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The spontaneous self-assembly of proteins and nucleic acids into biomolecular condensates has been shown
to ubiquitously contribute to the functional compartmentalization of the cell. However, their liquid-to-solid
transformation (i.e., aging) driven by interprotein S-sheet transitions represents a hallmark of multiple neurode-
generative disorders. We perform molecular dynamics simulations to elucidate the role of different biomolecules
in regulating the aging kinetics of TDP-43, an RNA-binding protein linked to amyotrophic lateral sclerosis
and frontotemporal dementia. We find that while arginine-rich peptides accelerate the nucleation of interprotein
B-sheet structures, the inclusion of RNAs and the HSP70 chaperone slows down their emergence. Interestingly,
we observe a correlation between the protein compactness—governed by the condensate composition—and
aging kinetics. Moreover, we find that near-interfacial regions of TDP-43 condensates exhibit faster interpro-
tein transitions than the core of the condensate. Together, our findings underscore the major role of client
biomolecules in controlling the propensity of multicomponent condensates to form harmful solidlike states.

DOLI: 10.1103/w7g3-6rsd

I. INTRODUCTION

TAR DNA-binding protein 43 (TDP-43) is a multidomain
protein located in the cell nucleus involved in RNA
metabolism. The RNA recognition motifs (RRM) located
in the central part of TDP-43 enable effective binding to RNA
and DNA sequences facilitating the formation and regulation
of multicomponent membraneless compartments [1]. Under
physiological conditions, TDP-43 orchestrates essential
functions including RNA metabolism, transcriptional regula-
tion, and stress response pathways [1-3]. However, TDP-43
dysfunction and cytosol mislocalization are hallmarks of sev-
eral neurodegenerative disorders, most notably amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD),
where cytoplasmic accumulation of TDP-43 aggregates
correlates with disease progression [4-9]. The biomolecular
assemblies formed by TDP-43 exhibit complex viscoelastic
properties that range from highly dynamic, liquidlike states to
more rigid, gellike or solidlike configurations [10-14]. In that
respect, the partly helical region in TDP-43 low-complexity
domain (LCD)—which contributes to its propensity to
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aggregate under pathological conditions [2,5]—harbors
almost all of the TARDBP gene mutations identified in
neurodegenerative disorders [4,15]. Importantly, different
biomolecules such as polypeptide repeats [16—19] or RNAs
[20-22] can strongly modulate the phase behavior of TDP-43
condensates. Particularly, arginine-rich dipeptide repeat
(DPR) proteins, such as poly-GR and poly-PR, are abundant
in patients with ALS or FTD and have been revealed to
promote phase separation and insolubility of TDP-43 in vitro
[16,23-25] and in vivo [18,26]. These peptides predominantly
form cytoplasmic inclusions in the brains of patients with
ALS or FTD [19,26,27] and are related to a large repeat
expansion of hexanucleotides in the C9orf72 gene [28-30].
In contrast, specific RNA sequences (e.g., enriched in uridine
and adenosine) have been identified to bind to TDP-43 in
stress granules, reducing its accumulation in the cytoplasm
and potentially stabilizing its liquidlike state, preventing
harmful aggregation [20,21,31]. Furthermore, chaperones,
which often display a high binding affinity to proteins
that scaffold biomolecular condensates, promote dynamic
regulation of condensate stability, including modulation
of their saturation concentration (Cgy) and inhibition of
pathological phase transitions [32,33]. For instance, the
heat shock protein 70 (HSP70) plays a critical role in
disassembling aged stress granules containing misfolded
proteins such as SOD1 [34] or TDP-43 [35]. Hence, while it
is known that diverse biomolecules can substantially regulate
the phase behavior of RBPs such as TDP-43, the precise
mechanism at the molecular level by which each individual
species dictates the material properties, internal organization,
and stability of protein condensates, remains elusive.

