals in
the 1He15N HSQC spectra.

According to the model we present in this manuscript, amyloid
would be expected to form in the last stage of the conformational
evolution (Fig. 4E) that follows condensate formation, in agreement
with previous findings [15e17] (Fig. 1A). Although the results re-
ported here cannot identify which residues would be comprising the
amyloid, it is interesting to keep in mind that our recent confocal
fluorescence results [17] showed that amyloid formation occurs
mostly on the surface of the condensates, not in its core (Fig.1A). This
suggests that somemore flexible/exterior/polar residues, such as the
Q/N-rich segment, might actually play a pivotal role in amyloid for-
mation, which is in accord with some previous [7,8,13,14] and recent
findings [12,17,18]. This and other questions remains to be addressed
in future studies. For example, aromatic residues that seemed not
critical for the assembly of condensates [12], but comprise the fibril
core in amyloids emerging from the condensate interface [17,18],
could be mutated to e.g. alanines to test whether TDP-43 remains
active in cells. Finally, we propose that this approach of following
self-assembly on the residue-level instead of just globally by ThT
kinetics can give valuable insight as shown here, and it would be
useful to apply this tool to other assembling proteins to interrogate
what the critical interactions are in vitro and their relevance (e.g.
through mutational studies) in cells.
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