Staderini et al.
Cellular & Molecular Biology Letters (2024) 29:104
https://doi.org/10.1186/s11658-024-00615-4

: : e ®
Biophysical characterization of the phase i

Cellular & Molecular
Biology Letters

separation of TDP-43 devoid of the C-terminal

domain

Tommaso Staderini'?3, Alessandra Bigi', Clément Lagréve'#, Isabella Marzi', Francesco Bemporad' and

Fabrizio Chiti"

*Correspondence:
fabrizio.chiti@unifi.it

! Department of Experimental
and Clinical Biomedical Sciences
“Mario Serio, University

of Florence, 50134 Florence, Italy
2 Present Address: Department
of Chemistry “Ugo Schiff’,
University of Florence,

50019 Florence, Italy

3 Present Address: Magnetic
Resonance Center (CERM),
University of Florence, Sesto
Fiorentino, 50019 Florence, Italy
4 Present Address: Chimie
ParisTech-PSL, Ecole Nationale
Supérieur de Chimie de Paris,

11 rue Pierre et Marie Curie,
75231 Paris, France

Abstract

Background: Frontotemporal lobar degeneration with ubiquitin-positive inclusions
(FTLD-TDP), amyotrophic lateral sclerosis (ALS) and limbic-predominant age-related
TDP-43 encephalopathy (LATE) are associated with deposition of cytoplasmic inclu-
sions of TAR DNA-binding protein 43 (TDP-43) in neurons. One complexity of this
process lies in the ability of TDP-43 to form liquid-phase membraneless organelles

in cells. Previous work has shown that the recombinant, purified, prion-like domain
(PrLD) forms liquid droplets in vitro, but the behaviour of the complementary fragment
is uncertain.

Methods: We have purified such a construct without the PrLD (PrLD-less TDP-43)
and have induced its phase separation using a solution-jump method and an array
of biophysical technigues to study the morphology, state of matter and structure

of the TDP-43 assemblies.

Results: The fluorescent TMR-labelled protein construct, imaged using confocal

fluorescence, formed rapidly (< 1 min) round, homogeneous and 0.5-1.0 um wide
assemblies which then coalesced into larger, yet round, species. When labelled

with AlexaFluor488, they initially exhibited fluorescence recovery after photobleaching
(FRAP), showing a liquid behaviour distinct from full-length TDP-43 and similar to PrLD.
The protein molecules did not undergo major structural changes, as determined

with circular dichroism and intrinsic fluorescence spectroscopies. This process had a pH
and salt dependence distinct from those of full-length TDP-43 and its PrLD, which can
be rationalized on the grounds of electrostatic forces.

Conclusions: Similarly to PrLD, PrLD-less TDP-43 forms liquid droplets in vitro

through liquid-liquid phase separation (LLPS), unlike the full-length protein that rather
undergoes liquid—solid phase separation (LSPS). These results offer a rationale

of the complex electrostatic forces governing phase separation of full-length TDP-43
and its fragments. On the one hand, PrLD-less TDP-43 has a low pl and oppositively
charged domains, and LLPS is inhibited by salts, which attenuate inter-domain elec-
trostatic attractions. On the other hand, PrLD is positively charged due to a high
isoionic point (pl) and LLPS is therefore promoted by salts and pH increases as they
both reduce electrostatic repulsions. By contrast, full-length TDP-43 undergoes
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LSPS most favourably at its pl, with positive and negative salt dependences at lower
and higher pH, respectively, depending on whether repulsive or attractive forces domi-
nate, respectively.

Keywords: Liquid-liquid phase separation, LLPS, Liquid—solid phase separation, Self-
assembly, Motor neuron diseases, Electrostatics, RNA-binding proteins

Introduction

Amyotrophic lateral sclerosis (ALS), half of the cases of frontotemporal lobar degen-
eration (FTLD) and the recently discovered limbic-predominant age-related TDP-43
encephalopathy (LATE) are associated with a common histopathology based on the
presence of cytoplasmic inclusions of the nuclear TAR DNA-binding protein 43 (TDP-
43) in neurons and motoneurons of the central nervous system, accompanied by a con-
comitant disappearance of the soluble protein from the nucleus of the same cells [1-5].
The cytoplasmic inclusions are either diffuse/granular, skein-like or round in morphol-
ogy and the constituent TDP-43 protein molecules are polyubiquitinated, hyperphos-
phorylated, in part fragmented with a significant presence of C-terminal fragments,
acetylated, SUMOylated, citrullinated and monomethylated [1-3, 6—10], with frag-
mentation observed particularly in the brain and more rarely in the spinal cord in ALS
patients [11].

ALS and FTLD-TDP are characterized by a combination of loss-of-function (LOF),
originating from the impoverishment of functional TDP-43 in the nucleus, and a gain-
of-function (GOF), resulting from the formation of cytoplasmic TDP-43 assemblies
that act as saboteurs with consequent dysfunction of cellular activities [12-16]. TDP-43
inclusions are also frequently found in the brain of Parkinson disease [17], Alzheimer
disease [18], Huntington disease [19], Creutzfeldt-Jacob disease [20], chronic traumatic
encephalopathy [21] and others, indicating that this protein has a high propensity to
aggregate in a large spectrum of neurodegenerative conditions in which the proteostasis
network (PN) is compromised.

TDP-43 contains 414 amino acid residues and consists of an N-terminal domain
(NTD,_5), two RNA recognition motifs (RRM1,y4_;7¢ and RRM2,4;_559) and a C-ter-
minal domain (CTD,,,_4;4), also called low-complexity domain (LCD) or prion-like
domain (PrLD). This latter domain is intrinsically disordered with an amphipathic helix
spanning approximately amino acid residues 320-340 [22, 23], whereas the remaining
three domains are folded and their structures have been solved with X-ray crystallog-
raphy or nuclear magnetic resonance (NMR) spectroscopy [14, 24, 25]. The TDP-43
sequence also includes a nuclear localization signal (NLSg, o4) and a nuclear export sig-
nal (NES,39_,50), which allow the protein to shuttle between the nucleus and the cytosol,
although in non-pathological conditions the nuclear population is by far the most rep-
resented [26]. TDP-43 was first proposed to be dimeric through interactions involving
NTDs of two different molecules [27-31]. Later on, however, isolated NTDs, and con-
sequently full-length TDP-43 molecules, were found to form head-to-tail interactions
leading to a propagation of the functional oligomeric state well ahead of a dimer [24, 25].