Published by the American Physical Society
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Experimental techniques such as microrheology and flu-
orescence recovery after photobleaching (FRAP)—involving
bead-tracking and optical tweezers [36-42]—have demon-
strated the temporal evolution of protein [43,44] and
RNA [45] condensates toward kinetically arrested states
[12,46-50]. However, elucidating the intricacies of bind-
ing/unbinding events and intermolecular forces underlying
these transitions remains still challenging for experimental ap-
proaches at sub-molecular resolution [51,52]. Computer sim-
ulations, either atomistic [53-58] or coarse-grained [59-62],
provide a powerful framework to achieve such resolution
and characterize the interactions and mechanisms controlling
condensate’s phase behavior [63—-68]. While previous com-
putational studies have been primarily focused on amyloid
formation in small peptides and isolated domains [69-71],
fewer investigations have addressed the molecular mecha-
nisms governing material state transitions in multicomponent
biomolecular condensates [72—74]. Understanding the differ-
ent governing parameters that control aging is essential to
propose effective strategies to modulate biomolecular con-
densates’ material properties and prevent transitions toward
potentially pathological solidlike assemblies.

In this work, we investigate the phase behavior of
multicomponent condensates where TDP-43 acts as the
main scaffold protein. We examine how the stability, internal
architecture and aging kinetics of TDP-43 condensates are
regulated by the inclusion of three types of biomolecules:
arginine-rich  polypeptides, single-stranded  disordered
poly-Uridine RNA, and the HSP70 chaperone. We use the
sequence-dependent Mpipi-Recharged model [75], a residue-
resolution coarse-grained model that incorporates improved
treatment for electrostatic interactions [58,75-77] while
maintaining computational efficiency through implicit
solvation. We first benchmark the performance of the model
to describe single-molecule properties of TDP-43, as well
as higher-order self-assembly of pure TDP-43 condensates
and binary mixtures of arginine-rich polypeptides with
TDP-43. After validating the model for these systems,
we combine equilibrium and nonequilibrium simulations
of TDP-43 multicomponent condensates to elucidate the
impact of the aforementioned biomolecules in regulating the
propensity of TDP-43 to form interprotein 8-sheet structures.
We find that while arginine-rich polypeptides increase
the nucleation rate of cross-B-sheet structures—consistent
with experimental observations [18,27]—the presence of
poly-Uridine RNA and HSP70 substantially decelerates the
progressive formation of cross-f-sheet clusters. Interestingly,
we also detect that interprotein B-sheet transitions occur
faster in condensates coexisting with the dilute protein
phase, which display an interface, than in the bulk of the
condensate. This behavior is ascribed to the relative ratio of
inter- versus intramolecular contacts that aggregation-prone
domains (i.e., the LCD of TDP-43) establish depending on
the precise condensate biomolecular region and surrounding
physicochemical environment. Collectively, our findings
establish a direct link between the effects of different
biomolecular species on TDP-43 intermolecular contacts
and the condensate’s propensity to form cross-S-sheet
clusters and undergo transitions toward aberrant solidlike
states.

II. RESULTS

A. Residue-resolution coarse-grained modeling
of TDP-43 phase separation

We simulate TDP-43 using the Mpipi-Recharged model
[75], a coarse-grained force field in which each amino acid
is represented by a single bead with its own chemical identity.
The intrinsically disordered regions of TDP-43 are considered
fully flexible polymers, in which subsequent amino acids are
connected by harmonic bonds, while the globular domains
are treated as rigid bodies, [75] preserving the structures
taken from the corresponding protein data bank (PDB). The
different residue-residue interactions in the model consist
of a combination of electrostatic and hydrophobic interac-
tions [61,78] implemented through a Yukawa potential and
a Wang-Frenkel potential [79], respectively (further details
of the model can be found in the Supplemental Material
(SM) Sec. SI [80]). Importantly, the Yukawa potential permits
the parameters to be fine-tuned depending on the specific
charged residue pair. Such modification with respect to pre-
vious models allows the Mpipi-Recharged to consider that,
at a coarse-grained level, the asymmetrical description of
attraction and repulsion should compensate for the loss of
explicit ions and water, as well as for the aggressive mapping
of the many charges that an amino acid carries atomistically,
reducing it to just one charge centered on its o carbon when
coarse-grained.

