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Abstract

Amyotrophic lateral sclerosis and frontotemporal lobar degeneration with
ubiquitin-positive inclusions are associated with deposition of cytosolic inclusion
bodies of TAR DNA-binding protein 43 (TDP-43) in brain and motor neurons.
We induced phase separation of purified full-length TDP-43 devoid of large tags
using a solution-jump method, and monitored it with an array of biophysical
techniques. The tetramethylrhodamine-5-maleimide- or Alexa488-labeled pro-
tein formed rapidly (<1 min) apparently round, homogeneous and 0.5-1.0 pm
wide assemblies, when imaged using confocal fluorescence, bright-field, and
stimulated emission depletion microscopy. The assemblies, however, had limited
internal diffusion, as assessed with fluorescence recovery after photobleaching,
and did not coalesce, but rather clustered into irregular bunches, unlike those
formed by the C-terminal domain. They were enriched with a-helical structure,
with minor contributions of B-sheet/random structure, had a red-shifted trypto-
phan fluorescence and did not bind thioflavin T. By monitoring with turbidime-
try both the formation of the spherical species and their further clustering under
different experimental conditions, we carried out a multiparametric analysis of
the two phenomena. In particular, both processes were found to be promoted by
high protein concentrations, salts, crowding agents, weakly by reducing agents,
as the pH approached a value of 6.0 from either side (corresponding to the TDP-
43 isoionic point), and as the temperature approached a value of 31°C from
either side. Important differences were found with respect to the TDP-43 C-

terminal domain. Our multiparametric results also provide explanations to some
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration with ubiquitin positive inclusions
(FTLD-U or FTLD-TDP) are associated with a common
histopathology, consisting in the formation of cytosolic
inclusion bodies (IBs) of the nuclear TAR DNA-binding
protein 43 (TDP-43) in neurons of the central nervous
system.'™ In the cytosol, the protein loses its solubility
and forms well defined skein-like or round inclusions,
where TDP-43 is hyperphosphorylated, polyubiquiti-
nated, and in part proteolyzed to form C-terminal frag-
ments.'>>® It is increasingly recognized that ALS and
FTLD-TDP consist in a combination of loss-of-function
(LOF), originating from the depletion of TDP-43 from the
nucleus with a consequently loss of its biological func-
tion, and a gain-of-function (GOF), resulting from the
formation of TDP-43 assemblies that act as saboteurs in
the cytosol.”'° TDP-43 inclusions are also frequently
found in the brain of Alzheimer's disease,'* Parkinson's
disease,? Huntington's disease,'® and other neurodegen-
erative conditions,'* emphasizing its high propensity to
aggregate in a wide spectrum of neurologically compro-
mised situations.

TDP-43 is a 414-residue protein consisting of an N-
terminal domain (NTD, residues 1-76), two RNA recog-
nition motifs (RRM1, residues 106-176; RRM2, residues
191-259), and a C-terminal domain (CTD, residues 274-
414). While the first three domains are folded and their
structures have been determined using solution NMR
spectroscopy or X-ray crystallography,'” the CTD consists
of a prion-like glutamine/asparagine-rich (Q/N) region
(residues 345-366), a glycine-rich region (residues 366—
414) and is intrinsically disordered with an amphipathic
helix spanning approximately residues 320-340.'®'” TDP-
43 also contains a nuclear localization signal (NLS, resi-
dues 82-98) and a nuclear export signal (NES, residues
239-250), and is known to have a nuclear localization
but also to shuttle between the nucleus and the cytosol.*®
TDP-43 was first proposed to be natively dimeric or at
least to exist in a monomer-dimer equilibrium under
normal physiological conditions, with dimerization
occurring through interactions of the NTDs.'*"** Later

of the solubility data obtained on full-length TDP-43 that were difficult to
explain following the multiparametric analysis acquired on the C-terminal
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on, isolated NTDs, and consequently full-length TDP-43
molecules, were found to form a head-to-tail interaction
that could propagate the oligomeric structure well
beyond the dimer.****

Under conventional immunohistochemistry, the
TDP-43 inclusions appear either skein-like or compact
and rounded."***’ Round inclusions range from 1 to
25 pm in diameter, whereas skein-like inclusions are
about 0.5-1.0 pm in diameter and up to 15pm in
length.“’zs’%’28 In both cases, however, it is likely that
smaller species are present and escape detection due to
microscopical resolution limitations. Using transmission
electron microscopy (TEM), histopathologists have
reported repeatedly that 10-20 nm wide filaments con-
taining TDP-43 are present within the inclusions,*'*~32
in the absence of Congo red or thioflavin (ThT) S
binding.*>° A recent study by cryo-electron microscopy
has revealed the molecular structure of the protease-
resistant core of the filaments extracted from the cortex
of two cases with a history of ALS associated with FTLD-
U.* In this structure, residues 282-360 from contiguous
TDP-43 CTDs are stacked in a parallel, in-register mode,
forming a 4.8 A repeating unit, each time rotating by 1.4°
angles to form a right-handed double-spiral fold.** Each
282-360 segment forms 10 very short f-strands alternated
by long stretches of turns, preventing the very narrow
B-sheets from stacking perpendicular to the filament axis
and from forming the cross-f structure typical of amyloid
fibrils observed in other diseases. The smooth and largely
hydrophilic surface of the filament also appears to pre-
vent the binding of amyloid-diagnostic dyes, such as
ThT/S, which requires deep and nonpolar grooves.*?

