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ABSTRACT Phosphorylated TAR DNA-binding protein of 43 kDa (TDP-43) is present within the aggregates of several age-
related neurodegenerative disorders, such as amyotrophic lateral sclerosis, frontotemporal lobar degeneration, and Alzheimer’s
disease, to the point that the presence of phosphorylated TDP-43 is considered a hallmark of some of these diseases. The ma-
jority of known TDP-43 phosphorylation sites detected in amyotrophic lateral sclerosis and frontotemporal lobar degeneration
patients is located in the low-complexity domain (LCD), the same domain that has been shown to be critical for TDP-43
liquid-liquid phase separation (LLPS). However, the effect of these LCD phosphorylation sites on TDP-43 LLPS has been largely
unexplored, and any work that has been done has mainly focused on sites near the C-terminal end of the LCD. Here, we used a
phosphomimetic approach to explore the impact of phosphorylation at residues S332 and S333, sites located within the tran-
siently a-helical region of TDP-43 that have been observed to be phosphorylated in disease, on protein LLPS. Our turbidimetry
and fluorescence microscopy data demonstrate that these phosphomimetic substitutions greatly suppress LLPS, and solution
NMR data strongly suggest that this effect is at least in part due to the loss of a-helical propensity of the phosphomimetic protein
variant. We also show that the S332D and S333D substitutions slow TDP-43 LCD droplet aging and fibrillation of the protein.
Overall, these findings provide a biophysical basis for understanding the effect of phosphorylation within the transiently «-helical
region of TDP-43 LCD on protein LLPS and fibrillation, suggesting that phosphorylation at residues 332 and 333 is not neces-
sarily directly related to the pathogenic process.

SIGNIFICANCE The link between TDP-43 phosphorylation and neurodegenerative disease is well established, as
pathognomonic inclusions in diseases such as amyotrophic lateral sclerosis and frontotemporal lobar degeneration are
specifically marked by phosphorylated C-terminal fragments of this protein. In this study, we determined how
phosphorylation at residues S332 and S3383, two sites within the critically important transiently «-helical region that have
been identified to be phosphorylated in disease, affects the protein’s liquid-liquid phase separation, a phenomenon
associated with TDP-43 proteinopathies. The present findings expand our mechanistic understanding of the pathogenic
process in these neurodegenerative diseases.

INTRODUCTION

TAR DNA-binding protein of 43 kDa (TDP-43) is a nucle-
ocytoplasmic, nucleic acid-binding protein that has been
found in the proteinaceous inclusions that characterize a
number of neurodegenerative diseases, including tau-nega-
tive, ubiquitin-positive frontotemporal lobar degeneration,
amyotrophic lateral sclerosis, cerebral age-related TDP-43

with sclerosis, limbic predominant age-related TDP-43 en-
cephalopathy, and Alzheimer’s disease (1-5). Much of the
TDP-43 within these inclusions is post-translationally
modified, with ubiquitination, N-terminal truncation, and
hyperphosphorylation being among the most widely re-
ported (1,2,6,7). Hyperphosphorylated TDP-43, in fact, is
so well documented in disease that its presence is consid-
ered a pathological hallmark of TDP-43 proteinop-
athy (6,8).
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TDP-43 has four major domains: an oligomerizing,
folded N-terminal region, two RNA recognition motifs,
and an intrinsically disordered, C-terminal LCD (3,9).
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The LCD (residues ~267-414), especially, has been a topic
of immense interest as C-terminal fragments of TDP-43
containing the LCD are enriched in protein inclusions iso-
lated from patients (1,2,10). The LCD is believed to drive
TDP-43 amyloid aggregation (3,11-13), and the vast ma-
jority of disease-related mutations of TDP-43 map to this
domain (3,14). Furthermore, recent reports point to the
importance of the LCD to liquid-liquid phase separation
(LLPS) of TDP-43 (15-17), a phenomenon whereby pro-
tein undergoes condensation, forming reversible, liquid-
like droplets (18-20). An evolutionarily conserved
segment of the LCD encompassing residues ~320-340
plays an especially important role in this regard
(15,16,21). Indeed, deletion of this segment, which has a
propensity to adopt «-helical structure (15,22,23) has
been shown to cause severe inhibition and even abrogation
of LLPS (16,24).

Although there has been an increasing appreciation for
the physiologic role LLPS plays in spatially organizing
cells (18,19,25), a rapidly growing body of evidence
points to a darker side of this phenomenon, indicating
that LLPS (or its dysregulation) of RNA-binding proteins
such as TDP-43 may play an important role in the patho-
genesis of neurodegenerative disorders by facilitating pro-
tein aggregation and disrupting downstream cellular
processes (20,26-29). In this context, research of TDP-
43 LLPS has exploded in recent years, leading to new in-
sights into the driving forces and modulators of TDP-43
phase separation (5,21,24,30,31). This progress notwith-
standing, however, little is known regarding the role of
post-translational modifications (PTMs) in TDP-43
LLPS. This knowledge gap is especially striking with re-
gard to phosphorylation, a PTM that is a hallmark of brain
pathology (1,2,6,8,32—-34). Furthermore, the few studies
that have addressed this issue have focused mainly on
C-terminal phosphorylation sites of the LCD (e.g.,
5403, S404, S409, and S410) (35) and, to a lesser degree,
an N-terminal phosphorylation site (i.e., S48) (36), leav-
ing other known TDP-43 phosphorylation sites largely
unexplored.