As an initial benchmark for modeling TDP-43, we com-
pare the single-protein radius of gyration (R,) predicted by
the Mpipi-Recharged model against atomistic calculations
[13] and in vitro experimental values under diluted condi-
tions [81]. The protein architecture of TDP-43 [Fig. 1(a)]
consists of a partially ordered N-terminal domain (NTD and
NLS), followed by two well-folded DNA/RNA-binding do-
mains (RRM1 and RRM2) and a C-terminal domain. The
C-terminal domain is composed of a low-complexity domain
rich in glycine residues and IDRs, along with a conserved
region (CR) that forms an «-helical structure [Fig. 1(a)] [4]. A
nuclear localization signal (NLS) [84] makes it predominantly
located in the nucleus, shuttling between the nucleus and the
cytoplasm to perform its functions [4,13]. The determination
of R, (see Sec. SIV in the SM for further details [80]) provides
structural insights into the dynamic conformations that the
protein can establish depending on its environment (e.g., sol-
vated in an aqueous solution or in a protein condensed phase).
In Fig. 1(b), the R, probability distribution [P(R,)] of TDP-
43 under diluted conditions (dashed curve) predicted by the
Mpipi-Recharged model is represented along with the mean
value of R, from atomistic simulations [13] [pink vertical
line; Fig. 1(b)] and in vitro measurements [81] [purple vertical
line; Fig. 1(b)]. The mean value of R, predicted by our model
(R, =362=+1 A) closely agrees with the experimental value
of R, = 41 A at physiological conditions (i.e., T=298 K
and 150 mM of NaCl) and matches the atomistic simulation
value (R?tom =356 %1 A) within the uncertainty. Please
note that the experimental measurements were performed on
the mutant WtoA of TDP-43 to facilitate the SAXS measure-
ments [81], and the solution conditions (including complex
buffers compositions) differ from our simulation setup. How-
ever, the conformational ensemble of TDP-43 should not
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FIG. 1. (a) TDP-43 protein sequence broken down in its different domains. It consists of an N-terminal domain (NTD), a nuclear
localization signal (NLS), two DNA/RNA binding domains (RRM1 and RRM2) connected by flexible linkers, and a glycine rich C-terminal
domain where there is a low-complexity domain (LCD) formed by two intrinsically disordered regions (IDR1 and IDR2) and a conserved
region (CR) formed by a «-helical structure [13]. The structure of the different globular domains (PDB codes: SMDI for NTD; 2CQG for
RRM1; 1WFO for RRM2; and 2N2C for CR) across the sequence is shown in the bottom panel (further details on TDP-43 structure are
provided in Sec. SIII of the SM [80]). (b) Probability distribution of the radius of gyration (R,) of TDP-43 within the condensate (continuous
line) and in the diluted phase (dashed one) at 300 K and physiological salt conditions. The single-molecule mean value of R, from in vitro
measurements of a TDP-43 mutant [81] and atomistic simulations of TDP-43 [13] at diluted conditions, T = 300 K and NaCl 150 mM,
are depicted by vertical purple and pink dashed lines, respectively. (c) Phase diagram of TDP-43 in the temperature—concentration plane
obtained via direct coexistence simulations along with the experimental C, values experimentally determined (green, pink and blue stars)
from Refs. [20,82,83]. The gray dashed lined indicates the experimental temperature, and its intersection with the simulated curve defines our
corresponding simulated Cy, value (purple empty star). (d) Intramolecular contact frequency map of residue-residue interactions (in %) of
TDP-43 at diluted conditions. The different domains are indicated by vertical and horizontal dashed lines. (e) Intermolecular contact frequency
map of pairwise residue interactions (in %) of TDP-43 within a protein condensate.