The conversion of soluble dimeric/oligomeric TDP-43
into solid-phase filaments that compose the round or
skein-like inclusions is an unclear process. One of the
complexities is the supposed tendency of TDP-43 to
undergo liquid-liquid phase separation (LLPS) which
forms droplets in which TDP-43 and other proteins may
adopt a liquid phase separated from the bulk cytosolic
solution. TDP-43 containing droplets have been identified
in several nuclear and cytoplasmic membraneless organ-
elles, such as stress granules (SGs),”” > cytosolic droplets
independent of SGs,* paraspeckles,*** Cajal bodies,”
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Gemini bodies,*® PML bodies,* stress-induced nuclear
bodies,* and so forth. A liquid-to-solid transition has
been found to occur within SGs,*®*’ although an SG
independent formation of solid inclusions has also been
observed.*®*>4¢

Much of the work on pure TDP-43 LLPS in vitro has
been carried out using the isolated CTD, which is
unstructured, prion-like, hosts the majority of TDP-43
mutations associated with familial ALS and is, therefore,
often assumed to drive and influence self-assembly of the
full-length protein. The isolated TDP-43 CTD has been
found to form in vitro bona fide liquid droplets that have
a round morphology, ability to coalesce and the dynamic
behavior typical of liquids, as assessed with fluorescence
recovery after photobleaching (FRAP).'®*” A multipara-
metric analysis of CTD LLPS has been carried out, reveal-
ing that it is a process thermodynamically favored at high
protein concentration, neutral pH (as opposed to weakly
acidic pH), high salt concentrations, low temperature,
presence of crowding agents.'”*” Droplets have also been
observed in vitro from pure full-length TDP-43,** but
other reports described a difficulty of the condensates to
coalesce or display rapid internal diffusion.******°
Moreover, all these studies have been carried out with
TDP-43 fused to large solubilizing proteins, including the
small ubiquitin-like modifier (SUMO), the maltose bind-
ing protein (MBP), the yellow fluorescent protein (YFP),
or after their partial removal with proteolysis with no fur-
ther purification, creating conditions that may alter the
behavior of TDP-43 relative to the isolated tag-free pro-
tein. In addition, the dependence of phase separation on
parameters of physiological relevance has not been stud-
ied in any detail for the full-length protein, or at least not
as extensively as for the CTD. Finally, it is not clear if
TDP-43 LLPS is an obligatory requirement for solid inclu-
sion and filament formation or an independent
occurrence.

Here, we study the phase separation behavior of puri-
fied full-length TDP-43 devoid of large tags, using an
array of biophysical techniques to study the morphology
of the assemblies, their state of matter, the structure of
TDP-43 molecules adopted within them and to determine
the multiparametric dependence of self-assembly previ-
ously attempted only for the CTD. We will not assume
that phase separation is necessarily a liquid-liquid type
of phase separation: with the term “phase separation,”
we intend the process in which the protein passes from
solution into self-assemblies, regardless of their solid or
liquid state. Indeed, phase separation is a generic term
that includes both liquid-liquid and liquid-solid phase
separations.”® We will show that the protein forms
assemblies of the order of 0.5-1.0 pm of diameter, with
limited internal diffusion and tendency to assemble in
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chain-like arrangements without coalescence, showing a
behavior distinct from the pure liquid state of TDP-43
CTD. We also find important differences between how
the various parameters affect formation of these species
for full-length TDP-43 and droplets for the isolated CTD.

2 | RESULTS

2.1 | Recombinant TDP-43 is pure and
has proper dimeric fold

Human full-length TDP-43 was recombinantly expressed
and purified with a 6x His-tag fused to the N-terminus
(see Section 5 for details) and will be referred to as TDP-
43 throughout the text. It was purified from bacterial IBs
through refolding conditions, using a slightly modified
previously published protocol,>* as described in Section 5
in detail. Final conditions of the purified protein were
50 mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), pH 8.0, 0.1% (wt/vol) polyethylene glycol
3350 (PEG 3350), 2mM dodecyldimethylaminoxid
(LDAO), 0.25% (wt/vol) octyl-p-p-glucopyranoside (OG),
1 M NaCl. Prior to analysis, we ensured that the protein
sample had a high purity, was properly folded and was
not aggregated. SDS-PAGE revealed a major band corre-
sponding to a molecular weight of ~47 kDa, in agree-
ment with the expected value of 47.292 kDa (Figure 1a).
TDP-43 fragments probably generated by proteases are
also present, but these account for less than 5% of the
entire protein sample (Figure 1a). Dynamic light scatter-
ing (DLS) showed the presence of a single peak with an
apparent hydrodynamic diameter (D) of 127 +3 A
(Figure 1b), in agreement with the previously found
value of 130 + 3 A and attributed to a dimeric folded
form of the protein.’* Indeed, the expected Dy, values for
a TDP-43 construct of this size (436 residues) and con-
taining the first three and last domains in folded and
unfolded states, respectively, are 92.3, 123.1, and 153.9 A,
for monomeric, dimeric, and higher order oligomeric
forms, respectively, as determined using the previously
described approach.’> Unfolded TDP-43 was found to
have a Dj, value of about 190 A>? indicating that the pro-
tein is not unfolded in our sample. Large aggregates are
not detectable with DLS, indicating that they are also
absent. The intrinsic fluorescence emission spectrum of
the sample was also similar to that previously found,>
with a wavelength of maximum emission at about 320-
325 nm and three overlapping peaks in the 320-350 nm
range, attributable to Trp residues with different degrees
of burial (Figure 1c). Hence, the data confirm the proper
folding and dimeric state of TDP-43, being consistent
with those proposed previously.*>

85U8017 SUOWILLIOD @A 18810 3deoldde ayy Aq peusenob a1e s9jolie YO ‘8sh Jo SNl 10} ArIqIT8UIIUO A1 UO (SUONIPUOD-PUB-SWLBIWO A8 | 1M ARIq 1 [BU1|UO//SANL) SUORIPLOD PUe SWie | 8U1 88S *[2202/TT/82] U0 Akeid)Tauluo A8|IM eweisis 8zusll4 1 elseAlun AQ 60St04d/200T 0T/I0p/L00 A8 1M Aleid 1 jpul|uoy//:sdny woly pepeoiumod ‘2T ‘2202 ‘X96869%T



STADERINI ET AL.