In this report, we used a phosphomimetic approach to
determine the impact of phosphorylation at residues S332
and S333 on TDP-43 LLPS LCD and aggregation. These
phosphorylation sites, which map to the critical transiently
a-helical region of the LCD, have both been detected in
ALS (32). Our data reveal that the phosphomimetic
S332D and S333D substitutions greatly suppress the pro-
tein’s ability to undergo LLPS and indicate that this suppres-
sion is largely due to the reduction of a-helical propensity
within residues ~320-340 of the phosphomimetic protein
variant. Furthermore, our data indicate that phosphomimetic
substitutions at Ser332 and Ser333 significantly slow TDP-
43 LCD droplet aging and protein aggregation into amyloid
fibrils, suggesting that TDP-43 phosphorylation is not
necessarily pathological.
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MATERIALS AND METHODS

Expression and purification of WT and S333D
TDP-43

Site-directed mutagenesis was employed on a plasmid encoding the sequence
for wild-type (WT) TDP-43 LCD (residues 267-414) with an N-terminal
Hise tag and thrombin cleavage site (MRGSHHHHHHLVPRGS) to generate
an analogous plasmid construct for S333D TDP-43 LCD in a pRSET-B vec-
tor. The proteins were expressed in Rosetta Escherichia coli and purified as
previously described (30), with the notable exception that the N-terminal
tag was cleaved with thrombin protease (Cytiva Life Sciences, Marlborough,
Massachusetts) after FPLC and before HPLC. Briefly, post-FPLC protein
product was diluted 16-fold into a solution of 20 mM potassium phosphate
(pH 6). Thrombin was immediately added at a ratio of 10 U
thrombin:1 mg of uncleaved TDP-43 LCD, and the mixture was rocked for
48 h at room temperature. The flocculent cleaved product was then concen-
trated fourfold, and subsequently mixed with double the volume of 8 M gua-
nidinium hydrochloride for 30 min until the solution clarified. The solution
was then concentrated once more, run on HPLC, and lyophilized as we
detailed in a prior study (30).

I5N-labeled TDP-43 LCD was made using a slightly altered protocol.
Protein was expressed overnight in BL21 (DE3) Escherichia coli in mini-
mal media (pH 7, 6 g/L Na,HPO,, 3 g/L KH,PO,, 0.5 g/L NaCl, 1 g/L
15NH4C1 (Cambridge Isotope Laboratories, Tewksbury, Massachusetts),
11.1 g/L CaCl,, 120.4 g/L MgSOQ,, 3 g/L glucose) supplemented with
200 uL of thiamine (5 mg/mL) and 200 uL of biotin (5 mg/mL) per liter
of media. To make '*N/'"*C-labeled TDP-43 LCD for 3D nuclear magnetic
resonance (NMR) experiments, the glucose in the media was '*C-labeled
(Cambridge Isotope Laboratories, Tewksbury, Massachusetts). After over-
night expression, the same protocol described above was used to purify
the NMR-active protein. Before experiments, the concentrations of protein
stocks were determined by absorbance at 280 nm using an extinction coef-
ficient of 17,990 M~ em™".

Turbidity measurements

Phase separation was measured by turbidity (absorbance at 600 nm) at 25°C
using a Tecan (Baldwin Park, California) Spark multimode microplate
reader with Te-Cool active temperature control. Experiments were conduct-
ed in 20 mM potassium phosphate buffer (pH 7.4).

Fluorescence microscopy imaging

TDP-43 LCD was prepared in 20 mM potassium phosphate buffer (pH 7.4)
with a varying concentration of NaCl. Samples were visualized by fluores-
cence microscopy using Alexa Fluor 488- or Alexa Fluor 594-labeled pro-
tein probe, with a 1:20 ratio of labeled-to-unlabeled protein. 20 uL. volumes
of sample were deposited on the bottom of 35-mm dishes precoated with
1% Pluronic F-127 (Sigma Aldrich, St. Louis, Missouri), and then images
were collected at room temperature on a Keyence (Itasca, Illinois) BZ-
X710 microscope with a x 100/1.45 numerical aperture oil-immersion lens.

To make the fluorescent probe, TDP-43 LCD was labeled with the appro-
priate Alexa Fluor NHS (succinimidyl) ester by adding 10 uL of dye in
DMSO (10 mg/mL) to 100 uL of the protein (10 mg/mL) in 20 mM potas-
sium phosphate (pH 7) buffer with 4 M guanidinium hydrochloride. The la-
beling reaction was conducted at room temperature for 1 h, under constant
vortex mixing, and excess dye was cleared by using Zeba desalting columns
(Thermo Fisher Scientific, Waltham, Massachusetts).

For recruitment studies, a mixture of WT TDP-43 LCD and S333D TDP-
43 LCD was prepared in 20 mM potassium phosphate buffer (pH 7.4) con-
taining 150 mM NaCl, with the final concentration of one of the proteins
being above its saturation concentration and the final concentration of the
other protein being below its saturation concentration. The former was



added first to the mixture, leading to initial droplet formation, followed by
the latter. The mixture was then imaged as described above.

For miscibility studies, both proteins were prepared separately in 20 mM
potassium phosphate buffer (pH 7.4) containing 150 mM NaCl, at 2x the
final intended protein concentration of each variant. The final intended pro-
tein concentrations for both WT TDP-43 LCD and S333D TDP-43 LCD
were above the proteins’ respective saturation concentrations. The separate,
droplet-containing protein preparations were then mixed and then imaged
as described above.

NMR spectroscopy

The NMR experiments were carried out using a Bruker Scientific Instru-
ments (Billerica, Massachusetts) Avance 900 MHz spectrometer equipped
with an HCN TXI-Cryogenic Probe, maintained at a temperature of
25°C. Samples of unmodified WT TDP-43 LCD and phosphomimetic
$333D TDP-43 LCD, isotopically labeled with either '°N or both *C
and "N, were prepared at a concentration of 60 uM and 20 uM protein
in MES buffer (pH 6.1). Each experiment was run on different sample prep-
arations. The raw NMR data were processed using NmrPipe software and
further reconstructed using Smile software (37,38). Finally, the processed
data were analyzed using NMRFAM Sparky software (39).