concentration plane [Fig. 1(c)]. The critical solution temper-
ature (7;) resulting for TDP-43 condensate from our direct
coexistence (DC) simulations—estimated by means of the law
of rectilinear diameters and critical exponents (see Sec. SV of
the SM for details of this calculation and inherent limitations

substantially vary with respect to the wild-type sequence upon
that specific mutation and the employed solution conditions.
We have also computed the probability distribution of TDP-43
R, within the condensate at the same conditions [Fig. 1(b),
red continuous curve]. TDP-43 displays larger R, values in

the condensate compared to the diluted phase due to stabiliza-
tion of intermolecular contacts among different protein chains
in more extended conformations with respect to the more
compact conformations that single proteins exhibit in diluted
conditions. This result is consistent with prior computational
[85,86] and experimental studies [87], which reported more
extended conformations for various IDPs within condensates
compared to dilute conditions. Such conformations arise to
maximize the intermolecular connectivity, thereby enhancing
the enthalpic gain associated with the formation of a con-
densed liquid network.

To determine the conditions that enable TDP-43 con-
densate formation as predicted by the Mpipi-Recharged
model, we calculated its phase diagram in the temperature—

of the method [80])—is T, = 302 + 5 K. Below this temper-
ature, a protein-poor liquid phase coexists with a protein-rich
condensed phase, as observed in our simulations at 290 K or
295 K, in contrast to the single homogeneous phase seen at
305 K (see Fig. S7 in the SM [80]). We compare our calcu-
lated coexistence line with in vitro saturation concentration
values (Cgy) to undergo phase separation under physiological
salt conditions [20,82,83] [colored stars in Fig. 1(c)]. The
small differences between the three experimental values (e.g.,
from 0.002 to 0.01 mM) are possibly ascribed to variations
in the solution NaCl concentration (e.g., S0 mM instead of
150 mM as in Ref. [83]) or sequence modifications (Cgy
in Ref. [82] refers to TDP-43 LCD, and in Ref. [20] to a
His6-SUMO N-terminally tagged TDP-43-WT). Regarding
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the predicted Cg, value from the Mpipi-Recharged model,
we note that it significantly overestimates experimental sat-
uration concentrations over a factor of ~30 (ChiPiPi-Recharged
0.15 £ 0.05 mM). This discrepancy can be attributed to sev-
eral factors: (1) model deficiencies in approximating the
coarse-grained intermolecular interactions; (2) the uncertainty
in Cgy evaluation via DC simulations (which can be up to
a fivefold) due to the challenge of accurately determining
extremely low protein concentrations in the diluted phase
[76,78,88]; and (3) Cyy is a subtle quantity which can vary
by few orders of magnitude depending on specific thermody-
namic conditions, sequence modifications or buffer solution,
hence slight variations on these conditions between exper-
iments and simulations can lead to sensitive differences in
the saturation concentration [44,89]. Therefore, given these
considerations and the inherent uncertainty of our calculations
and limitations of the model, the observed differences fall
within the expected ranges for this type of comparison.

Once benchmarked the model performance in describing
single-molecule properties and higher-order self-assembly of
TDP-43 condensates, we elucidate the key molecular contacts
that dictate the structural behavior of TDP-43 at diluted condi-
tions, as well as within phase-separated condensates. To that
purpose, we consider a pairwise contact when two residues
(either of the same molecule, i.e., intramolecular, or between
different proteins, e.g., intermolecular) are found at a distance
below 1.20;;, being o0;; the average molecular diameter of the
two residues i and j, and 1.2 a slightly larger distance to
the minimum in the interaction potential (~1.120;;) be-
tween the ith and jth amino acids (further details on these
calculations are provided in Sec. SVI in the SM [80]). This cri-
terion ensures significant residue binding and avoids artificial
contacts that do not actually contribute to the condensate sta-
bility and enthalpic gain. At intramolecular level [Fig. 1(d)],
there are two well-defined regions that exhibit a substan-
tial number of contacts: (i) a large domain corresponding to
several globular subregions across the sequence (i.e., NTD,
RRMI1, and RRM2), and (ii) the most representative segment
corresponding to the low-complexity domain [IDR1, CR, and
IDR?2, please refer to Fig. 1(a)]. The LCD (residues 267—414)
is characterized by a repetitive and low-complexity amino
acid sequence that favors the formation of intramolecular
interactions, and it has been suggested to contribute to TDP-
43’s propensity to undergo phase separation and subsequent
aberrant solidification [15,90-95]. Our simulations show that
the LCD tends to self-organize and establish significant inter-
actions within the same TDP-43 molecule [Fig. 1(d)], largely
due to its intrinsically disordered nature and high aromatic
composition [85,96]. In a different level, the intermolecular
contact map of TDP-43 [Fig. 1(e)] reveals substantial in-
teraction hotspots (in darker colors) that potentially enable
the formation of condensates. The most representative region
includes self-interactions of the RRM2 DNA/RNA binding
domain of TDP-43 followed by RRM1-RRM?2 and LCD-LCD
contacts.