6 | WILEY-§9) 5

(a) (b) 30 T FIGURE 1 Preliminary
I 7 characterization of purified
250kDa | M _ 12743 A ] TDP-43. (a) SDS-PAGE of
150 | M § L J purified TDP-43. (b) Particle size
100 [ % 20 — - dlstrlbgtlon of' TDP-43
75 | - k=| determined with DLS.
, 2 7 (c) Intrinsic fluorescence
50 é | spectrum of TDP-43 (excitation
370 % 10+ _ of 280 nm). a.u, arbitrary units.
25 | L _'éo - E Analysis was carried out in QFF
20 | 1 Buffer B (see Section 5) at 25°C
15 M. ]
10\ 10 . l(l)O . — IiOOO
Apparent Hydrodinamic Diameter (A)
(C) I I I I
700

600

500

400

300

200

Intrinsic Fluorescence Intensity (a.u)

100

400 450
Wavelength (nm)

. A
f 300 350

2.2 | TDP-43 assemblies do not have
liquid-like characteristics

In order to assess the propensity of TDP-43 to phase sepa-
rate in vitro, the protein was diluted from the initial solu-
tion described above in which it was soluble, at a protein
concentration of 35 pM, into another solution in which it
was not soluble, at a final protein concentration of 5 pM,
specifically in 20 mM acetate buffer, pH 5.0, 5% (wt/vol)
PEG 8000, 2 mM tris(2-carboxyethyl)phosphine (TCEP),
25°C (to reach a final pH 6.0 after dilution), containing
either 0 mM or 150 mM NacCl, as described in Section 5.
With the term “phase separation,” we intend the process
in which the protein passes from solution into self-assem-
blies, regardless of their solid or liquid state. Indeed,
phase separation is a generic term that includes both
liquid-liquid and liquid-solid phase separations.*'

To examine the size and morphology of the TDP-43
self-assemblies, we performed live imaging of TDP-43
labeled with the tetramethylrhodamine-5-maleimide
(TMR) fluorescent probe (TDP-43-TMR) by confocal fluo-
rescence and bright-field microscopy, at different time

500

points after phase-separation induction, at the two NaCl
concentrations considered here (Figures 2a and Sla). At
150 mM NacCl and 0 min, confocal images revealed the
presence of typically ~0.5-1.0 pm round-shaped assem-
blies (Figure 2a), although smaller species may also be
present and escape detection.”®>* Larger round species
with diameters of 1-2 pm were also occasionally imaged,
albeit rarely.

By performing live 2D and 3D imaging of individual
round TDP-43-TMR assemblies by stimulated emission
depletion (STED) confocal fluorescence microscopy, and
by recording superimposed and median level 2D images
without and with deconvolution to gain morphological
resolution at 0.01 pm, the assemblies appeared homoge-
nous in fluorescence and did not show any appearance of
filamentous or other type of morphology, which would
be evident at this resolution power (Figure S2). The
images also revealed that the condensate had a good
degree of roundness, which did not appear, however, as
high as that expected for liquid droplets, due to the pres-
ence of stretched and squashed regions on the borders
(Figure S2).
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FIGURE 2 Confocal
fluorescence and bright-field
microscopy images and FRAP of
TDP-43 assemblies.

(a) Representative confocal
fluorescence and bright-field
images of TDP-43-TMR during
phase separation. Self-assembly
was induced by a solution-jump
method, diluting the protein
from its initial solution, where it
was soluble and native, into a
solution in which it was
insoluble (20 mM acetate buffer,
pH 5.0, 150 mM NacCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP,
25°C). The experiment occurred
at final pH of 6.0, 25°C and the
TDP-43 concentration was 5 pM.
In the third line, higher
magnifications of bright-field
images are shown in the colored
boxed areas. (b) Representative
confocal fluorescence images of
5 pM TDP-43-Alexa488 treated
as described in Panel (a) and
recorded at 0 min. Higher
magnifications of the images are
shown in the colored boxed
areas. (c) Representative images
from FRAP experiments on two
distinct assemblies (0 min). An
averaged time course graph of
FRAP carried out on five distinct
assemblies is shown.
Fluorescence was normalized to
pre-bleach fluorescence values
(taken as 100%). Error bars: SEM
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At 5 min, a few assemblies appeared to form irregu-
lar, non-rounded clusters, indicating their tendency to
assemble further without any sign of coalescence
(Figure 2a). At this time, the protein sample was hetero-
geneous, given the co-existence of ~0.5-1.0 pm round
condensates and larger clusters. At 10 min, the irregular
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clusters appeared bigger, indicating further assembly, still
in the absence of coalescence (Figure 2a). After 60 min,
the assemblies were very large, irregular in shape and the
initial 0.5-1.0 pm round species were scarce (Figure 2a).
At 0 mM NaCl, a similar scenario was observed, but
TDP-43 tended to phase separate less effectively, forming
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fewer and smaller assemblies than at higher ionic
strength, and the conversion into larger species also
appeared to be delayed to some extent (Figure Sla).

To investigate the state of matter of the round assem-
blies, we set up FRAP experiments on TDP-43 labeled
with Alexa Fluor 488 (TDP-43-Alexa488). In this experi-
ment, we used AlexaFluor 488 because it is more suitable
for photobleaching than TMR, which is, by contrast, very
hard to bleach. Figure 2b shows the assemblies before
FRAP imaged at 0 min, confirming that they had a size
of typically ~0.5-1.0 pm (only few species had a diameter
>1 pm), round shape and inability to coalesce when
interacting, which is particularly evident in magnification
boxes. Representative big assemblies were selected for
FRAP experiments (Figure 2c). The quantitative analysis
revealed a first phase of low fluorescence recovery from a
value of about 30% (after photobleaching) to a value of
about 50% (after recovery), followed by a slow low ampli-
tude recovery up to a value of about 55% after 140 s, thus
indicating a low mobility of TDP-43 molecules inside the
assemblies and absence of a purely liquid-like state. Very
similar results were obtained when FRAP experiments
were conducted at 0 mM NaCl (Figure Slb,c). In this
case, we were able to trap a higher number of round spe-
cies interacting together, again showing no tendency to
coalesce.

2.3 | TDP-43 phase separation is
monitorable with turbidimetry and is not
accompanied with amyloid-like structure

We triggered again TDP-43 self-assembly using the same
solution-jump procedure described in the previous
section and monitored the process with turbidimetry,
intrinsic fluorescence, ThT assay and far-UV circular
dichroism (CD). At both NaCl concentrations, the turbid-
ity time course (ODggo) revealed a rapid increase of tur-
bidity immediately after dilution (0 min), with a
maximum value after 5-10 min of incubation and then
gradually decreased down to a value close to zero
(Figure 3a and S3a). By comparing the microscopic and
turbidimetry data, it is clear that the initial increase of
turbidity is associated with the formation of the small
spherical assemblies and their smallest clusters, whereas
the second slower decrease is associated with formation
of the large clusters that “clear” the solution from the
small species causing turbidity.