Backbone amide resonance assignments were determined by performing
'H-">’N HSQC and standard Bruker three-dimensional triple-resonance
experiments, including HNCA (40-44), HN(co)CA (40,42,44), and
CBCAcoNH (45,46) with nonuniform sampling. From these data, Ca and
Cg secondary chemical shifts (46C, and 40Cg, respectively) were calculated
at 20 uM and at 60 uM protein for each detectable residue in both TDP-43 LCD
variants by subtracting the chemical shift of that residue in a random coil from
the observed chemical shift (46 = dgpserved — Orandom coit) (15,47,48). Random
coil chemical shift values were obtained from the Poulsen IDP/IUP random
coil shifts calculator (default parameters and the experimental temperature
were inputted) (49,50). 40C,-40Cg was then determined for every detectable
as a readout of local secondary structure (15,48).

FRAP

Droplets of WT TDP-43 LCD (25 uM) and S333D TDP-43 LCD (55 uM)
were prepared in 20 mM potassium phosphate buffer (pH 7.4) containing
150 mM NaCl. Alexa Fluor 488-labeled protein (prepared as described in
the section, fluorescence microscopy imaging) was added such that the ratio
of labeled-to-unlabeled protein was 1:140. Droplets were allowed to age to
the desired timepoint in a 1.5 mL Eppendorf tube and then deposited on the
bottom of a 35-mm dish precoated with 1% Pluronic F-127 (Sigma Aldrich,
St. Louis, Missouri) before being covered with a glass coverslip. Fluores-
cence recovery after photobleaching (FRAP) measurements were taken
with a Leica Microsystems (Deerfield, Illinois) HyVolution SP8 confocal
microscope using 2.4-mW laser intensity for bleaching, x63/1.4 numerical
aperture oil-immersion objective, and a photo-multiplier tube detector. Due
to the small sizes of the droplets (~1 um in diameter), the entire droplet was
photobleached. Four prebleaching frames, six flashes of bleaching (62% of
laser power), and 100 postbleaching frames (1.3 s/frame) were collected.
Each FRAP trace was normalized to maximal prebleach and minimal post-
bleach intensities.

Thioflavin T fluorescence assay

All fibrillation reactions were conducted at 25°C in 20 mM potassium phos-
phate buffer (pH 7.4) containing 150 mM NaCl and 15 uM ThT. ThT fluores-
cence was measured on a Tecan (Baldwin Park, California) Spark plate reader
at 20-min intervals, with 5 s of linear agitation (amplitude 1 mm) before each
reading (excitation and emission wavelengths of 440 and 485 nm, respec-
tively). Half-times of the reactions were ascertained by normalizing the resul-

S332D and S333D inhibit TDP-43 LCD LLPS

tant traces to the maximal ThT fluorescence intensity of the plateau phase and
determining when 50% of that maximal signal was reached.

Atomic force microscopy imaging

Atomic force microscopy was done as previously described (30). Fibrils
collected during the plateau phase of fibrillation reactions were deposited
on freshly cleaved mica discs, left at ambient temperature for 5 min, and
then washed five times with Milli-Q H,O before being dried under N,
gas. Images were collected in scan assist mode using a silicon probe (spring
constant: 40 N/m) on a Bruker Scientific Instruments (Billerica, Massachu-
setts) multimode atomic force microscope with a Nanoscope V controller.
Nanoscope Analysis software was utilized for image processing.

RESULTS

S$332D and S333D phosphomimetic substitutions
inhibit liquid-liquid phase separation of TDP-43
LCD

It has been previously established that the transiently
a-helical region (residues ~320-340) of TDP-43’s low-
complexity domain (LCD) is critical to the protein’s ability
to engage in protein-protein interactions, including those
that mediate LLPS (15,16,21,23,24,30,47). Indeed, patho-
logical mutations within this region have been shown to
significantly impact the formation of droplets and their
properties (3,15,47). Studies done both in vitro and with pa-
tient tissue have detected phosphorylation sites, Ser332 and
Ser333, within this transiently «-helical region (32,51).
Thus, we asked whether phosphorylation at these residues
affects the LLPS of the TDP-43 LCD.

To mimic phosphorylation, we introduced a phosphomi-
metic Ser-to-Asp substitution at the residue of interest to create
S332D TDP-43 LCD or S333D TDP-43 LCD. This strategy is
commonly employed to model phosphorylation, as itis easy to
implement and results in a homogeneous population of pre-
cisely modified protein. We first investigated the effect of these
substitutions on TDP-43 LCD LLPS by measuring turbidity
(the optical density at 600 nm) at pH 7.4 as a function of
NaCl concentration and by verifying the presence of droplets
via fluorescence microscopy. WT TDP-43 LCD at 20 uM con-
centration underwent LLPS under these experimental condi-
tions, with the extent of this reaction increasing strongly
with increasing salt concentration, in accordance with other
studies (15,23,30,47). In contrast, S332D TDP-43 LCD and
S333D TDP-43 LCD at the same concentration did not un-
dergo LLPS at all (Fig. 1 A and B).

To ascertain if these phosphomimetic substitutions
completely abrogate TDP-43 LCD LLPS or merely suppress
it, phase diagrams were constructed for all of the proteins by
assessing LLPS as a function of protein and salt concentra-
tions. These phase diagrams showed that S332D TDP-43
LCD and S333D TDP-43 LCD can phase separate, but that
they do so at much higher protein concentrations than WT
TDP-43 LCD under the same conditions (Fig. 1 C). Deter-
mining the saturation concentrations (cy,), a widely used
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Phosphomimetic substitution within the transiently a-helical region inhibits TDP-43 LCD LLPS. (A) Turbidity of WT TDP-43 LCD, S332D