It has been recently shown that the RRM1 partially unfolds
in the condensate leading to solvent exposure of cysteine 173
and 175 favoring intermolecular disulfide bond formation,
and thereby lowering the minimum concentration of TDP-43
molecules needed to undergo phase separation [97]. While

in our CG simulations the partial unfolding of this domain
cannot be observed due to the rigid treatment of the glob-
ular domains, our simulations capture the high molecular
connectivity of the RRM1 in TDP-43. In fact, besides the
high contact frequencies within the RRM1 region, the RRM2
displays even higher frequency due to a specific tryptophan
in the sequence (Trp-172) which facilitates such strong in-
terconnectivity (please see the protein sequence in Sec. SIII
in the SM [80]). The Trp-172 is one of the TDP-43 exposed
tryptophans responsible for the modulation of its toxicity
[81,98]. Importantly, although the phase modulation of TDP-
43 is primarily supported by RRM1 and RRM2 interactions,
the LCD of TDP-43 ranks as the second major domain in
terms of establishing the highest intermolecular contact fre-
quency [Fig. 1(e)]. Specifically, there are three tryptophan
residues (Trp-334, Trp-385, and Trp-412) involved in con-
densate stabilization (as reported in Ref. [96]) which form
multivalent connections among themselves and with other
aromatic and positively charged residues across the sequence
[Fig. 1(e)]. Moreover, additional aromatic residues within the
LCD, such as Tyr-374, Phe-397, and Phe-401, significantly
contribute to condensation-stabilizing interactions through the
formation of 7- contacts. This would support recent findings
regarding the pivotal role for Phe-Gly motifs of TDP-43’s
prionlike domain in creating the fibril core [99]. By perform-
ing this contact analysis at different temperatures (Fig. S4
in the SM [80]), it can be observed how the fingerprint of
both intra- and intermolecular interactions is marginally af-
fected. However, the variation in condensate density when
modifying the temperature [Fig. 1(c)] shows a notable
dependency on the total number of inter- and intramolecular
contacts (Figs. S4(C) and S4(F) in the SM [80]), particularly
near the critical point (7 = 300 K) where the decrease in
the number of contacts is more pronounced. Together, our
contact analysis, single-molecule conformational study and
phase diagram demonstrate that, despite being a CG model,
the Mpipi-Recharged fairly reproduces key experimental fea-
tures of TDP-43 phase behavior.