The conversion of native, soluble, dimeric/oligomeric TDP-43 into pathologi-
cal, solid-phase inclusions is still an unclear process. One of the complexities of this
process is the ability of TDP-43 to form liquid droplets in cells in which TDP-43, as



Staderini et al. Cellular & Molecular Biology Letters (2024) 29:104 Page 3 of 23

well as other proteins and RNA molecules, adopt a liquid phase separated from the
bulk cytosolic solution, through a process known as liquid-liquid phase separation
(LLPS) [32-39]. Several nuclear and cytosolic membraneless organelles have been
shown to contain TDP-43 [39], including stress granules [32, 33], paraspeckles [34,
35], stress nuclear bodies [36], cytosolic droplets independent of stress granules [37]
and anisosomes [38]. Solid inclusions of TDP-43 have been observed to form within
cytosolic stress granules in a liquid-to-solid transition [37, 40], but have also been
observed to form independently of these liquid organelles [40—43].

To explore the mechanisms through which TDP-43 undergoes LLPS, several studies
have been carried out in vitro, using purified recombinant TDP-43 or its fragments.
To this aim, considerable effort has been expended using the purified PrLD, which
has been found, by many different investigators working independently of each other,
to form in vitro bona fide liquid droplets that have a round morphology, ability to
coalesce and the dynamic behaviour typical of liquids, as assessed with fluorescence
recovery after photobleaching (FRAP) [22, 23, 44-47]. By contrast, LLPS has not been
generally observed for the pure full-length protein, which has been found, again by
many different independent investigators and under different solution conditions, to
self-assemble rapidly into species unable to coalesce into larger round droplets and
exhibiting weak or no recovery of relative fluorescence intensity (RFI) after photo-
blaching [25, 48—52]. LLPS was observed only occasionally for pure full-length TDP-
43 and only when it was fused to large solubilizing protein tags, such as the small
ubiquitin-like modifier (SUMO) or the maltose-binding protein (MBP) [53]. However,
also in the presence of large tags, LLPS was not generally observed for the full-length
protein [25, 48, 49, 51]. Surprisingly, genuine LLPS was observed for a purified TDP-
43 construct containing the first three folded domains (residues 1-273) and devoid
of the PrLD, which was named PrLD-less TDP-43 [54]. Nevertheless, LLPS of this
three-domain construct has been studied only in one paper and was shown to have a
dependence on various solution parameters distinct from that observed for the PrLD
LLPS [54], therefore requiring experimental confirmation and a detailed multi-par-
ametric analysis of the solution conditions governing the LLPS process of this con-
struct. Moreover, a LLPS behaviour of PrLD-less TDP-43 in vitro is, in principle,
surprising following the presence and absence of the same behaviour in the PrLD of
TDP-43 and full-length protein, respectively.

Here, we have purified recombinant PrLD-less TDP-43 containing amino acid residues
1-260 and devoid of large tags and have studied its self-assembly using an array of bio-
physical techniques to study the morphology of the assemblies, their state of matter and
the structure of PrLD-less TDP-43 molecules adopted within them under different solu-
tion conditions. We will show that this protein construct forms round assemblies able
to coalesce with time into larger and still round assemblies and exhibiting significant
recovery of RFI after photobleaching in at least a fraction of them, showing a behaviour
distinct from full-length TDP-43 and more similar to the purified PrLD. We will also
show that the pH and salt dependence of LLPS of PrLD-less TDP-43 is distinct from that
of the TDP-43 PrLD and also from that found in liquid—solid phase separation (LSPS) of
the full-length protein, providing a rationale of the forces governing phase separation of
full-length TDP-43 and its two fragments.
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Materials and methods
PrLD-less TDP-43 cloning, expression and purification
We obtained the construct encoding PrLD-less TDP-43 starting from a pNic28-Bsa4
plasmid containing the sequence of full-length TDP-43 with a tag of six histidine resi-
dues at the N-terminus, using PCR and the QuikChange XL Site-Directed Mutagenesis
Kit (Agilent Technologies). Forward primer 5'-CGTTCATATATCCAATGCCTAACC
TAAGCACAATAGCAAT- '3 and reverse primer 5-ATTGCTATTGTGCTTAGGTTA
GGCATTGGATATATGAACG-'3, were used to introduce the stop codon at nucleotides
779-781 (corresponding to amino acid residue 261). The PCR product was quantified
with NanoDrop One (Thermo Fisher Scientific). The resulting pNIC28-Bsa4 plasmid,
coding for the PrLD-less TDP-43 sequence (residues 1-260), was transformed into
Escherichi coli NEB DH5a competent cells. The colonies were plated, cultured and the
plasmid was extracted and sequenced (BMR Genomics, Padua, Italy) to confirm the
presence of the desired stop codon.

Protein expression and purification was carried out as described previously [55] with
a few modifications. In brief, E. coli C41(DE3) cells (New England Biolabs) were trans-
formed with the plasmid, grown overnight at 37 °C in 20 g/L Luria—Bertani (LB) medium
containing 50 pg/mL kanamycin. Then, 25 mL of the resulting medium were diluted
into 1 L of fresh LB medium, supplemented with 50 pg/mL kanamycin and grown at
37 °C until ODg;, was 0.7. The culture medium was cooled down to 4 °C for 30 min
and expression of the protein was induced with 0.5 mM isopropyl f-D-1-thiogalatoside
(IPTG) at 18 °C overnight. Bacteria were then harvested at 6790g for 30 min at 4 °C,
resuspended in lysis buffer [50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 5 mM
imidazole, 1 mM phenylmethanesulfonyl fluoride (PMSF), 5 mM dithiothreitol (DTT)]
and then sonicated at 30 W and 20 kHz (6 cycles, 20 s on/off). The soluble protein was
recovered by centrifugation at 27,000¢ for 30 min at 4 °C and DNA was then precipitated
adding 10 mg/mL of streptomycin sulfate, under stirring at 4 °C, followed by a new cen-
trifugation at 27,000¢ for 30 min at 4 °C. The supernatant was loaded onto 10 mL of His-
Pur Ni-nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific) in a gravity flow
column pre-equilibrated with 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 5 mM
imidazole, 25 °C. The column was washed with the same buffer and two elution steps
were carried out with 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 75 mM imida-
zole, 5 mM DTT and the same buffer containing 250 mM imidazole, respectively. The
eluted protein sample was dialysed overnight at 4 °C to remove imidazole and the day
after it was diluted five times with 50 mM sodium phosphate, pH 8.0, 5 mM DTT, for
weak anionic ion exchange chromatography using a 5 mL HiTrap DEAE FF column pre-
equilibrated at 4 °C with the same buffer, with an Akta Pure 25L system (GE Healthcare).
The protein was eluted with a gradient step method using 50 mM sodium phosphate,
pH 8.0, 1 M NaCl, 5 mM DTT. The sample containing PrLD-less TDP-43 was concen-
trated at 4 °C using Amicon Ultra centrifugal filter units (Millipore Sigma) with 10 kDa
molecular weight cut-off (MWCO), down to around 10 mL and subjected to size exclu-
sion chromatography (SEC) using a Hi Load 26/60 Superdex 75 pg column (GE Health-
care) pre-equilibrated at 4 °C with 20 mM Tris—HCI, pH 8.0, 300 mM NaCl, 5 mM DTT.
The elution was carried out isocratically at a flow rate of 1.5 mL/min and the fractions
containing PrLD-less TDP-43 protein were merged, concentrated at 4 °C using Amicon
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Ultra centrifugal filter units with 10 kDa MWCO down to ca. 1-2 mL. The concentrated
sample (1.5-1.6 mg/mL) was finally stored at —20 °C in the same buffer used for size
exclusion chromatography (SEC), as described above.