TDP-43 LCD, and S333D TDP-43 LCD (20 uM in each case) as a function of NaCl concentration. Error bars represent SD (n = 3). (B) Representative
fluorescence microscopy images of WT TDP-43 LCD (fop), S332D TDP-43 LCD (middle), and S333D TDP-43 LCD (bottom) at 20 uM protein. (C) Protein
concentration versus NaCl concentration phase diagrams for WT TDP-43 LCD (top), S332D TDP-43 LCD (middle), and S333D TDP-43 LCD (bottom). (D)
Saturation concentrations of WT TDP-43 LCD, S332D TDP-43 LCD, and S333D TDP-43 LCD at different NaCl concentrations. Gray circles represent
individual data points (n = 3). (E) Representative fluorescence microscopy images of WT TDP-43 LCD (top), S332D TDP-43 LCD (middle), and
S333D TDP-43 LCD (bottom) at 55 uM protein. Proteins were labeled with Alexa Fluor 488 (WT TDP-43 LCD) or Alexa Fluor 594 (S332D and
S333D TDP-43 LCD), and the ratio of labeled-to-unlabeled protein was 1:20 for each protein. Scale bar, 3 um. Experiments were performed in 20 mM

potassium phosphate buffer (pH 7.4). OD = optical density.

quantitative measure of a protein’s propensity to undergo
LLPS, underscored this point, as the c,,,’s of the phosphomi-
metic TDP-43 LCD variants were similar to each other but
substantially higher than that of WT TDP-43 LCD under
all conditions tested (Figs. | D and S1). Altogether, these
data clearly demonstrate that TDP-43 LCD LLPS is inhibited
by phosphomimetic substitution at Ser332 and Ser333.
Furthermore, when formed, droplets of S332D TDP-43
LCD and S333D TDP-43 LCD were much smaller than those
generated from the WT protein (Fig. | E).

S333D substitution results in disruption of the
transiently a-helical region of TDP-43 LCD

We first hypothesized that the suppressive effect of S332D and
S333D phosphomimetic substitutions on TDP-43 LCD LLPS
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was caused by the long-range repulsive intermolecular elec-
trostatic interactions between the introduced negatively
charged residues. However, increasing NaCl concentration
did not restore LLPS of either TDP-43 LCD phosphomimetic
variant (Fig. 1). In fact, in contrast to the behavior of the WT
protein, higher salt concentrations appeared to diminish
S332D and S333D TDP-43 LCD LLPS (Figs. 1 C and D
and S1). Thus, this explanation was unlikely. Given this
finding, next we tested whether the inhibitory effect on
LLPS could be due to diminished «-helical propensity of the
transiently a-helical region. Following the methodology es-
tablished in the studies of Conicella et al. (15,47), dispersed-
phase solution NMR spectroscopy was used on the S333D
TDP-43 LCD variant to test this possibility.

First, the "H-""N HSQC spectra of WT TDP-43 LCD and
S333D TDP-43 LCD were collected at 20 uM protein, in pH
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6.1 MES buffer without salt, conditions that have been uti-
lized successfully by other groups to study TDP-43 LCD via
NMR (15,47). It should be noted that under these condi-
tions, the saturation concentration of TDP-43 LCD is
greater than 60 uM at room temperature, allowing for
dispersed-phase NMR experiments at much higher protein
concentrations than would be possible in phosphate buffer
(Fig. S2). Both spectra showed a narrow range of chemical
shifts in the "H dimension (~1 ppm), a hallmark of intrinsi-
cally disordered proteins (Fig. 2 A and B) (52). After obtain-
ing complete chemical shift assignments, it was evident that
the majority of the residues of S333D TDP-43 LCD
matched exactly with those of WT TDP-43 LCD, with the
exception of the substituted residues at position 333 and
the rest of the residues within the transiently a-helical re-
gion (Fig. 2 C). Furthermore, residues 269 and 271 appeared
as doublet peaks in the S333D HSQC. The reason for the
apparent doublet peaks of these residues in the S333D
HSQC is unclear (it is possible these could be due to deami-
dation of the residues in a small fraction of the S333D pro-
tein), but it ultimately does not affect the interpretation of

our results given these residues are not near the transiently
a-helical region. The differences between the proteins in
the chemical shifts of the transiently a-helical region resi-
dues suggested differences in the secondary structure within
this region between WT TDP-43 LCD and S333D TDP-
43 LCD.

To characterize these structural differences between WT
TDP-43 LCD and S333D TDP-43 LCD in greater detail,
we determined ">C secondary chemical shift values for the
a-carbon (40C,) and B-carbon (40Cg) of each detectable
residue of both proteins (Table S1). Secondary chemical
shift values report on local secondary structure, and
computing 46C,-40Cg for each residue in a protein is a
highly sensitive approach to determining a-helical structure,
with stretches of consecutive positive 46C,-46Cg
values > 0.8 ppm indicating significant a-helical content
(15,53). Residue 333 was excluded from this analysis for
both proteins. For WT TDP-43 LCD at 20 uM protein, sig-
nificant a-helical secondary structure was found for residues
320-331; additionally, minor «-helical secondary structure
was found for residues 332-343, as indicated by consecutive
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performed in 20 mM MES buffer (pH 6.1) in the absence of salt.

positive 46C,-46Cg values < 0.8 ppm along this 12-residue
stretch (Fig. 3 A, top). This is fully consistent with the pre-
viously published data for the WT protein (15, 47, 48). For
S333D TDP-43 LCD at the same concentration, however,
significant o-helical secondary structure was found for res-
idues 320-328 only and minor a-helical secondary structure
for residues 329-343 (Fig. 3, top). These results suggested
that the transiently a-helical region of S333D TDP-43 is
shorter than that of WT TDP-43. Furthermore, the 40C,-
40Cgs values for residues 320-332 of WT TDP-43 LCD
are greater than those of S333D TDP-43 LCD (Fig. 3 B,
top), signifying a lower a-helical tendency along this stretch
in the phosphomimetic protein.