B. Arginine-rich peptides and near-interfacial condensate
regions enhance interprotein B-sheet structural transitions

The propensity of TDP-43 to undergo phase separation and
further B-sheet fibril formation has been shown to be strongly
regulated by the presence of different biomolecules, including
RNA strands of different lengths [31], or short arginine-rich
peptides with varying compositions [16,17,21,100]. To eluci-
date the key intermolecular forces controlling this behavior,
we first investigate how different dipeptide repeats—GP»s,
GRjs, and PRys—modulate the stability of TDP-43 conden-
sates as a function of their concentration. We define the critical
solution temperature for phase separation (7;.) as our metric
for biomolecular condensate stability [77] when comparing
between different protein/peptide systems. Since imposing
a concentration of peptides within a protein condensate is
hardly attainable through DC simulations [101], we calculate
the critical solution temperature by performing NpT simu-
lations for protein/peptide mixtures, so that 7, is estimated
to be between the highest temperature at which the conden-
sate is stable (i.e., usually p > 0.1g/cm?) at p =0 (i.e., we
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FIG. 2. (a) Relative variation in the critical solution temperature as a function of the peptide/TDP-43 molar ratio for different inserted
peptides as indicated in the legend. The blue-shaded area indicates phase-separation enhancement while the red one phase-separation hindrance.
Inset: Density profile of a direct coexistence simulation of GR,5 and TDP-43 at 1:1 molar ratio depicting the relative density of each specie
across the condensate. (b) Top: Low-complexity aromatic-rich kinked segments (LARKS) located at the TDP-43 LCD. Bottom: Intermolecular
contact frequency map (in %) of GR,s and PRys with the TDP-43 sequence (414 residues) in each binary mixture at 1:1 molar ratio and 300 K.
The identity of charged and aromatic residues across the TDP-43 sequence are indicated above. (c) Ratio of the critical solution temperature
of the binary mixture over that of pure TDP-43 condensates from Mpipi-Recharged simulations (y axis) vs in vitro [16] TDP-43 relative
concentration within the condensates in peptide-protein mixtures over pure TDP-43 condensates (x axis). Each color corresponds to the type of
peptide used and the symbol shape corresponds to peptide:protein molar ratio. (d) Time-evolution of the cross-B-sheet relative concentration
in TDP-43 condensates under bulk conditions (black curve) and within condensates in coexistence with the protein-poor diluted phase (i.e.,
direct coexistence simulation; red curve). Snapshots of both simulation setups are displayed: protein residues forming cross-S-sheet clusters
are highlighted while the rest of the protein residues within the condensate are faded in gray. (e) Mean-squared displacement (MSD) of TDP-43
proteins in the systems shown in panel (d) computed before the emergence of cross-f-sheet transitions. The diffusion coefficient (D) extracted
from this analysis is also included. (f) Time-evolution of the relative cross-S-sheet concentration of pure TDP-43 condensates under bulk
conditions (black curve), within condensates in coexistence with the protein diluted phase (red curve), and for (1:1) TDP-43 4+ GR,s mixtures
in bulk conditions (blue) and in coexistence to the diluted phase (green).

neglect the pressure of the diluted phase on the condensate) of both GR,s and PRys peptides, we observe a re-entrant
and the lowest one at which the condensed phase evolves into  phase behavior characterized by a nonmonotonic dependence
the diluted phase by diverging the volume in our simulation of the condensate stability on peptide concentration: stability
(p < 0.1g/cm?, further details on this method are provided first increases, reaches a maximum at peptide/protein molar
in Sec. SVa in the SM [80]). This approach—validated for  ratios approaching 1:1, and then it decreases at higher con-
biomolecular condensates in Ref. [101]—additionally allows centrations. This behavior emerges because while moderate
for the evaluation of the condensate density as a function peptide concentrations enhance condensate formation through
of temperature for different peptide sequences and specific complementary electrostatic interactions with TDP-43, ex-

RNA/protein/peptide stoichiometries. cess of either GRys or PR,5 leads to strong peptide-peptide
We evaluate the stability of TPD-43 condensates as a func- electrostatic self-repulsion which ultimately destabilizes the
tion of the GP,s, GRys, and PR;s concentration in Fig. 2(a). condensates. This behavior is consistent with previous

While both GRys and PR,s5 peptides enhance the stability experimental findings for complex coacervates of RNA-
of the condensates up to molar ratios of ~1, the inclusion  binding proteins in the presence of charged polypeptides
of GP,5 consistently hinders condensate formation even at [16,18,27]. Similar nonmonotonic changes in the stability of
relatively low concentrations (i.e., a molar ratio of 0.25). multicomponent condensates have also been reported for mix-
This is attributed to the strong interactions between the pos- tures of FUS-LCD and hnRNPA1-LCD [102], and mixtures of
itively charged arginine-rich peptides (GR,s and PR;s) with ~ PRC1 and RING1B [103]. Furthermore, complex coacervates
the negatively charged and aromatic residues of the TDP-43 consisting of short positively charged synthetic peptides (SR8
sequence. However, as we keep increasing the concentration and RP3) and single-stranded RNA poly-Uridine (polyU)
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[104], as well as RNA-binding proteins (such as EWSRI,
TAF15, hnRNPA1, and FUS) in presence of polyU exhibit
an RNA-concentration dependent re-entrant phase transition
controlled by the balance between heterotypic associative
electrostatic interactions and self-repulsive homotypic elec-
trostatic interactions. In contrast to such reentrant phase
behavior, GP»5 inhibits the formation of condensates even
at low concentrations since glycine and proline, which are
both uncharged nonpolar residues, can only act as “spacers”
[89], and poorly contribute to forming condensate-stabilizing
contacts.