Protein concentration was determined by optical absorption spectroscopy using a
molar extinction coefficient at 280 nm (g,g) of 28,420 M~! cm™". The final purified pro-
tein had the 22-residue stretch MHHHHHHSSGVDLGTENLYFQS at the N-terminus
before Metl, contained 282 residues and had a molecular weight (MW) of 32,053 Da.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were analysed by SDS-PAGE, using 4-20% (w/v) Mini-Protean TGX
Precast Polyacrylamide gels (Bio-Rad). Prior to electrophoresis, the protein samples
were concentrated by precipitation with cold acetone and the pellet dissolved in 30 uL
of 50 mM Tris—HCl, pH 8.0, 300 mM NacCl, and 10 pL of 4x sample buffer and boiled
for 5 min at 98 °C; 15 pL of each sample was subjected to the electrophoresis for ~1 h
at 150 V. Gels were stained with Coomassie brillant blue solution and destained with a
solution of ethanol and acetic acid.

Dynamic light scattering (DLS)

DLS analysis was performed with a Malvern Sizer Nano S DLS device (Malvern Panalyti-
cal), at 25 °C using a temperature controlled internal Peltier system. Size distribution was
determined using a disposable low volume cuvette (50 pL) in backscatter (173°) method.
Conditions were 43 pM PrLD-less TDP-43 in 20 mM Tris—HCI, pH 8.0, 300 mM NacCl,
5 mM DTT, 25 °C. Viscosity and refractive index were set on the instruments at 0.9494
cp and 1.335, respectively.

Size exclusion chromatography (SEC)

SEC was carried out using a Superdex 200 Increase 10/300 GL column (GE Healthcare)
equilibrated with 20 mM Tris—HCI, pH 8.0, 300 mM NaCl, 5 mM DTT, at 4 °C and
an Akta Pure 25L system. PrLD-less TDP-43 and standard samples with known MW,
such as apoferritin (443 kDa), bovine serum albumin in monomeric form (66 kDa) and
dimeric form (132 kDa), carbonic anhydrase (29 kDa) and lysozyme (14.4 kDa), were
solubilized in the same buffer of PrLD-less TDP-43 and then loaded in volumes of
100 pL each. Elution volumes (V,) were taken as the volumes of buffer passed through
the column between sample injection and attainment of highest absorbance. A plot of
log[MW] versus V, was obtained with the five standard data points and fitted to a linear
regression curve. The V, measured for PrLD-less TDP-43 (injected at 15.6 M) was then
interpolated into the resulting standard curve (y axis) to obtain the corresponding MW
value (x axis), according to the previously described method [56], which is widely used
to discriminate dimers from monomers of proteins of interest [57—59].

Differential scanning fluorimetry (DSF)

DSF was performed using a 7500 Real-Time PCR machine (Bio-Rad CFX) by selecting
the fluorescein amidite filter. Then, 49 pL of 40 uM PrLD-less TDP-43 was mixed with
1 pL of Sypro Orange dye 250x (Thermo Fisher Scientific). 45 uL of protein—dye solution
were dropped off (15 pL per well) in a MicroAmp Fast Optical 96-well reaction plate,
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sealed with a MicroAmp adhesive film (Thermo Fisher Scientific). The samples were
heated with a ramp speed, consisting of a 2 min pause at 25 °C, followed by a gradient
temperature of 1 °C until 95 °C. The curve was obtained by plotting Sypro Orange fluo-
rescence versus temperature and averaging over three curves. The resulting curve was
converted into its first derivative to get the apparent melting temperature as a positive
peak.

Induction of PrLD-less TDP-43 self-assembly

A PrLD-less TDP-43 sample was thawed and spun down at 18,000g, 4 °C, for 15 min
to remove possible aggregates. The supernatant was concentrated with Amicon Ultra
0.5 mL centrifugal filter units with 10 kDa MWCO and desalted with a Sephadex G15
resin column (Pharmacia Fine Chemicals) in 20 mM Tris—HCI, pH 8.0. Protein con-
centration was determined with NanoDrop One and adjusted to 10 pM by dilution
in 20 mM Tris—HCI, pH 8.0. Protein self-assembly was induced by diluting the pro-
tein 1:1 into 10 mM acetate buffer, pH 5.0, 10% (w/v) poly(ethylene glycol) 8000 (PEG
8000), 2 mM Tris(2-carboxyethyl)phosphine (TCEP), 25 °C, containing either 0 mM or
300 mM NacCl (final conditions were 5 uM PrLD-less TDP-43, pH 5.5, 0 mM or 150 mM
NaCl, 5% (w/v) PEG 8000, 1 mM TCEP, 25 °C) and incubating the resulting PrLD-less
TDP-43 sample under shaking at 560 rpm on a TS-100 Thermo Shaker at 25 °C for 2 h.
To investigate the effects of the solution conditions on PrLD-less TDP-43 self-assem-
bly, a multi-parametric analysis was carried out, where 24 phase separation buffers were
designed as subtle variations of our standard conditions reported above, in which pH,
NaCl and percentage (w/v) of PEG 8000 were varied one by one, as indicated.

Confocal fluorescence microscopy

A PrLD-less TDP-43 sample was thawed and spun down at 18,000g, 4 °C, for 15 min to
remove possible aggregates. It was then labelled (40 uM) at 4 °C overnight or at room
temperature for 2 h in the dark on a mechanical shaker with tetramethylrhodamine-
5-maleimide (TMR) (Invitrogen) in a dye:protein ratio of 1:10, using the same buffer in
which the protein was initially stored (20 mM Tris—HC], pH 8.0, 300 mM NaCl, 5 mM
DTT). The sample was then concentrated, desalted, diluted and treated to induce self-
assembly as described in the previous section [final conditions were 5 uM PrLD-less
TDP-43, pH 5.5, 0 mM or 150 mM NaCl, 5% (w/v) PEG 8000, 1 mM TCEP, 25 °C]. An
aliquot was also concentrated, desalted and diluted to maintain it in a native state with-
out phase separation (final conditions were 5 uM PrLD-less TDP-43, 20 mM Tris—HCI,
pH 8.0, 25 °C). Then, 5 pL of protein samples were spotted at different timepoints (0,
5, 10, 60 min) onto a clean microscope slide, covered with a 12 mm glass coverslip and
visualized using a TCS SP8 scanning confocal fluorescence microscopy system (Leica
Microsystems) equipped with an argon laser source at 514 nm. TMR was excited at
514 nm and fluorescence emission was collected at 550—-700 nm.