Intermolecular helix-helix protein contacts are known to
stabilize and extend the transiently a-helical region of WT
TDP-43 LCD (15,23,47). To determine if S333D phospho-
mimetic substitution alters this behavior, we performed
dispersed-phase NMR experiments on both proteins at 60
uM (Fig. S3; Table S1). At this higher protein concentration,
TDP-43 LCD multimerization is promoted, and the NMR
signal becomes a weighted average of multimeric TDP-43
complexes (which broaden the signal due to their faster 7,
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relaxation rates) and the remaining monomers in the pres-
ence of said complexes (15,23,47,52). NMR spectroscopy
at higher protein concentrations can thus be used to probe
conformational changes that TDP-43 LCD undergoes as a
result of multimerization (15,52). For WT TDP-43 LCD,
increasing protein concentration from 20 to 60 uM
increased 40C,-40Cg values, indicating an enhanced «-he-
lical tendency for residues 320-340 (Fig. 3 A, middle, and B,
middle), again in full agreement with the previous reports in
the literature (15,47). In contrast, for S333D TDP-43 LCD,
there was no measurable difference between 46C,-46Cg
profiles as protein concentration was increased from 20 to
60 uM (Fig. 3 A, bottom, and B, bottom), indicating a lack
of difference in secondary structural propensity. Thus, it ap-
peared that the S333D phosphomimetic substitution not
only disrupts the transiently «-helical region, but it also in-
hibits the region from stabilizing its secondary structure via
intermolecular protein-protein interactions at higher protein
concentrations (Figs. 3 and S3). To further test this hypoth-
esis, we introduced a helix-enhancing S333A mutation to
the TDP-43 LCD and found that the saturation concentra-
tions for this mutant were much lower than those of WT
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FIGURE 4 WT TDP-43 LCD and phosphomimetic TDP-43 LCD variants exhibit reciprocal recruitment. (A) Representative fluorescence microscopy im-
ages of WT TDP-43 LCD (25 uM, i.e., above c,,), S332D TDP-43 LCD (5 uM, i.e., below cy,,), and S333D TDP-43 LCD (5 uM, i.e., below c,,,). Images in
top panels were obtained for individual proteins separately, and the images in the middle and bottom panels were obtained for the mixture of WT protein with
a phosphomimetic variant. (B) Representative fluorescence microscopy images of WT TDP-43 LCD (5 uM, i.e., below c,,,), S332D TDP-43 LCD (55 uM,
i.e., above c,,), and S333D TDP-43 LCD (55 uM, i.e., above cy,,). Images in top panels were obtained for individual proteins separately, and the images in the
middle and bottom panels were obtained for the mixture of WT protein with a phosphomimetic variant. Proteins were labeled with Alexa Fluor 488 (WT
TDP-43 LCD) or Alexa Fluor 594 (S332D and S333D TDP-43 LCD), and the ratio of labeled-to-unlabeled protein was 1:20 for each protein. Scale bar, 3 um.
Experiments were performed in 20 mM potassium phosphate buffer (pH 7.4) containing 150 mM NaCl.

protein under the same conditions (Fig. S4). This finding of-
fers a mechanistic explanation as to why LLPS of TDP-43
LCD is suppressed upon phosphomimetic substitution
within the transiently a-helical region.

$332D TDP-43 LCD and S333D TDP-43 LCD
remain recruitable by and miscible with WT TDP-
43 LCD droplets

Protein droplets formed through LLPS can recruit biomole-
cules such as nucleic acids or other proteins from the sur-
rounding bulk solution, concentrating such species within
them (54-56). PTMs have been shown to modulate this
process in other protein systems (57), prompting us to inves-
tigate whether phosphomimetic TDP-43 LCD can be re-
cruited to WT TDP-43 LCD droplets. To this end, WT
TDP-43 LCD was mixed with either S332D TDP-43 LCD
or S333D TDP-43 LCD under physiologically relevant
buffer conditions (pH 7.4, 150 mM NaCl) at concentrations
where the WT protein alone phase separates, but S332 TDP-
43 LCD and S333D TDP-43 LCD do not (Fig. 4 A, top). Mi-
croscopy revealed that the phosphomimetic proteins were
present with WT TDP-43 LCD in every droplet examined

(Fig. 4 A, middle and bottom), suggesting robust recruitment
of the phosphomimetic protein to droplets formed by WT
TDP-43 LCD. The converse experiment, in which the pro-
teins were mixed at concentrations where S332D TDP-43
LCD and S333D TPD-43 LCD on their own form droplets
but WT TDP-43 LCD does not (Fig. 4 B, top), yielded
similar results. WT TDP-43 LCD was present in all droplets
along with the phosphomimetic variant, (Fig. 4 B, middle
and bottom), showing reciprocal recruitment of each protein
to droplets formed by the other protein.

We next asked how the proteins behave under conditions
in which both can homotypically phase separate. WT TDP-
43 LCD and S332D TDP-43 LCD or WT TDP-43 LCD and
S333D TDP-43 LCD were mixed together under appro-
priate conditions (i.e., at concentrations above c,,, values
of both proteins), at physiologically relevant pH and salt
concentration, and the samples were examined under a mi-
croscope (Fig. 5 A). The droplets formed in this experiment
again contained WT TDP-43 and phosphomimetic TDP-43,
and the proteins in each preparation were homogenously
distributed (Fig. 5 B and C). This finding indicated that
not only does WT protein co-localize to the same droplets
as the phosphomimetic proteins, but that WT TDP-43 and
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A

FIGURE 5 WT TDP-43 LCD and phosphomimetic TDP-43 LCD vari-
ants are miscible within droplets. (A) Representative fluorescence micro-
scopy images of WT TDP-43 LCD (25 uM), S332D TDP-43 LCD
(55 uM), and S333D TDP-43 LCD (55 uM) separately. (B and C) Represen-
tative fluorescence microscopy images for the mixture of (B) 25 uM WT
TDP-43 LCD and 55 uM S332D TDP-43 LCD and (C) 25 uM WT TDP-
43 LCD and 55 uM S333D TDP-43 LCD. Green channel (left), red channel
(middle), and merged (right) images are shown. Proteins were labeled with
Alexa Fluor 488 (WT TDP-43 LCD) or Alexa Fluor 594 (S332D and
S333D TDP-43 LCD), and the ratio of labeled-to-unlabeled protein was
1:20 for each protein. Scale bar, 3 um. Experiments were performed in
20 mM potassium phosphate buffer (pH 7.4) containing 150 mM NaCl.

the phosphomimetic TDP-43 are miscible within these drop-
lets. Thus, phosphomimetic substitution at residue 332 or
333 of the TDP-43 LCD does not affect its recruitment to
or miscibility with WT protein.