To further characterize the mechanism by which GR,s and
PR ;5 modulate TDP-43 phase behavior, we carry out DC sim-
ulations to determine the internal organization of the different
components within the droplets (please see Sec. SV in the SM
[80]). We find that at the concentration that maximizes con-
densate stability (i.e., molar ratio of 1), arginine-rich peptides
remain homogeneously distributed through the condensate
core with a marginally low concentration at the interface
(Fig. 2(a) inset). This condensate architecture differs from
that previously observed in FUS/polyU mixtures where short
molecules (e.g., RNA strands of 50 nucleotides) were pre-
dominantly localized at the condensate interface [101]. In
this regard, the strength of the electrostatic and cation-w
interactions between TDP-43 and the arginine-rich peptides
underpins their retention in the condensate bulk—to maxi-
mize the enthalpic gain and the liquid network intermolecular
connectivity—rather than their co-localization at the interface.
In Fig. S5 in the SM [80], we show how TDP-43 + GRjs
1:1 mixtures maintain a similar condensate organization when
the temperature is increased from 280 K to 298 K, demon-
strating that despite temperature modulates the strength of
the intermolecular interactions, the internal architecture of the
condensates barely changes across the studied range of tem-
perature when 7 is below the critical saturation concentration.

To understand which specific intermolecular interactions
promote the assembly of the condensate upon the recruit-
ment of arginine-rich peptides, we now calculate the contact
frequency of GRys and PR,s5 peptides with the amino acid
sequence of TDP-43 [Fig. 2(b)]. Interestingly, most het-
erotypic contacts between these peptides and TDP-43 occur
through the RRM2 domain due to its strong abundance
of negatively charged and aromatic residues. Moreover, the
negatively charged residues contained in the NTD and the aro-
matic residues within the LCD—identified as the key region
driving the pathological aggregation of TDP-43 [105-110]—
contribute to the condensate intermolecular connectivity in
presence of arginine-rich peptides. In that respect, recent ex-
perimental evidence has shown that arginine-rich peptides
bind to regions adjacent to the LCD (e.g., the RGG domains in
the FUS protein), enhancing protein aggregation by increasing
the LCD local concentration and its subsequent interprotein
stacking [111]. A qualitative comparison between our compu-
tational predictions for the regulation of TPD-43 condensation
in presence of GR,5 and PRys peptides against in vitro results
[16] is shown in Fig. 2(c). Our model predicts the experi-
mental observation that the 2:1 peptide/TDP-43 molar ratio
translates into lower phase separation capacity (measured
through the relative ratio of T;. mixwre/T¢, TDP—43 1N OUr simula-
tions and experimentally through the relative protein TDP-43

concentration within the condensates in absence versus pres-
ence of peptides) than the 1:1 stoichiometry. Moreover, the
Mpipi-Recharged predicts the similar impact that both GRjs
and PR;,s induce on TDP-43 condensate stability [Figs. 2(a)
and 2(c)]. At a 1:1 stoichiometry, both peptides increase pro-
tein density within the condensates in both simulations and
experiments. This increase is more pronounced compared to
stoichiometries in which the peptide concentration is doubled
(2:1) or compared to pure TDP-43 condensates. These results
indicate that our model provides a reasonable representation
of the effects of short peptide recruitment on TDP-43 conden-
sate phase behavior.