Fluorescence recovery after photo-bleaching (FRAP)

A PrLD-less TDP-43 sample was thawed and spun down at 18,000g, 4 °C, for 15 min to
remove possible aggregates. It was then labelled (40 uM) in the dark at 4 °C overnight on
a mechanical shaker with Alexa Fluor 488 (AAT Bioquest) in a 1:10 ratio (dye:protein)
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in the same buffer in which the protein was initially stored (20 mM Tris—HCI, pH 8.0,
300 mM NaCl, 5 mM DTT). After labelling, non-reacted dye was removed by passing
the reaction mixture through a Sephadex G15 resin column. The sample was treated
to induce self-assembly as described in the previous section 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 experiment was performed using the LAS AF FRAP Application
Wizard on a Leica TCS SP8 3X microscope equipped with a Leica HC PL APO CS2
100x/1.40 oil white objective and the 488-nm laser, as reported previously [52]. Briefly,
the experiment involved two pre-bleaching frames, and photobleaching was then per-
formed in regions of interest (ROIs) at 100% laser intensity for 15.6 s (20 iterations, one
frame every 0.78 s). Fluorescence recovery was recorded over a period of 145 s (one
frame every 5 s) at 2.1% laser intensity to avoid unintentional photobleaching over the
post-bleach period. To optimize the scan speed, images were acquired at a speed of
700 Hz in bidirectional mode. The FRAP experiment was conducted for a maximum of
20 min from solution jump, then the sample was prepared again.

The relative fluorescence intensity (RFI) was reported from a value of 0.0 (minimal
post-bleaching intensity) to a value of 1.0 (pre-bleaching intensity) and plotted versus
the time elapsed after the end of bleaching (taken as time 0 s), and the resulting kinetic
plots were analysed with a procedure of best fitting using a double exponential function
of the form:

RFI(t) = RFI(GQ) _Afastexp(_kfastt) _Aslowexp (_kslowt) (1)

where RFI(?) is the relative fluorescence intensity at time ¢, RFI(eq) is the relative fluores-

cence intensity at the apparent equilibrium (time oo), Ag, and Ay, are the amplitudes

slow
of the fast and slow exponential fluorescence changes, respectively, and k, and kg, are

the fast and slow rate constants, respectively, expressed in s~

Turbidimetry

Turbidimetry was assessed using an ultrafast Synergy H1 plate reader (BioTek), in non-
binding, chimney style, flat clear bottom 96-well microplates with lid (Greiner, Bio-One).
PrLD-less TDP-43 self-assemblies were induced under various experimental conditions,
as described above, shaking in continuous way at 567 counts per min for 2 h at 25 °C.
The turbidity was detected every 13 s at 600 nm (ODg,). The measurements were per-
formed in triplicates (n=3) for each sample and condition, 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 following four points and 1800 s for the
last two points, averaging all values recorded within that window and reporting a mean

value centered in the same window.

Far-UV circular dichroism (CD) spectroscopy

Far-UV CD spectra were recorded for native and unfolded purified PrLD-less TDP-43
to determine their secondary structures. Conditions were 3.5 uM PrLD-less TDP-43, in
20 mM Tris—HCI, pH 8.0, 300 mM NacCl, 5 mM DTT, 25 °C for the native state and
3.5 uM PrD-Less TDP-43, in 20 mM Tris—HCI, pH 8, 8 M urea, 25 °C for the unfolded
state. The unfolded spectrum was recorded until 212 nm due to the high tension (HT)
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voltage at lower wavelengths. Far-UV CD spectra were also recorded from 260 to 200
nm on PrLD-less TDP-43 during self-assembly. Final sample conditions were as reported
above in the dedicated subsection. Spectra were recorded using a Jasco J-810 Spectropo-
larimeter equipped with a thermostated cell holder attached to a Julabo 200F water bath
and using 1 mm pathlength quartz cuvettes (Hellma). Spectra were averaged from eight
scans, blank-subtracted and normalized to mean residue ellipticity.

Intrinsic fluorescence spectroscopy

Intrinsic fluorescence spectra were recorded for native and unfolded purified PrLD-less
TDP-43 to determine their structures in terms of tryptophan chemical environment.
Conditions were 3.5 uM PrLD-less TDP-43, in 20 mM Tris—HCI, pH 8.0, 300 mM NaCl,
5 mM DTT, 25 °C for the native state and 3.5 uM PrD-Less TDP-43, in 20 mM Tris—
HCI, pH 8, 8 M urea, 25 °C for the unfolded state. Intrinsic fluorescence spectra were
also recorded on PrLD-less TDP-43 during self-assembly. Final sample conditions were
the same as reported above in the dedicated subsection. Spectra were recorded using a
Cary Eclipse spectrofluorometer (Agilent Technologies) equipped with a thermostated
cell holder attached to an Agilent PCB 1500 water Peltier system, from 290 to 500 nm
at 280 nm excitation, using a 10 x 2 mm quartz cuvette (Hellma) for the native and
unfolded PrLD-less TDP-43 samples and a 3 x 3 small volume quartz cuvette (Hellma)
for the self-assembled PrLD-less TDP-43 experiments. Excitation and emission slits

were 5 nm in both cases.

Results

PrLD-less TDP-43 is pure and folded

The gene coding for PrLD-less TDP-43 (residues 1-260 plus a His-tag at the N-termi-
nus) was subcloned into a pNIC28-Bsa4 plasmid, recombinantly expressed in E. coli
C41(DE3) cells and purified as described in the Materials and methods section. The final
conditions of the purified protein construct were 20 mM Tris—HCI, pH 8.0, 300 mM
NaCl, 5 mM DTT. The domain composition of PrLD-less TDP-43, along with posi-
tions of cysteine residues used for labelling and tyrosine/tryptophan residues detected
with fluorimetry, are reported in Fig. S1. The six cysteine residues, two per domain, are
reduced in the native protein and kept reduced in our experiments with DTT or TCEP
(Fig. S1). The protein harbours seven tyrosine residues, with four, two and one located in
the NTD, RRM1 and RRM2, respectively. One tryptophan is in the NTD and two other
in the RRM1 (Fig. S1). All of them are at least partially buried in the hydrophobic core,
causing a red-shift of their intrinsic fluorescence upon unfolding.

Prior to the analysis, the protein was checked for high purity, proper fold and size.
SDS—PAGE revealed a single, highly intense band with a MW of ~32 kDa, in agreement
with the expected theoretical MW of 32.053 kDa (Fig. S2A). Analytical SEC showed a
main peak with an elution volume of 14.8 mL (Fig. S2B). By plotting this value into a
calibration curve obtained with apoferritin, bovin serum albumin in monomeric and
dimeric forms, carbonic anhydrase and lysozyme, which are proteins of known MW, the
MW of PrLD-less TDP-43 was found to be ~63.8 kDa, close to the theoretical MW of
a construct of this size with dimeric fold, that is 64.106 kDa (Fig. S2B). However, given
the complex relationship between elution volume, protein molecular weight and protein
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geometry, we cannot exclude that the peak arises from a monomer or higher order
oligomer.