Both far-UV CD spectra at 0 and 150 mM NaCl
recorded at 0 min after the solution jump are enriched
with a-helical structure, as indicated by negative min-
ima at ~222 and ~208 nm (Figures 3b and S3b). This
indicates that the protein molecules adopt a-helical

structure, possibly mixed with a lower content of
B-sheet and disordered structure, within the initial
aggregates, as often observed in phenomena of protein
self-assembly. As the incubation time elapses, a blue
shift of the second peak from ~208 to ~204 nm and,
concomitantly, a reduction of the signal at 222 nm,
reveal the tendency of the protein to lose some of its
initial o-helical/p-sheet structure and undergo incom-
plete unfolding (Figures 3b and S3b). Interestingly, the
CD spectra did not show any evident peak around 215-
220 nm or 225 nm, typical of B-sheet structure in small
species and f-sheet structure within large protein
aggregates, respectively. This suggests the lack of spe-
cies having a predominant p-sheet content, forming
during the process, and rules out the presence of
amyloid-like structure (Figures 3b and S3b).

Intrinsic Trp fluorescence spectra showed a red shift
of the major intrinsic fluorescence peak of the native
non-phase separated protein, from the wavelength value
at about 320-325 nm to around 335-340 nm, which sug-
gests that the protein is not completely unfolded within
the aggregates and that buried Trp residues become more
exposed to the bulk due to structural adjustment
(Figures 3c and S3c).

ThT fluorescence spectra of TDP-43 showed a heavy
wavelength-dependent and ThT-independent light scat-
tering effect that increased the apparent fluorescence
emission due to the growing presence of protein assem-
blies over time (Figures 3d and S3d). However, TDP-43
samples showed a weak increase of fluorescence intensity
at 485 nm over the light-scattering baseline, similarly to
that observed for the native protein over the ThT spec-
trum in the absence of protein taken as a blank
(Figures 3d and S3d). This suggests that TDP-43 did not
form any amyloid-like structure in our experimental set-
ting, because the small ThT fluorescence increase
observed here is in sharp contrast with the over fivefold
fluorescence increase expected for amyloid.”>>°

2.4 | Multi-parametric turbidimetry
shows how phase separation can be tuned

In order to investigate the multiparametric dependence
of TDP-43 self-assembly, we carried out kinetic assays by
monitoring the absorbance at 600 nm (turbidimetry) of
TDP-43 as a function of time and changing the various
parameters one by one while keeping the remaining ones
constant. To this purpose, we selected the following solu-
tions as our standard condition: 5 pM TDP-43 in 20 mM
acetate buffer, pH 5.0, 5% (wt/vol) PEG 8000, 2 mM
TCEP, 25°C (to reach a final pH 6.0 after dilution), con-
taining either 0, 50, or 150 mM NaCl.
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Spectroscopic characterization of TDP-43 self-assembly. (a) Time course of TDP-43 self-assembly monitored with

turbidimetry. Self-assembly was induced by a solution-jump method, as described in the legend of Figure 2. The time course for native TDP-
43 was measured in QFF Buffer B at the same TDP-43 concentration (5 pM). Error bars: SEM. (b) Far-UV CD spectra of TDP-43
preincubated at a concentration of 5 pM, in 20 mM acetate, 150 mM NacCl, 5% (wt/vol) PEG 8000, 2 mM TCEP, pH 5 (final pH 6), 25°C,
under agitation at 560 rpm from 0 to 120 min. The spectrum of native TDP-43 is in 20 mM Tris-HCl, 150 mM NacCl, pH 8.0 and was
previously recorded.> (c) Intrinsic fluorescence spectra of TDP-43 preincubated as described above. The spectrum of native TDP-43 is in
QFF Buffer B. (d) ThT Fluorescence spectra of TDP-43 preincubated as described above. The spectrum of native TDP-43 is in QFF Buffer B

The first parameter to be varied was pH. Turbidity
time courses were recorded at final pH values of 4.0, 5.0,
6.0, and 7.0, while keeping the remaining conditions
unchanged (Figure 4a). At all pH values, the time courses
featured a rapid increase of ODgq at all three salt concen-
trations, followed by a slower decrease that was evident
in all cases, except at the lowest two salt concentrations
at pH 4.0. Since the rapid increase is due to formation of
individual round assemblies and their small clusters and
the slower decrease to their further assembly into larger
clusters, these data indicate that these two events occur
at all pH values and salt concentrations investigated here,
except at pH 4.0 in 0 and 50 mM NacCl, where formation
of the first round species was still present but less evident
and was not followed by further assembly. Interestingly,
the most marked increase of turbidity was found to occur
at pH 6.0 and at the highest NaCl concentration: at lower
and higher pH values, the initial turbidity increase was
less pronounced. This suggests that TDP-43 was strongly
phase separated at the pH value that matches the

isoelectric point of the protein (theoretical pI = 6.02),
and underlines the importance of minimal electrostatic
repulsions between protein molecules in self-assembly. A
notable exception was found at pH 7, where the highest
turbidity was found at 0 and 50 mM NacCl, confirming a
change in electrostatic network, residues exposure and
interactions.

The second parameter to be varied was protein concen-
tration. We therefore screened different concentrations of
TDP-43, again at the three salt concentrations of 0, 50, and
150 mM, while keeping the remaining conditions
unchanged (Figure 4b). At 2.5 pM TDP-43, the initial
increase of turbidity was very small and delayed and was
not followed by a slower decrease or, if any, the decrease
was slower than the timescale monitored here, indicating
limited phase separation and clustering of the few TDP-43
aggregates. Conversely, at 5, 7.5, and 10 pM TDP-43, the tur-
bidity time courses showed the two typical phases, whose
amplitudes and rates were proportional to protein concen-
tration, as expected according to the laws of kinetics.
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FIGURE 4 Multiparametric dependence of TDP-43 self-assembly monitored by turbidimetry. Final standard conditions were, unless
otherwise indicated, 5 pM TDP-43 in 20 mM acetate buffer, pH 5.0 (to reach a final pH 6.0 after dilution), 5% (wt/vol) PEG 8000, 2 mM
TCEP, 25°C, containing either 0 mM (black), 50 mM (red), or 150 mM (blue) NaCl, as indicated in the legend box. (a) Turbidity time courses
at various final pH values. From left to right: pH 4.0, pH 5.0, pH 6.0, and pH 7.0. (b) Turbidity time courses at various TDP-43
concentrations. From left to right: 2.5 pM, 5 pM, 7.5 M, and 10 pM TDP-43. (c) Turbidity time courses at various temperature values. From
left to right: 20, 25, 31, and 37°C. (d) Turbidity time courses in the presence or absence of crowding and reducing agents. From left to right:
standard conditions, absence of PEG 8000, absence of TCEP. Error bars: SEM