Phosphomimetic substitutions within the
transiently a-helical region inhibit TDP-43 LCD
droplet aging

Phase-separated condensates are usually highly dynamic
and reversible when newly formed. However, for some pro-
teins, there is a transition with time from a liquid-like state
to a more rigid state. This process, referred to as droplet ag-
ing, often has pathological consequences (27,29,30).
Droplet aging can be studied by monitoring the physio-
chemical properties (e.g., density, viscosity, surface tension)
of the condensates or the macromolecular diffusion between
droplets and the bulk phase over time. FRAP is a technique
to measure the latter, and it is what we employed to compare
WT TDP-43 LCD and phosphomimetic TDP-43 LCD
droplet aging.

Because droplets of S332D TDP-43 LCD and S333D
TDP-43 LCD are small (~1 micron in diameter), it was
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impractical to photobleach the center of the droplets only.
Instead, in our experiments, we photobleached the entire
condensate (Fig. 6 B). Even though freshly prepared WT
TDP-43 LCD droplets were dynamic, they underwent rela-
tively fast aging, exhibiting only ~65% recovery of fluores-
cence as early as 20 min after preparation (the earliest time
point we could measure in our experiments). The extent of
this recovery diminished further with time, falling to 23%
after 4 h of incubation (Fig. 6 A, left). By contrast, S332D
and S333D protein droplets aged substantially more slowly,
showing ~70% recovery of fluorescence signal even after
4 h of incubation. It took as long as 24 h for these droplets
to show significant aging (Fig. 6 A, middle and right). Over-
all, these data clearly indicate that the phosphomimetic
S332D and S333D substitutions profoundly slow the aging
of TDP-43 LCD droplets.

Phosphomimetic substitutions within the
transiently «-helical region slow down TDP-43
LCD fibrillation

A hallmark for many neurodegenerative diseases is the
accumulation of amyloid fibrils in the central nervous sys-
tem. For some LLPS-prone proteins, droplet rigidification
has been shown to precede formation of such fibrillar aggre-
gates (27-29,58). Therefore, next we tested the impact of
the S332D and S333D phosphomimetic substitutions on
TDP-43 LCD fibrillation. Although ideally one would
want to follow the fibrillation reaction exclusively within
the condensed phase, this proved to be impractical for our
system due to relatively high concentrations of proteins
(as indicated by the c,, values of WT TDP-43 LCD,
S332D TDP-43 LCD, and S333D TDP-43 LCD (Figs. 1 D
and S1)), and thus considerable fibrillation rates, in the
dilute phase outside the droplets. Therefore, we performed
these experiments under conditions where none of the pro-
teins was able to undergo LLPS (10 uM protein, 20 mM
pH 7.4 potassium phosphate buffer with 150 mM NaCl), us-
ing the standard Thioflavin T (ThT) fluorescence assay. This
approach avoided having to discriminate fibrillation occur-
ring inside the bulk phase from fibrillation occurring in
the condensates, allowing unambiguous interpretation of
our results. As shown in Fig. 7 A, the fibrillation rates under
these conditions of S332D TDP-43 LCD and S333D TDP-
43 LCD were substantially reduced compared with that of
the WT protein, with reaction half-times of 22.3 + 1.4,
17.0 = 1.3, and 10.1 %= 1.7 h, respectively. The slower
fibrillation rates of phosphomimetic TDP-43 LCD correlate
well with the reduced rates at which these variants undergo
rigidification within the environment of the condensed
phase (Fig. 6 A). It should also be noticed that the maximum
ThT signals of the S332D and S333D variants were signif-
icantly lower than that of the WT protein. This likely reflects
lower binding affinity of the negatively charged ThT to fi-
brils formed from the phosphomimetic variants and/or
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FIGURE 6 Phosphomimetic mutation within the transiently e-helical region slows TDP-43 LCD droplet aging. (A) Representative FRAP traces for WT
TDP-43 LCD droplets (prepared at 25 uM protein, left), S332D TDP-43 LCD droplets (prepared at 55 uM protein, middle), and S333D TDP-43 LCD droplets
(prepared at 55 uM protein, right). The data were obtained 20 min, 4 h, or 24 h after LLPS induction. Error bars represent SD (n > 5). (B) Representative
confocal images of WT TDP-43 LCD droplets (left), S332D TDP-43 LCD droplets (middle), and S333D TDP-43 LCD droplets (right) during FRAP exper-
iments. Images in the top row depict droplets 20 min after induction of LLPS, and those in the bottom row depict droplets 4 h after induction of LLPS. Pro-
teins were labeled with Alexa Fluor 488, and the ratio of labeled-to-unlabeled protein was 1:140 for each protein. Scale bar, 1 um. Experiments were
performed in 20 mM potassium phosphate buffer (pH 7.4) containing 150 mM NaCl.

potential structural differences between the fibrils, even
though they appear very similar at the gross morphological
level (Fig. 7 B).