DLS analysis showed the presence of a single peak with an apparent hydrodynamic
diameter (D) of 79+4 A (Fig. S2C). The expected D,, values for a TDP-43 construct
of this size (282 residues) and containing three folded domains of known diameter, are
54.4 A, 72.5 A and >100 A for monomeric, dimeric and higher-order oligomeric forms,
respectively, as determined using the previously described approach based on DLS the-
ory [60]. In particular, any hypothetical spatial arrangement of the three folded domains
in a monomer would lead to a D, value lower than 79 +4 A. The DLS analysis, therefore,
indicates that PrLD-less TDP-43 is mainly a dimer. Large aggregates were not detectable
with SEC and DLS, indicating that they were absent (Fig. S2B,C).

The far-UV CD spectrum showed a minimum at 208 nm and a shoulder at 222 nm,
suggesting the presence of a significant a-helical structure (Fig. S2D). The spectrum did
not exclude the presence of B-sheet content, not quite for the presence of a minimum in
the 215-220 nm range, that is likely obscured by the a-helical contribution, but because
of a positive peak closer to the peak expected for -sheet (196 nm) than for a-helix
(192 nm), as previously reported [61]. This spectrum is consistent with the presence
of a-helices and f-sheets in all three NTD, RRM1 and RRM2 domains [14, 24, 25, 62].
The spectrum shown here is fully consistent with that shown previously for the same
TDP-43 construct [61, 63] and significantly different from that shown previously for full-
length TDP-43, which showed a less negative and more negative mean residue elliptic-
ity at 208-230 nm and 190-205 nm, respectively [60], in agreement with the additional
presence of the extended PrLD and, consequently, a higher fraction of disordered sec-
ondary structure.

The intrinsic fluorescence spectrum showed a single but broad peak in the range of
330-350 nm, with the maximum value at 340 nm (Fig. S2E), indicating that the protein
is folded, as tryptophan residues of folded and unstructured proteins have maxima of
fluorescence emission at 320—345 nm and 350-357 nm, respectively [64]. Moreover, the
DSF technique, which allows the sensitive assessment of protein stability and folding,
revealed a curve with an evident structural transition and an apparent melting tempera-
ture (7,,) of 48.5 °C, confirming that purified native PrLD-less TDP-43 is folded and sta-
ble at temperature values lower than the T, (Fig. S2F).

Hence, the data confirmed the purity, proper folding and dimeric structure of PrLD-
less TDP-43.

PrLD-less TDP-43 assemblies were round and coalesced with time

To assess the propensity of PrLD-less TDP-43 to phase separate in vitro and examine
the size and morphology of its assemblies, the native protein sample was first labelled
with TMR in 1:10 molar ratio (dye:protein), so that only one-tenth of the protein mol-
ecules were labelled in the sample. Confocal fluorescence images of PrLD-less TDP-43-
TMR under native conditions (5 uM PrLD-less TDP-43-TMR, 20 mM Tris—HC], pH 8.0,
25 °C) showed a diffused red fluorescence signal, indicating the absence of assemblies
or aggregates (Fig. 1, left images). The protein was then incubated under final condi-
tions that promoted PrLD-less TDP-43 self-assembly: 5 pM PrLD-less TDP-43-TMR,
pH 5.5, 0 mM or 150 mM NaCl, 5% (w/v) PEG 8000, 1 mM TCEDP, 25 °C (see Materials
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Fig. 1 Confocal fluorescence microscopy images of PrLD-less TDP-43 assemblies. Representative confocal
fluorescence images of PrLD-less TDP-43-TMR during self-assembly in 0 mM NaCl (A) and 150 mM NaCl (B).
In the second and third rows, higher magnifications of the confocal fluorescence images are shown in the
coloured boxed areas. The isolated images on the left were acquired with native PrLD-less TDP-43-TMR under
conditions that do not promote phase separation

and methods for more details). The term ‘phase separation’ is used here to mean the

conversion of the protein from its soluble state into self-assemblies, regardless of their

solid or liquid state of matter, referring to the generic term including both liquid-liquid

and liquid—solid phase separations, as theorized previously [65].

Early confocal fluorescence images acquired at 0 min in both 0 mM and 150 mM
NaCl revealed that PrLD-less TDP-43 phase separated rapidly with formation of round-
shaped assemblies with a size of ~0.5-1.0 um (Fig. 1). The diffuse fluorescence signal

previously observed under native conditions was no longer visible in the background in
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both conditions, indicating that TMR-labelled PrLD-less TDP-43 completely partitioned
into the assemblies. This is particularly evident with a quantification of the background
fluorescence emissions before and after the solution changes (Fig. S3). At later time-
points, protein condensates maintained approximately, in both conditions, their round-
shaped morphology, but appeared progressively larger at 5 min, 10 min and 60 min, up
to ~2 um of diameter (Fig. 1). Moreover, their density decreased progressively with time,
again at both salt concentrations (Fig. 1). These observations indicate that the small
assemblies formed early coalesce together to form larger droplets. Most importantly,
the late assemblies diverged from those imaged in this laboratory for full-length TDP-
43 under identical conditions of solution, labelling and protein concentration, which
appeared to cluster together into large irregular species without coalescing [52]. They
also diverged from those imaged in other laboratories for full-length TDP-43 under sim-
ilar conditions, with the individual spherical species assembling together in chain-like
species or in a more disordered fashion [25, 48, 49, 51]. Interestingly, during the time
course, the species formed in 0 mM NaCl appeared slightly larger than in 150 mM NaCl,
suggesting that droplet formation and further fusion is facilitated at low ionic strength,
unlike full-length TDP-43 [49, 52, 53] and the isolated PrLD [22, 23, 45-47].