We then carried out a screening under our standard
conditions but at various temperature values (Figure 4c).
The turbidity kinetics were similar at the four studied
temperature values, but the highest ODgq, value after the
first phase was found to occur at 31°C, as if there was an
inversion temperature point around 31°C. Higher tem-
perature (37 and 43°C) showed weak phase separation,
particularly at 43°C, where turbidity values were the low-
est. We did not show our kinetic profiles at 43°C because
of strong turbidity due to condensation on the top of the
plate lid that affected heavily the measurements after
30 min. Aggregate clustering followed a similar tempera-
ture dependence (Figure 4c). In spite of the maximum for

aggregate formation and clustering observed at 31°C and
decrease in intensity of both phenomena beyond this
temperature value, the temperature increase beyond this
value led to slightly faster processes in both cases.
Finally, we investigated the effect of PEG 8000 as a
crowding agent and TCEP as a reducing agent. The
absence of PEG 8000 led to a weaker phase separation
compared to that achieved in its presence, as indicated by
the lower amplitude of the first phase (Figure 4d). More-
over, the further assembly of the aggregated species
occurred to produce smaller species, as judged by the
lower amplitude of the second slower phase. The absence
of TCEP also led to a weaker phase separation, although
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to a much lower extent relative to that observed in the
absence of PEG 8000 (Figure 4d).

3 | DISCUSSION

3.1 | Phase separation of TDP-43 is not
genuine LLPS

As described in the Sections 1 and 2, with the term
“phase separation,” we intend a process in which the pro-
tein passes from solution into self-assemblies, regardless
of their solid or liquid state. We showed that full-length
TDP-43 undergoes rapidly (<1 min) phase separation
when diluted from its initial solution, in which it was sol-
uble, native, and dimeric, into other solutions in which it
was not soluble, specifically at protein concentrations of
2.5-10 pM, pH 4-7, in 0-150 mM NaCl, with or without
5% (wt/vol) PEG 8000 or TCEP, 20-43°C. Using confocal
microscopy in fluorescence and bright-field modes, and
using a protein labeled with either TMR or Alexa488, we
found that the assemblies were apparently round in
shape and had a diameter of about 0.5-1.0 pm (although
larger species were occasionally seen and smaller species
may also have been present and escaped experimental
detection). The assemblies, however, were not liquid and
the observed phase separation did not consist, therefore,
in typical bona fide LLPS, which has been observed
repeatedly, by contrast, for the TDP-43 CTD.'*'747°7 In
fact, to be classified as liquid, the assemblies need to sat-
isfy three main hallmarks: (a) roughly spherical shape,
(b) ability to coalesce, and (c) rapid molecular rearrange-
ment.”® The condensates clearly did not coalesce, as they
tended to cluster into bunches with irregular shape in
which the initial individual condensates were still visible.
The first criterium was not, therefore, satisfied. Moreover,
the FRAP was partial (~20%) in all assemblies tested,
indicating a gel-like phase rather than a purely liquid
phase, leaving also the second hallmark not satisfied. In
previous works, although the assemblies were apparently
spherical, TEM and super-resolution STED microscopy
have shown an irregular structure within them,*®*
therefore questioning the satisfaction of even the first cri-
terium. Here, we also found that the initial individual
round condensates did not have an entirely round or
ovoid shape, as they showed an irregular boundary, rul-
ing out the presence of liquid droplets and confirming
that our system did not satisfy the first criterium.

These results are in agreement with a previous report
in which TDP-43 fused to His tag and YFP (His-YFP-
TDP-43) was shown, with confocal fluorescence micros-
copy, to form speckles that assembled further, without
fusing, into irregular flocculent tufts featuring partial

FRAP.?® They are also in agreement with another report
in which partial cleavage of TDP-43 fused to the MBP
and His tag (TDP-43-MBP-His) to release TDP-43 led to
the formation of condensates assembling in a chain-like
arrangement and then further clustering, without fusion
and with only partial FRAP.>® Moreover, they are also
consistent with other reports showing an inability of the
assemblies of TDP-43 linked to other proteins to fuse, as
they rather accumulated in strings or form irregularly
shaped aggregates, respectively.”>** They are not, how-
ever, in agreement with results of another report on His-
SUMO-TDP-43 and TDP-43-MBP-His in which the drop-
lets appeared spherical and able to fuse.*®

Unlike our work, all these studies have been carried
out with TDP-43 fused to large solubilizing proteins,
including SUMO, MBP, YFP, or after proteolysis-
mediated TDP-43 release without further purification.
Our results indicate that this behavior is retained with
TDP-43 in absence of these large tags. One important
advantage of our method is the induction of phase sepa-
ration with a solution-jump method, under conditions in
which the protein maintains initially its native state,
without influencing the structural conformation of the
protein with slow and incomplete cleavage of soluble tags
and without producing released tags and leaving unpro-
teolysed protein molecules and the protease itself that
may well alter the phase transition process of TDP-43.%

3.2 | The multiparametric analysis helps
rationalize the driving forces of TDP-43
phase separation and aggregate clustering

To better visualize how the different parameters studied
here could affect both phase separation into the first
round assemblies and their further clustering, we built
up a scheme to indicate the conditions in which the two
processes were promoted or inhibited (Figure 5a). For
comparison, we also showed in the same scheme the con-
ditions previously found to promote phase separation
into liquid droplets of the isolated TDP-43 CTD
(Figure 5b). TDP-43 phase separation was found to be
promoted as the pH approached a value of 6.0 from either
side, by an increase of salt concentration, by an increase
of protein concentration, by an increase of temperature
up to a value of 31°C, by crowding agents and, to a very
small extent, by reducing agents. Further clustering was
found to be promoted by exactly the same conditions,
indicating that both phase separation and aggregate clus-
tering were essentially governed by similar driving forces.