DISCUSSION

The observation that many proteins within the aggregates that
characterize age-related neurodegenerative diseases have high
propensities to form condensates through the mechanism of
LLPS has spurred studies of LLPS as a potentially pathogenic
process (20,27-29,59). The LLPS of TDP-43, especially, has
received intense attention as this nucleocytoplasmic protein is
associated with several severely debilitating neurodegenera-
tive disorders, including amyotrophic lateral sclerosis, fronto-
temporal dementia, limbic age-related TDP encephalopathy,
and Alzheimer’s disease (1-5). Such studies have revealed
that the C-terminal LCD of TDP-43, which was already of
great interest due to the enrichment of TDP-43 C-terminal
fragments in proteinaceous inclusions in disease (1, 2, 10),
is the primary driver of its LLPS (15,23,30,47). Furthermore,
these investigations have yielded valuable insights into the
forces underpinning TDP-43 LLPS and the link between

TDP-43 LLPS and aggregation (3,5,16,21,27,31). A critical
gap, however, exists in our current understanding of the role
of PTMs in TDP-43 phase separation. In particular, TDP-43
phosphorylation is widespread in disease, to the point that
the presence of phosphorylated TDP-43 is used as a biomarker
of TDP-43 proteinopathy (6,8). However, little is known about
the impact of this type of post-translational modification on the
protein’s phase separation. The few studies that have ad-
dressed this issue have focused on phosphorylation sites
within the N-terminal TDP-43 domain (36) and at the very
C-terminal end of the LCD (35), largely ignoring those that
have been identified in other regions of the protein (34). In
an effort to bridge this knowledge gap, this study examined
the effects of phosphorylation at residues S332 and S333 on
the LLPS and fibrillation of the TDP-43 LCD using a phospho-
mimetic model. Phosphorylation at these sites, which have
been identified in diseased brain tissue (32), is of singular in-
terest as it lies within the transiently a-helical region, a critical
subdomain of the protein.

Many groups have reported that LLPS of the WT TDP-43
LCD is promoted by increasing salt concentration, a
behavior that is attributed to screening out the repulsive,
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FIGURE 7 S333D and S332D phosphomimetic
mutation slows TDP-43 LCD aggregation. (A)
ThT fluorescence traces of WT TDP-43 LCD,
S332D TDP-43 LCD, and S333D TDP-43 LCD
(10 uM, i.e., below c,, for each protein). The
traces on the left show raw values, and the traces
on the right show values normalized to the

long-range intermolecular electrostatic interactions and/or
increasing the attractive hydrophobic interactions that
govern the WT protein’s phase separation (15,23,30,47).
Our study recapitulated these findings, confirming that the
unmodified WT protein at 20 uM concentration undergoes
LLPS at physiologic pH and salt concentrations, and that
this condensation becomes even more robust at higher salt
concentrations. In sharp contrast, phosphomimetic S332D
TDP-43 LCD and S333D TDP-43 LCD showed no LLPS
under similar conditions, and phase separation of these
phosphomimetic variants could only be observed at substan-
tially higher protein concentration. Overall, this indicated
that phosphomimetic substitutions at residues S332 and
S333 greatly inhibited TDP-43 phase separation. Further-
more, droplets formed by S332D TDP-43 LCD and
S333D TDP-43 LCD were much smaller compared with
those formed by the unmodified TDP-43 LCD, although
droplet size per se is not a measure of LLPS propensity.
The transiently a-helical region of the TDP-43 LCD,
a segment spanning residues ~320-340, is known to
be essential for intermolecular protein-protein inter-
actions, including those that underlie homotypic LLPS
(15,16,21,23,24,47). In fact, it was shown that TDP-43
LCD LLPS is abrogated when this region is deleted or its
secondary structure is interrupted (16,24). As our phospho-
mimetically modified residues introduced a negative charge
to this natively uncharged and hydrophobic subdomain, we
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S333D

maximum signal during the plateau phase.
A.U. = arbitrary units. Error bars represent SD
(n = 3-7). (B) Representative atomic force micro-
scopy images of WT TDP-43 LCD (left), S332D
TDP-43 LCD (middle), and S333D TDP-43 LCD

70 (right). Fibrils were collected at 25 h of incubation

nm (.e., after the proteins had entered the plateau
phase). Scale bar represents 400 nm. Experiments
were conducted in 20 mM pH 7.4 buffer containing
150 mM NaCl.

initially suspected a repulsive electrostatic mechanism to be
at least partly responsible for the observed inhibition of
LLPS. The finding that increasing salt concentration failed
to restore LLPS of the phosphomimetic variant argued
against this possibility; higher salt concentrations actually
further inhibited its phase separation, the opposite of what
is observed with WT protein. This could potentially be a
result of salt interfering with attractive intermolecular elec-
trostatic interactions between the positively and negatively
charged residues of TDP-43, which may be more significant
in the context of the phosphomimetic proteins given their
additional negative charge (35) and (as discussed later) their
suppressed transient «-helical structure. This is, however, an
admittedly somewhat speculative explanation. Furthermore,
it should be mentioned that a recent study with an ALS-
associated G335D TDP-43 LCD mutant reported that this
mutation resulted in an increased LLPS propensity (47),
further arguing against the possibility that repulsive electro-
static interactions could fully explain the reduced LLPS pro-
pensity of the phosphomimetic proteins used in our present
study.

Structural investigations of the transiently «-helical region
via dispersed-phase solution NMR yielded insight into the
actual mechanism at work. These experiments showed that
the S333D phosphomimetic substitution disrupted, but did
not completely abolish, the helical secondary structure of
this region. Furthermore, our data revealed that the