A few PrLD-less TDP-43 assemblies had large fluorescence recovery after photobleaching

To investigate the molecular dynamics of the observed droplets, we set up FRAP exper-
iments on PrLD-less TDP-43 labelled with 1:10 (dye:protein) Alexa Fluor 488 (PrLD-
less TDP-43-Alexa488). Protein phase separation was again induced diluting PrLD-less
TDP-43 down to 5 uM in our standard buffer at 150 mM NaCl, as reported in Materi-
als and methods section. Most of the initial condensates at 0 min before FRAP (pre-
bleaching) had sizes of 0.5-1.0 um, with some assemblies starting to interact, reaching a
diameter of ~2.0-2.5 pm. A population of larger assemblies (~4.0—4.5 um) with a non-
perfect rounded shape, probably arising from an incomplete coalescence of the initial

145 s 11

Pre-Bleach

0s
) m

Relative fluorescence intensity
-
2

condensates, appeared 10—15 min after phase separation and was subjected to FRAP
0 r—T—T—T71T 7T T7 T
<20 0 20 40 60 80 100 120 140 160 180 200

30s
Time (s)

Fig. 2 FRAP of PrLD-less TDP-43 assemblies. Representative confocal fluorescence images of 5 uM PrLD-less
TDP-43 labelled with Alexa-488 during self-assembly in 150 mM NaCl, and recorded at time 0 min, as in Fig. 1.
The figure shows, in particular, representative images from FRAP experiments on two distinct classes of
assembilies (top and bottom panels, respectively). Relative fluorescence intensity (RFI) after photobleaching
was plotted over time for 3 distinct assemblies (n = 3) of each class which were averaged (red and green
curves, respectively). Fluorescence values were normalized to pre-bleach fluorescence values (taken as 1.0)
and to post-bleach fluorescence values (taken as 0.0). Error bars: SEM. The red continuous line represents

the best fit of experimental data to the double exponential equation (Eq. 1) described in the Materials and
methods section
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experiments (Fig. 2, top panel). The time course of relative fluorescence intensity (RFI)
fits well to a double exponential function (Eq. 1). The quantitative analysis showed a sig-
nificant recovery of RFI (Fig. 2, red curve), indicating that these assemblies possessed
liquid characteristics. The fitting analysis revealed a fast recovery phase having a rate
constant (k) of ca. 0.09 s™! followed by a second slower one whose rate constant (k)
was ca. 0.009 s—* (Fig. 2, red curve). The previously described smaller condensates were
also analysed by FRAP (Fig. 2, bottom panel), revealing a low increase of RFI (Fig. 2,
green curve), which suggests a low mobility of the PrLD-less TDP-43 molecules inside
the assemblies, that is partially due to their weak interaction with the well surface, indi-
rectly favoured by the small size. Even the largest assemblies that undergo fluorescence
recovery more efficiently had a few small round assemblies around them that appeared
unable to coalesce, suggesting a reduced mobility for these species.

PrLD-less TDP-43 assemblies caused turbidity in the absence of large structural changes
PrLD-less TDP-43 self-assembly was triggered by incubating the unlabelled protein
under final conditions of 5 uM PrLD-less TDP-43, pH 5.5, 0 mM or 150 mM NaCl, 5%
(w/v) PEG 8000, 1 mM TCEP, 25 °C (see the Materials and methods for more details)
and the process was monitored with turbidimetry, intrinsic fluorescence and far-UV CD.
At both salt concentrations, the turbidity time course (ODy,) showed a very small,
yet significant, increase after dilution, with a slight increase of ODy, values after
5-10 min in 0 mM NaCl, which instead was present to a lower extent in 150 mM
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Fig. 3 Spectroscopic characterization of PrLD-less TDP-43 self-assembly in O mM NaCl. A Time course of
PrL.D-less TDP-43 self-assembly monitored with turbidimetry under native (red) and self-assembly promoting
(black) conditions. The number of replicates was 3 (n=3). Error bars: SEM. The dashed line indicates the
threshold of turbidimetry above which the signal is significantly high to indicate visible phase separation.
B Far-UV CD spectra of PrLD-less TDP-43 during self-assembly at the indicated time points. The spectrum
of native PrLD-less TDP-43 is also shown. C Intrinsic Trp fluorescence spectra of PrLD-less TDP-43 during
self-assembly at the indicated time points. The spectrum of native PrLD-less TDP-43 is also shown

Page 12 of 23



Staderini et al. Cellular & Molecular Biology Letters (2024) 29:104 Page 13 of 23

NaCl (Fig. 3A, Fig. S4A). This was perceivable by significant scattering above the
threshold of turbidimetry indicating the presence of heterogeneous solution. As time
elapsed, a further increase of turbidity was detected at both NaCl concentrations,
suggesting the formation of bigger assemblies (Fig. 3A, Fig. S4A). However, this later
increase was again higher in the absence of salts than in 150 mM NaCl, confirming
the confocal fluorescence images showing larger assemblies in the former condition.
Considering both turbidimetry and confocal microscopy time course data, PrLD-less
TDP-43 phase separated rapidly and formed small species at 0 min (Figs. 1A, B, 3A,
Fig. S4A). These species then increased in size without forming the large species that
make the solution less cloudy; thus, no decrease in turbidity values was detected,
which indeed increased further (Figs. 1A, B, 3A, Fig. S4A). These time courses were
in sharp contrast with those detected for full-length TDP-43 using the same experi-
mental conditions and apparatus, in which a first increase of ODy,, corresponding
to the formation of the small spherical assemblies, was followed by a second slower
decrease (down to small ODg, values), which was associated with formation of the
large non-spherical aggregates with irregular structure and absence of coalescence
[52]. Moreover, the differences in turbidity values during the time courses (smaller
for PrLD-less TDP-43) supported the information obtained with fluorescence micros-
copy and FRAP experiments, suggesting a probably different state of matter of PrLD-
less TDP-43 assemblies. Indeed, they could be soluble in the medium due to their
liquid-like state that could scatter light weaker than the gel-like assemblies of full-
length TDP-43.

The far-UV CD spectra, recorded immediately after dilution (0 min) in both 0 mM
and 150 mM NacCl, showed the absence of major secondary structural changes rela-
tive to native PrLD-less TDP-43, as indicated by the persistent negative minima at
222 nm and 208 nm and by the very similar spectra relative to that of native PrLD-
less TDP-43 (Fig. 3B, Fig. S4B). As the incubation time elapsed, a slight reduction of
the a-helical signals revealed the tendency of the protein to lose partially its initial
secondary structures, but without showing any blue shift, typical of a slight grow-
ing contribution of the random coil content (Fig. 3B, Fig. S4B). This structural read-
justment could be due to the constraints of a high number of protein molecules in a
small portion of space, but could also indicate absorption flattening originating from
self-assembly, a phenomenon that is more evident in 0 mM NaCl (Fig. 3B, Fig. S4B),
where more numerous and slightly larger droplets were present (Fig. 1A, B). At the
end of the incubation time, especially in 150 mM NaCl, PrLD-less TDP-43 did not
show major secondary structure rearrangements within the droplets (Fig. 3B, Fig.
S4B), unlike the full-length protein previously studied [52].

The intrinsic Trp fluorescence spectra of PrLD-less TDP-43 were in agreement with
the far-UV CD analysis, since no appreciable shifts were detected for the wavelength
of maximum emission, at both NaCl concentrations, compared to the native non-
phase separated protein (Fig. 3C, Fig. S4C). Indeed, a major persistent peak at ~340-
345 nm was appreciable, with a subtle reduction and increase of signal in 0 mM and
150 mM NaCl, respectively. This evidence suggests that the protein did not undergo
major structural rearrangements that led to changes of the burial degree of Trp
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residues within hydrophobic portions of the individual protein molecules (Fig. 3C,
Fig. $4C).