By contrast, the previously studied phase separation
of TDP-43 CTD into liquid droplets was found to have a
multiparametric dependence significantly different.
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While increases of salt concentration, protein concentra-
tion and crowding agents were found to promote LLPS of
CTD and reducing agents had very little effect,'”*” there-
fore similarly to the results found here for full-length
TDP-43 phase separation into gel-like species, the depen-
dences on pH and temperature were different. Phase sep-
aration of full-length TDP-43 increased with pH, up to a
value of 6.0 and then decreased, unlike the CTD that
phase separated linearly with pH.*” This difference can
be explained by the different isoionic points of the two
proteins, which are 6.02 (or 5.85 without His-tag) and
9.98, respectively. Hence, the maximum phase separation
is achieved at pH 6.0 for full-length TDP-43, whereas that
of the CTD keeps increasing beyond neutral pH. This
indicates that phase separation is inhibited by electro-
static repulsions between protein molecules and therefore
increases when such repulsions are minimal. The obser-
vation that both proteins phase separate more effectively
at high salt concentrations lends further support to this
electrostatics-affected mechanism.

In addition, LLPS of the CTD decreased with temper-
ature, from 3 to 25°C'” and then from 25 to 37°C,* in
sharp contrast with the increase observed here for phase
separation into gel-like species of full-length TDP-43 up
to 31°C. However, the further increase of the temperature
beyond 31°C, to 37°C and then 43°C, led to a decrease of
phase separation of the full-length protein, in line with
the behavior of the CTD reported previously. This behav-
ior is in agreement with a binodal and spinodal phase
diagram where at protein concentrations above

saturation (Cs,), both low and high temperature values
inhibit phase separation, which is maximal at intermedi-
ate temperature values.®* " It may well be that low tem-
perature values inhibit phase separation for full-length
TDP-43, where the presence of stable folded domains pro-
vides a bonus of solubility under these conditions.®*

3.3 | Neutral pH values and salts favor
TDP-43 solubility, unlike the isolated CTD

The multiparametric results reported here also provide
explanations to some of the initial data obtained on the
solubility of full-length TDP-43 that were difficult to
explain following the increasing knowledge that was
being accumulated on the TDP-43 CTD. In fact, most
papers showed solubility of the full-length protein at pH
7.4-8.0, even at high salt concentrations*®**°>*>>* and
we also selected a buffer at pH 8.0 and containing 1 M
NaCl as a solubilizing condition for the present work,
albeit in the presence of other solubilizing agents, such as
PEG 3350, LDAO, and OG. In sharp contrast, the CTD
was found to have a solubility against LLPS that
decreased dramatically with pH and salt concentration,
and appeared very insoluble at neutral pH in the pres-
ence of NaCl.'"*’

Our multiparametric turbidimetry analysis can recon-
cile these apparently different behaviors of the CTD and
full-length protein, because it shows that full-length
TDP-43 phase separation and aggregate -clustering
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collapses from pH 6.0 to pH 7.0, due to the isoionic point,
which is 6.02 only for the full-length protein and is 9.98
for the CTD (see above). Moreover, the salt dependence
of the full-length protein is inverted at neutral pH, with
phase separation inhibited, rather than promoted, at
higher salt concentrations, unlike all other conditions
tested here. It is therefore likely that this behavior is
exacerbated at pH 7.4-8.0 and that the protein achieves
the maximum solubility at mildly alkaline pH values and
in the presence of salts, although it often requires addi-
tional stabilizing agents or soluble tags and well-defined
strategies during protein purification.

4 | CONCLUSIONS

We showed a protein phase separation process of full-
length TDP-43, induced by a solution-jump method in
the absence of large solubilizing tags or contaminating
proteins, which led rapidly to formation of apparently
round assemblies having a typical diameter in the range
of 0.5-1.0 pm, although larger species were also occasion-
ally visualized. The assemblies, however, failed to comply
with the three hallmarks of LLPS, as they had limited
internal diffusion, as assessed with FRAP, and were
unable to fuse into larger yet similarly round assemblies,
as they rather tended to cluster into larger species with
irregular morphology where the initial assemblies were
still observable. Super-resolution STED microscopy also
showed the absence of a perfect round morphology with
stretched and squashed regions along the borders. This
represents an important difference with the previously
characterized CTD where a bona fide LLPS behavior was
observed by many authors working independently of
each other. The results of the multiparametric analysis of
phase separation, carried out here on full-length TDP-43
and previously on the CTD, have emphasized many simi-
larities, but also important differences, particularly for
the pH and temperature dependencies, because the high-
est tendency of phase separation for TDP-43 was found
when the two parameters approached values of 6.0 and
31°C from both sides, following a binodal and spinodal
bell-shaped curve phase diagram, whereas LLPS of the
CTD was found to increase proportionally with pH and
to decrease proportionally with temperature. These dif-
ferences can be attributed to different isoionic points of
the two protein constructs and by the presence of folded
domains in the full-length protein that limits its effective
aggregation at low temperature. Finally, our multipara-
metric results explain why the full-length protein is solu-
ble at neutral pH values and high salt concentrations,
although requiring additional solubilizing agents, values
that are by contrast prohibitive for the CTD solubility.