stabilization and extension of the transiently a-helical region
that occur upon increasing WT TDP-43 LCD concentration
(15) were not observed for S333D TDP-43 LCD. Thus, the
suppression of TDP-43 LCD LLPS by the S333D substitu-
tion appears to be, at least in part, due to the disruption of
its transiently o-helical region, as such an effect would
disrupt the intermolecular contacts this region mediates
that are vital to TDP-43 LLPS (15,16,21,23,47). This would
include, in particular, contacts that involve the neighboring
W334, a residue demonstrated to be critical for TDP-43
LLPS as its mutation or deletion completely abrogates pro-
tein condensation (23). Consistent with this mechanism,
the pathogenic (helix-promoting) G335D mutation and the
artificial helix-enhancing mutations S333A, G333A, and
G338A have all been shown to promote LLPS (47), whereas
artificial mutations that break the a-helical structure of the
region (e.g., A326P and M337P) have been observed to
impair phase separation of the protein (15). These reports
in conjunction with our own results underscore the impor-
tance of this region for the protein’s LLPS and suggest
that the effect of phosphorylation on TDP-43 LLPS is site
specific. The differential effects of replacing Ser333 versus
Gly335 with Asp can be explained by the relative o-helical
propensities of the native and substituted/mutated residues
in question. Like phosphoserine, Asp is less energetically
favorable within the interior of «-helices than is Ser
(60,61). Glycine, on the other hand, imposes the greatest en-
ergetic penalty within a-helices of all canonical amino acids,
proline excepted, so mutation to any other amino acid would
stabilize a-helical structure (61). When discussing this issue,
it should be noted that a recent study claimed that disruption
of the hydrogen bonding potential of residues within the crit-
ical A321-A329 segment by methyl-capping of backbone
nitrogen atoms or glycine-mutagenesis to remove amino
acid side chains inhibits TDP-43 LCD LLPS (62). Based
on these data, the authors questioned the validity of the a-he-
lical model discussed above, proposing that TDP-43 LCD
LLPS is largely driven by cross-g interactions similar to
those involved in amyloid fibril formation (62). However,
this conclusion seems to be rather arbitrary, as capping of
backbone nitrogen atoms and removal of amino acid side
chains would disrupt both cross-@ interactions and «-helical
structure. In this same study, it was also shown that, at least
under some experimental conditions, TDP-43 LCD with he-
lix-suppressing S332G and S333G mutations forms liquid
droplets similar to those of WT TDP-43 LCD. Even though
this study did not provide any quantitative comparison of the
LLPS propensity of these mutants and the WT protein, their
finding does not appear to be fully consistent with our
conclusion that the reduced LLPS propensity of the S333D
phosphomimetic variant is largely due to its decreased heli-
cal propensity. To address this issue, we introduced a helix-
enhancing S333A mutation within the transiently c«-helical
region and found that the mutation dramatically promoted
TDP-43 LCD LLPS (Fig. S4). We quantified this effect by

S332D and S333D inhibit TDP-43 LCD LLPS

ascertaining the saturation concentrations of the S333A
mutant under various conditions. The saturation concentra-
tions of S333A TDP-43 LCD were indeed much lower
than those of WT protein at all conditions tested (Fig. S4),
further substantiating the relationship between the secondary
structure of the transiently «-helical region and phase
separation.

Another key finding of this investigation is that the S332D
and S333D phosphomimetic substitutions substantially
slowed TDP-43 LCD droplet aging. Although unmodified
TDP-43 LCD droplets already showed significant signs of ag-
ing within 20 min of LLPS induction, droplets generated from
S332D TDP-43 LCD and S333D TDP-43 LCD were
completely dynamic (as indicated by essentially complete re-
covery of the fluorescence signal after photobleaching) up to at
least 4 h post formation, and it took them as much as 24 h to
transition to a highly rigid structure. As LLPS condensate ag-
ing and protein fibrillation are thought to be linked (27-29,58),
we monitored the fibrillation of the proteins as well, and we
found that the phosphomimetic TDP-43 variants took signifi-
cantly longer to form fibrils than did WT TDP-43 LCD. This
slowing of TDP-43 LCD aggregation as a result of S332D and
S333D phosphomimetic substitution is consistent with cryo-
EM data showing that this residue is part of the amyloid
core region of the protein (11,63,64). Even though, for tech-
nical reasons, we could not selectively monitor fibrillation
within the condensed phase, the correlation between the ef-
fects of the phosphomimetic substitution on the kinetics of
both processes suggests that similar types of interactions are
likely involved in TDP-43 LCD droplet aging and protein ag-
gregation into amyloid fibrils. Our present finding that phos-
phorylation of TDP-43 at residue S332 or S333 may be a
protective post-translational modification against protein ag-
gregation is somewhat surprising, given that phosphorylation
is considered a histopathological hallmark of TDP-43 protei-
nopathies (1,2,6,8,10,32). It should be noted, however, that the
temporal relationship between TDP-43 phosphorylation and
aggregation in disease is unknown, leaving open the possibil-
ity that it is the aggregated (rather than monomeric) TDP-43
that becomes phosphorylated at S333 (and possibly other
sites) over time. Future work is needed to clarify this issue.

The results reported in this study were obtained using re-
combinant TDP-43 LCD that was phosphomimetically
modified by substituting Ser332 or Ser333 with Asp. Phos-
phomimetic substitution is not a perfect model for this post-
translational modification, as phosphate groups are bulkier
and can carry larger charge. Nevertheless, this commonly
used approach overcomes several technical limitations of
kinase-based phosphorylation (which are especially signifi-
cant in the case of intrinsically disordered proteins contain-
ing multiple phosphorylation sites), allowing preparation of
a homogeneous population of protein selectively modified at
a desired site. It should also be noted that studies using
solely the LCD do not account for potential contributions
from the N-terminal domain or the RNA recognition motifs
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to TDP-43 LLPS (29), even though the LCD is the primary
driver of the process (15,23,30,47), and these other domains
are largely missing in the C-terminal fragments that
make up disease aggregates in the brain (1,2,10). These lim-
itations notwithstanding, our present findings provide a bio-
physical and mechanistically focused basis to understanding
the effect of phosphorylation within the transiently «-helical
region of TDP-43 LCD on protein LLPS and fibrillation. In
a broader context, this study also suggests that the effects of
phosphorylation on TDP-43 properties are site specific, and
that phosphorylation of at least some sites does not neces-
sarily lead to pathological consequences.

DATA AND CODE AVAILABILITY

Data can be shared upon request (contact Witold K. Sure-
wicz at wks3 @case.edu).

NMR assignments were deposited in the Biological
Magnetic Resonance Bank (accession codes for WT TDP-
43 LCD and S333D TDP-43 LCD are BMRB: 52253 and
BMRB: 52254, respectively).
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