Multi-parametric dependence of PrLD-less self-assembly

Self-assembly of PrLD-less TDP-43 was studied as a function of time, using turbidimetry
as an optical probe, and changing NaCl concentration, PEG 8000 concentration, and pH,
one by one, while keeping the other parameters constant. Temperature, protein concen-
tration and reducing conditions were constant for all turbidimetry time courses. Condi-
tions were 5 uM PrLD-less TDP-43, 1 mM TCEP, 25 °C, with NaCl concentrations of 0,
50, 150, 300 mM, PEG 8000 concentrations of 0.0, 2.5, 5.0, 8.0% (w/v) and final pH values
of 4.0, 5.5 and 7.0. At pH 5.5, corresponding to the isoionic point (pI) of PrLD-less TDP-
43, the various turbidity time courses showed a higher degree of self-assembly (perceiv-
able by significant scattering above the threshold of turbidimetry indicating the presence
of heterogeneous solution) with the increase of PEG 8000 concentration and with the
decrease of NaCl concentration, except at 0% (w/v) PEG 8000 (Fig. 4A-D). Indeed, in
the absence of PEG 8000, an increment of salt concentration induced an increase of
the ODg, values. Interestingly, at the two highest salt concentrations of 150 mM and
300 mM, particularly the latter, the time course in 0% (w/v) PEG 8000 showed a rapid
increase of ODyy, after 10 min, followed by a continuous increase but with a lower rate
than the first phase, whereas at other PEG 8000 concentrations, the time courses showed
a slight increase after 25—-30 min, followed by a plateau phase (Fig. 4).

The dependence of PrLD-less TDP-43 self-assembly on pH is more complex, yet more
informative on the electrostatic forces governing LLPS of this protein construct. Tur-
bidity time courses were recorded at pH 4.0, 5.5 and 7.0, in all cases at the two repre-
sentative NaCl concentrations of 0 and 150 mM. Other conditions were 5 pM PrLD-less
TDP-43, 1 mM TCEP, 5.0% (w/v) PEG 8000, 25 °C. PrLD-less TDP-43 self-assembly
appeared to be strongly induced at acidic and neutral pH at both NaCl concentrations,
as indicated by a remarakble scattering increase over the threshold and arising from the
presence of heterophase solution. Moreover, at pH 4.0, which is below the pI of PrLD-
less TDP-43, NaCl was found to promote, rather than inhibiting, LLPS of this protein
construct, whereas at pH 7.0, above the pI, NaCl was found to inhibit LLPS, similarly to
pH 5.5 (Fig. 4E, F).

Discussion

PrLD-less TDP-43 undergoes LLPS, unlike the full-length protein

In this report, pure PrLD-less TDP-43 was shown to undergo LLPS under our stand-
ard explored conditions (5 uM PrLD-less TDP-43, pH 5.5, 0 mM or 150 mM NacCl, 5%
(w/v) PEG 8000, 1 mM TCEP, 25 °C). To be classified as liquid droplets, the assem-
blies need to satisfy three main criteria: (i) spherical shape, (ii) ability to fuse and (iii)
rapid molecular rearrangement [66]. The initial assemblies were round in shape, had
a diameter of 0.5-1.0 um, increased in size and decreased in density as time elapsed,
while maintaining their round shape, suggesting they consisted of liquid droplets that
fused together with time. Some of the droplets underwent a recovery of RFI after
photobleaching to a remarkable extent. RFI recovery was observed mainly in the large
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Fig. 4 Multi-parametric dependence of PrlLD-less TDP-43 self-assembly monitored by turbidimetry. A-D
Fixed parameters were 5 uM PrLD-less TDP-43, pH 5.5, 1 mM TCEP, 25 °C. Final NaCl concentrations were 0 mM
(A), 50 mM (B), 150 mM (C) and 300 mM (D), each containing 0% (w/v) PEG 8000 (black), 2.5% (w/v) PEG 8000
(red), 5% (w/v) PEG 8000 (blue) or 8% (w/v) PEG 8000 (pink), as indicated in each graph. The native protein
was in 20 mM Tris—-HCl, pH 8.0 (green). E-F Fixed parameters were 5 uM PrLD-less TDP-43, 5% (w/v) PEG 8000,
1 mMTCEP, 25 °C, at a final pH of 4.0 (E) or 7.0 (F). In all panels, final NaCl concentrations were 0 mM (solid
line) or 150 mM (dash-dotted line), as indicated in each graph. The number of replicates was 3 (n = 3). Error
bars: SEM. The dashed line indicates the threshold of turbidimetry above which the signal is significantly high
to indicate visible phase separation

droplets that had increased in size more extensively, probably due to their liquid state.
Some of the assemblies, particularly the small ones, did not have a considerable RFI
recovery, indicating a rather gel-like phase. Even the largest assemblies undergoing
RFI recovery had a few small round assemblies around them that appeared unable
to coalesce, suggesting a rapid transition from liquid to gel-like phase. The CD and
intrinsic fluorescence spectra recorded for the droplet-containing sample were sim-
ilar to those recorded for the soluble protein before self-assembly, ruling out the
occurrence of major structural changes during droplet formation for the protein mol-
ecules. Hence, in our experimental settings, PrLD-less TDP-43 assemblies seem to
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comply with the three main criteria of liquid droplets, in agreement with previous
data obtained for the same construct but under different conditions [54].

The results obtained here for PrLD-less TDP-43 are different from those previously
obtained in our laboratory for the full-length protein under very similar conditions
and with the same experimental apparatus [52]. The condensates of full-length TDP-43
appeared nearly spherical, but did not coalesce and showed limited RFI recovery [52].
In addition, when monitored with turbidimetry, full-length TDP-43 phase separated
in a different manner relative to the PrLD-less protein, due to the presence a second
exponential phase of turbidity decay corresponding to the formation of larger irregular
assemblies that are not formed with the PrLD-less variant.

Comparison between PrLD-less, PrLD and full-length TDP-43 sheds light

on the fundamentals of phase separation of TDP-43

The observation that PrLD-less TDP-43 undergoes genuine LLPS, and that it does so
with the negative salt dependence observed here at a pH value close to its pI and previ-
ously at neutral pH [54], has implications for elucidating the behaviour of the full-length
protein, as well. To better discuss this point, we report a scheme with the domain com-
positions, pls and net charge at neutral pH (red for negative and blue for positive net
charge) for PrLD-less TDP-43, the isolated PrLD and the full-length protein (Fig. 5A).
Results on PrLD-less and full-length proteins were obtained in the same laboratory and
with the same experimental apparatus and all results summarized in the figure were
obtained by multiple investigators as reported in the associated references below, which
makes the comparison solid.