B Goe-WiLEY- L
5 | MATERIALS AND METHODS

5.1 | TDP-43 expression and purification

Human full-length TDP-43 was recombinantly expressed
with a His-tag fused to the N-terminus and having
sequence MHHHHHHSSGVDLGTENLYFQS before the
first residue of TDP-43 (Metl). This protein (referred to
in the manuscript simply as TDP-43) was expressed and
purified as previously described.’® Protein expression
occurred overnight at 37°C in Escherichia coli BL21
(DE3) cells with an induction by 1 mM isopropyl f-p-
1-thiogalatoside (IPTG). Bacteria were harvested at
6,790 g for 30 min at 4°C and resuspended in lysis buffer
(50 mM Tris-HCI, 0.5 M NacCl, pH 8.0), followed by son-
ication at 30 W and 20 kHz (6 cycles of 20 s each). The
resulting suspension was centrifuged at 20,300g for
30 min at 4°C and the pellet containing the IBs was
saved and subjected to three consecutive washes using
50 mM Tris-HCl, pH 8.0, 1% (vol/vol) Triton X-100
(wash 1), 50 mM Tris-HCI, pH 8.0, 2 M NaCl (wash 2),
and 50 mM Tris-HCI, pH 8.0 (wash 3), with centrifuga-
tions at 20,300g for 30 min at 4°C between washing
steps. The resulting pellet with cleaned IBs was left in
8 M urea overnight, at room temperature under stirring,
in order to foster the solubilization of the IBs and dena-
turation of TDP-43. The day after, the solution was cen-
trifuged at 20,300g for 30min at 4°C and the
supernatant was saved and loaded onto 10 ml of HisPur
Ni-nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher
Scientific) in a gravity flow column, pre-equilibrated
with buffer A (50 mM Tris-HCI, pH 8.0, 0.5 M NacCl,
8 M urea, 10 mM imidazole). The resin was then washed
with buffer B (the same as buffer A but containing
25 mM imidazole) and the elution was carried out with
buffer C (the same as buffer A but containing 300 mM
imidazole). The eluted protein solution (typically 20 ml)
was slowly dropped down at 4°C into refolding buffer
(typically 400 ml) containing 50 mM HEPES, pH 8.0,
9.6 mM NaCl, 10 mM KCl, 2 mM CaCl,, 2 mM MgCl,,
0.8 M sucrose, 0.5 M L-arginine, 0.6 M guanidine, 0.5%
(vol/vol) Triton X-100, 0.2% (wt/vol) (PEG 3350), 1 mM
reduced glutathione (GSH), 0.1 mM glutathione disul-
fide (GSSG), and one tablet of EDTA-free Pierce Prote-
ase Inhibitor (Thermo Fisher Scientific) and left at 4°C
until further use. Then, the solution containing the
refolded protein was concentrated at 4°C by pressurized
ultrafiltration using an Amicon stirred cell (Millipore
Sigma) with a 10 kDa molecular weight cut-off (MWCO)
membrane filter down to about 15 ml and subjected to
size-exclusion chromatography (SEC), at 4°C, with an
Akta Pure 25 L system (GE Healthcare, Wakesha, WI),
using a HiLoad 16/600 Superdex 200 pg column, pre-
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equilibrated with SEC buffer (50 mM HEPES, pH 8.0,
0.2 M KCIl, 0.1 M imidazole, 0.1% (wt/vol) PEG 3350,
0.1 M sucrose, 0.025% (vol/vol) Triton X-100). Elution
was carried out in isocratic method at a flow rate of
0.5 ml/min. The last purification step foreseen an ion
exchange chromatography, at 4°C, using a HiTrap Q-
Sepharose Fast Flow (QFF) 5 ml column pre-
equilibrated with Buffer A QFF (50 mM HEPES, pH 8.0,
0.1% (wt/vol) PEG 3350, 2 mM LDAO). The sample col-
lected after SEC was applied directly and the protein
was eluted with a gradient step method in Buffer B QFF
(50 mM HEPES, pH 8.0, 0.1% (wt/vol) PEG 3350, 2 mM
LDAO, 0.25% (wt/vol) OG, 1 M NaCl). The TDP-43 con-
taining fractions were merged, concentrated at 4°C
using Amicon Ultra centrifugal filter units with 10 kDa
MWCO down to about 1-2 ml. The concentrated sample
was checked by SDS-PAGE and, finally, stored at
—20°C. Protein concentration was determined by optical
absorbance spectroscopy using a molar extinction coeffi-
cient at 280 nm (eyg0) of 46,410 M~ ! cm™*. The final
purified protein had the sequence stretch
MHHHHHHSSGVDLGTENLYFQS before Metl, con-
tained 436 residues and had a molecular weight of
47,292.53 Da.

5.2 | Dynamic light scattering

Size distribution of purified TDP-43 was determined at
25°C with a Malvern Sizer Nano S DLS device (Malvern
Panalytical), temperature controlled with an internal Pel-
tier system, using a small volume 3 x 3 quartz cuvette
(45 pl) and in backscatter (173°) method. Final conditions
of the sample were 50 pM TDP-43 in buffer B QFF, 25°C.
Viscosity and refractive index were set on the instru-
ments at 0.8788 cp and 1.331, respectively.

5.3 | Intrinsic fluorescence spectroscopy
Intrinsic tryptophan fluorescence emission was measured
using a Cary Eclipse spectrofluorometer (Agilent)
equipped with a thermostated cell holder attached to an
Agilent PCB 1500 water Peltier system. Spectra were
recorded at 25°C from 290 to 500 nm at 280 nm excita-
tion, using 10 x 2 mm quartz cuvette and excitation and
emission slits of 5 nm for checking the protein after puri-
fication. Instead, for self-assembly experiments, a 3 x 3
small volume quartz cuvette and slits of 5 nm were used.
Final conditions of the samples were 50 pM TDP-43 in
buffer B QFF, 25°C (purified native protein) and 5 pM
TDP-43 in 20 mM acetate buffer, pH 5.0, 5% (wt/vol)
PEG 8000, 2 mM TCEP, 25°C (to reach a final pH 6.0

after dilution), containing either 0 mM or 150 mM Nacl,
25°C (self-assembled protein).

5.4 | Induction of TDP-43 self-assembly
A TDP-43 sample was thawed and spun down at 18,000 g
for 15 min at 4°C to remove aggregated protein. Then,
the supernatant was concentrated with Amicon Ultra
500 pl centrifugal filter units with 10 kDa MWCO and
subjected to desalting through a Sephadex G15 resin col-
umn (Pharmacia Fine Chemicals). Protein concentration
was determined with NanoDrop One (Thermo Fisher Sci-
entific) and adjusted to 35 pM by dilution. TDP-43 self-
assembly was induced by diluting the protein down to
5 pM into aggregation trigger buffers (see table below),
following a previously proposed pH jump method® and
incubating the resulting TDP-43 samples under shaking
at 560 rpm on a TS-100 Thermo Shaker (Kisker) at 25°C
for 2 hr.

To investigate the conditions in which TDP-43 self-
assembles, we carried out a multiparametric and multidi-
mensional analysis, where 18 trigger buffers were
designed (see below). We chose 20 mM acetate buffer, pH
5.0, 0 mM, 50 mM, and 150 mM NaCl, 5% (wt/vol) PEG
8000, 2 mM TCEP, 25°C (to reach a final pH 6.0 after
dilution), as our three standard conditions and changed
the other parameters one by one, including pH, TDP-43
concentration, temperature, presence/absence of PEG
8000 and presence/absence of TCEP. TDP-43 self-
assembly was monitored with turbidimetry in all cases
and also with confocal microscopy and bright-field
microscopy in our three standard conditions.