LLPS was observed by different investigators working independently of each other for
both pure PrLD-less TDP-43 (this work and previously [54]) and pure TDP-43 PrLD
[22, 23, 44—47], in all cases observing round and coalescing droplets with high recovery
of RFI after photobleaching (Fig. 5B). However, the pH and salt dependences of LLPS
for the two protein constructs were found to be different (Fig. 5C). LLPS of the isolated
PrLD is promoted by high salt concentrations and becomes more favourable as the pH
increases, at least up to 9.0 [23, 45—47]. This has been attributed to the high pI of 9.98
(or 11.62 with the His-tag) for this domain and to the ability of pH values around 9.0 and
salts to partially shield the electrostatic repulsions between different PrLD molecules in
the droplets [23, 45—47], as shown schematically in Fig. 5D.

By contrast, LLPS of PrLD-less TDP-43 is promoted by salts, but only at acidic pH values
lower than its pI of 5.59, as observed here (Fig. 5C). At pH values close or higher than the
pl of 5.59, LLPS of PrLD-less TDP-43 is inhibited, rather than promoted, as the salt con-
centration increases (Fig. 5C), as observed here and previously [54]. This indicates that at
neutral pH, LLPS of this protein construct is promoted by electrostatic attractions rather
than inhibited by electrostatic repulsions (Fig. 5D). This evidence has a rationale in the
argument that LLPS of this construct is driven by the two RRM1 and RRM2 domains and
that the NTD domain acts as an enhancing factor due to its oligomerization ability [54].
Indeed, the isolated NTD forms oligomers and then fibrils without unfolding, but not drop-
lets [54], similarly to other globular proteins [67, 68]. An LLPS mainly driven by the RRM1
and RRM2 domains is likely to involve, among other driving forces, electrostatic attrac-
tions between these two domains that have pls of 8.66 and 4.54, respectively, and, therefore,
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opposite net charges at both the pH of 5.5 and 7.0 studied here and at pH of 7.5 studied
previously [54]. Moreover, the LLPS-enhancing factor represented by the folded N'TD also
dimerizes and oligomerizes through end-to-tail interactions between surface portions with
opposite charges [24, 25]. This explains why PrLD-less TDP-43 LLPS occurs more effi-
ciently in the absence of salts when electrostatic attractions are maximized (Fig. 5D). At pH
4.0, all three domains of PrLD-less TDP-43 are positively charged and LLPS is promoted
by NaCl, which acts as a shielding factor of the electrostatic repulsions between PrLD-less
molecules, as this is the case for the isolated PrLD at all pH values.

What about the full-length protein? First, for the reasons discussed in the previous sec-
tion, it is more correct to consider a process of liquid—solid or liquid-gel phase separation
in this case [25, 48-52, 69] as summarized in our scheme (Fig. 5B). Self-assembly of the
full-length protein had a clear pH dependence, with a peak at pH 6.0, which is close to its
pI of 5.85 (or 6.02 with the His-tag), and then decreasing in efficiency as the pH changed in
both acidic and neutral/basic directions (Fig. 5C) [52]. NaCl was found to promote assem-
bly at acidic pH values, up to 6.0, and then to inhibit it above this pH value (Fig. 5C) [52].
Phase separation of full-length TDP-43 does not appear to be promoted by either the PrLD
(we should expect its pH dependence and salt dependence, which is not the case), or by
the complementary portion including the first three folded domains (we should expect a
peak at pH 5.27 corresponding to its pI and the same positive salt dependence at pH values
of 5.5-6.0, which is not again the case). It rather appears that full-length TDP-43 phase-
separates as a whole protein due to the cooperation of all domains and interactions between
them, where all domains and interactions between them play a role (Fig. 5D). In this com-
plex process, which is maximized in efficiency at the pH corresponding to the plI of the full-
length protein rather than those of individual or grouped domains, salts change their effects
depending on whether electrostatic attractions or repulsions are dominant. At physiologi-
cal pH, for example, phase separation is favoured at low salt concentrations, indicating that
the droplets are stabilized by electrostatic interactions. At this pH value, only two out of
four domains are titrated, providing an explanation as to why attractions dominate. At pH
4.0, by contrast, phase separation is favoured at high salt concentrations, indicating repul-
sions within the droplets where all four domains are positively charged (pI>4.0 for all of
them). The presence of multiple interactions between four domains that are so diverse in
terms of charge, three-dimensional structure and degree of folding, breaks the homogene-
ity of interactions that is necessary for LLPS and at the same time increases the number of
interactors so that the process is rapidly driven to a gel-like or solid phase.

Conclusions

Overall, the two complementary fragments of TDP-43 corresponding to the PrLD-less
protein studied here (this work and [54]) and the isolated PrLD [22, 23, 44—47]) have the
ability to undergo LLPS in vitro in the absence of other proteins and RNA molecules. By
contrast, the purified full-length protein does not retain this ability [25, 48—52], although
it has been reported that it may undergo LLPS in presence of binding partners, such
ssDNAs, RNAs and protein chaperones, due to the perturbation of electrostatic and
interaction patterns [38, 70-72]. In fact, pure full-length TDP-43 per se rather forms
assemblies in a solid or gel-like phase resulting from LSPS rather than LLPS, indicating
that the assemblies form as a result of stable inter-domain interactions across the entire
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sequence rather than forces limited to one of the two halves of the protein that would,
otherwise, maintain the original LLPS behaviour of the fragment. The observation that
phase separation of full-length TDP-43 occurs most favourably at its corresponding pl
and that phase separation of the three protein constructs all have a positive or negative
salt dependence that depends on the position of the pH relative to the pI and whether
repulsive or attractive electrostatic forces dominate, respectively, suggest that phase sep-
aration involves the entire sequence and the set of protein domains that are present in
each case, which implies all four domains for the entire full-length protein.

Despite the reiterated difficulty to convert full-length TDP-43 into liquid condensates
in vitro in the test tube, TDP-43 has been observed to form liquid membraneless orga-
nelles in the presence of RNAs and other proteins in cell cultures, including stress gran-
ules containing RNAs and many other proteins such as T cell intracellular antigen 1 [40,
73], stress granule-independent cytosolic droplets containing importin-a and nuclear
pore 62 [37], paraspeckles containing a number of proteins and the long non-coding
RNA (IncRNA) of nuclear-enriched abundant transcript 1_2 [74], stress nuclear bod-
ies containing the heat shock factor 1 and the scaffold attachment factor B [36], nuclear
anisosomes containing heat shock proteins 70 [38], etc. The anisosomes are a particu-
larly interesting case because they do not contain RNA molecules, but chaperones of the
heat shock protein 70 family whose ATPase activity is a requirement for the organelles
to remain liquid [38]. This indicates how, in the absence of RNAs and/or a complex core
architecture provided by other proteins, the droplets require energy to remain liquid and
avoid the thermodynamically favourable transition into a gel or solid phase.
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