The trigger buffers used here are:

1. 20 mM acetate buffer, pH 3.0, 0 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

2. 20 mM acetate buffer, pH 3.0, 50 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

3. 20 mM acetate buffer, pH 3.0, 150 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

4. 20 mM acetate buffer, pH 4.2, 0 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

5. 20 mM acetate buffer, pH 4.2, 50 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

6. 20 mM acetate buffer, pH 4.2, 150 mM NacCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

7. 20 mM acetate buffer, pH 5.0, 0 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

8. 20 mM acetate buffer, pH 5.0, 50 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

9. 20 mM acetate buffer, pH 5.0, 150 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP
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10. 20 mM mes buffer, pH 6.3, 0 mM NacCl, 5% (wt/vol)
PEG 8000, 2 mM TCEP

11. 20 mM mes buffer, pH 6.3, 50 mM NacCl, 5% (wt/vol)
PEG 8000, 2 mM TCEP

12. 20 mM mes buffer, pH 6.3, 150 mM NaCl, 5%
(wt/vol) PEG 8000, 2 mM TCEP

13. 20 mM acetate buffer, pH 5.0, 0 mM NaCl, 5%
(wt/vol) PEG 8000

14. 20 mM acetate buffer, pH 5.0, 50 mM NaCl, 5%
(wt/vol) PEG 8000

15. 20 mM acetate buffer, pH 5.0, 150 mM NacCl, 5%
(wt/vol) PEG 8000

16. 20 mM acetate buffer, pH 5.0, 0mM NaCl,
2 mM TCEP

17. 20 mM acetate buffer, pH 5.0, 50 mM NaCl,
2 mM TCEP

18. 20 mM acetate buffer, pH 5.0, 150 mM NaCl,
2 mM TCEP

5.5 | Confocal and bright-field
microscopy

Native TDP-43 (45pM) was labeled with TMR
(Invitrogen) in a 1:10 ratio (dye:protein) in buffer B QFF.
Self-assembly was induced in standard conditions, as
described above. Then, 5 pl of protein sample were spot-
ted at different time points (0, 5, 10, 60 min) onto a clean
microscope slide, covered with a 12 mm glass coverslip
and then visualized using a TCS SP8 scanning confocal
microscopy system (Leica Microsystems) equipped with
an argon laser source at 514 nm, under bright-field and
fluorescent modes. TMR was excited at 541 nm and fluo-
rescence emission was collected at 550-700 nm.

5.6 | STED microscopy

Native TDP-43 (45uM) was labeled with TMR
(Invitrogen) in a 1:10 ratio (dye: protein) in buffer B QFF,
as described above. Self-assembly was induced in stan-
dard conditions without any incubation time, and 40 pl
of the protein sample were spotted into a well of a p-Slide
18 well Glass Bottom sterilized plate (Ibidi GmbH). STED
xyz images (i.e., z-stacks acquired along three directions:
X, y, and z axes) of individual condensates were acquired
in bidirectional mode by using a SP8 STED 3X confocal
microscope (Leica Microsystems) equipped with the
Leica HC PL APO CS2 x100/1.40 oil White objective and
the HyD (hybrid detector). TMR was excited with a
550 nm tuned white light laser and emission collected at
564-599 nm. A series of optical sections (z-stacks) was
taken through the condensate depth; images were then
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deconvolved using the Huygens Professional software
version 18.04 (Scientific Volume Imaging B.V.), and the
maximum intensity projection of confocal z-stacks was
obtained by superimposition. 3D reconstructions and
depth coding profiles of deconvolved images were gener-
ated from the z-stacks using the Leica Application Suite
X (LAS X) software equipped with the 3D Projection Tool
(Leica Microsystems).

5.7 | FRAP measurements

Native TDP-43 (45 pM) was labeled with Alexa Fluor
488 (AAT Bioquest) in a 1:10 ratio (dye:protein) in buffer
B QFF. Self-assembly was induced in standard conditions
without any incubation time, and 40 pl of the protein
sample were spotted into a well of a p-Slide 18 well Glass
Bottom sterilized plate (Ibidi GmbH). The FRAP experi-
ment was performed using the LAS AF FRAP Applica-
tion Wizard on a Leica TCS SP8 x3 microscope equipped
with a Leica HC PL APO CS2 x100/1.40 oil White objec-
tive and the 488-nm laser, at a scan speed of 700 Hz. Two
pre-bleaching images were acquired, and photobleaching
was then performed in regions of interest (ROIs) at 100%
laser intensity for 15,58 s (twenty iterations). Fluores-
cence recovery was recorded every 5 s up to 145 s. Fluo-
rescence recovery values were normalized to pre-
bleaching fluorescence ones (taken as 100%).

5.8 | Turbidimetry

Turbidimetry was assessed using a Synergy H1 Microplate
Reader (BioTek), in no binding, chimney well, flat clear
bottom 96-well microplate (Greiner, Bio-One) with lid.
TDP-43 self-assembly was induced diluting directly the
protein sample into every single trigger buffer and then,
shaking in continuous way at 567 counts per min for 2 hr
at 25°C. Turbidity was detected every 13 s at 600 nm
(ODgpp) in kinetic mode. Turbidimetry measurements
were performed in triplicates for each sample and condi-
tion, blank subtracted and then averaged. Plots of turbidity
versus time were obtained by considering a window of
120 s for the first five points, a window of 600 s for the fol-
lowing four points and 1,800 s for the last two points, aver-
aging all values recorded within that window and
reporting a mean value centered in the same window.

59 | Far-UVCD

TDP-43 self-assembly was induced in standard conditions
as described above. Far-UV CD spectra were collected
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over the 200-260 nm wavelength range at 25°C using a
Jasco J-810 Spectropolarimeter equipped with a
thermostated cell holder attached to an Julabo 200F
water bath and a 1 mm pathlength quartz cuvette. Spec-
tra were averaged from eight scans, blank-subtracted and
normalized to mean residue ellipticity.

510 | ThT fluorescence

TDP-43 self-assembly was induced in standard condi-
tions as described above, with the addition of 25 pM
ThT. The resulting fluorescence was recorded at 25°C
from 450 to 600 nm, with excitation at 440 nm, an exci-
tation slit of 5 nm and an emission slit of 10 nm, and
using the Cary Eclipse spectrofluorometer (Agilent)
mentioned above. A small volume 3 x 3 mm quartz cell
was used.

5.11 | Statistical analysis

Data were expressed as means + SEM.
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