To elucidate the impact of arginine-rich peptides in
TDP-43 aging kinetics, we now perform nonequilibrium
MD simulations incorporating our aging algorithm. In par-
ticular, our approach enables structural transitions of the
low-complexity aromatic-rich kinked segments (LARKS)
[15,112] into cross-B-sheet assemblies [74,113]. As input
for the free-energy binding difference between the structured
versus disordered LARKS, we use atomistic potential-of-
mean-force (PMF) calculations from Refs. [53,73,74,113].
In these studies, the unbinding of cross-f-sheet clusters is
evaluated based on the structures of Refs. [15,112], resolved
via Cryo-Electron Microscopy (Cryo-EM). PMF calcula-
tions are performed using an atom-level force field [114]
which considers both structured conformations from Cryo-
EM [15,112] and intrinsically disordered ensembles from
all-atom simulations [114] to compute the binding free en-
ergy difference of the structured versus disordered state of
a cluster composed of 4 to 6 LARKS. Our aging algorithm
evaluates LARKS high-density fluctuations throughout the
simulation using a distance criterion based on a local order
parameter developed by us [53]. When at least five LARKS
from different protein replicas meet specific proximity condi-
tions (i.e., within a cut-off distance consistent with the free
energy minima of the PMF calculations), the interactions
between these segments are approximated according to the
PMF structured binding free energy of the previously studied
sequences [53,73,74,113]. Structured cross-B-sheet interac-
tions are substantially stronger than LARKS disorderedlike
interactions (i.e., 3-6 kzT per LARKS when disordered and
30-50 kT upon the structural transition [74]). Furthermore, in
addition to the energetic implications of the structural transi-
tion, our algorithm also imposes an angular potential between
consecutive LARKS residues to account for the increased
rigidity of the newly formed structures, thus mimicking the
conformational change across the involved segment.

It is important to note that our algorithm modulates the
probability of primary nucleation events solely through a
distance-based criterion—specifically, by detecting local den-
sity fluctuations of LARKS. This is achieved by applying
effective structural transitions to groups of chains to pro-
mote the initial formation of a cross-B-sheet nucleus. Once
a cross-B-sheet cluster has formed, the algorithm facilitates
interprotein B-sheet growth by adjusting the criterion to re-
cruit additional LARKS to the existing nucleus. In contrast,
secondary nucleation events are an emergent property of the
system, arising spontaneously from the intrinsic fluctuations
and attachment kinetics of LARKS onto preexisting cross-8-
sheet clusters, and are not directly biased by the algorithm. To
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avoid introducing bias in the balance between primary versus
secondary nucleation rates, and assuming that the limiting
step is the primary nucleation, we focus our analysis on the
average nucleation time corresponding to the formation of
the first cross-B-sheet nucleus, rather than the average time
required for half of the TDP-43 LARKS to become engaged
in cross-B-sheet structures. In this way, we establish a sim-
plified and controlled baseline for assessing how different
biomolecular species, each with distinct sequence features,
influence the nucleation stage of cross-B-sheet emergence
within TDP-43—scaffolded condensates. The TDP-43 LARKS
considered [15] in our coarse-grained simulations are dis-
played in Fig. 2(b) (Top panel). For technical details on the
implementation of the aging algorithm, please see Sec. SVIIL
of the SM [80].

We measure the concentration of cross-S-sheets (normal-
ized by the maximum number of cross-g-sheets which can be
formed) in pure TDP-43 condensates as a function of time
[Fig. 2(d)]. We average 5 different independent trajectories
(i.e., with a different initial velocity distribution per trajectory)
using two different setups. First, we employ NVT simulations
at the equilibrium condensate density at 280 K [black curve
in Fig. 2(d)] to emulate bulk condensate conditions below the
critical solution temperature. Then, at the same temperature,
we perform DC simulations (5 independent trajectories) to
represent a condensate that coexists with the protein diluted
phase [red curve in Fig. 2(d)], and thus they account for
the presence of an interface in the condensate. We find that
the presence of condensate interfaces reduces the nucleation
time—i.e., defined as the average initial lag time for the for-
mation of the first 8-sheet nucleus—compared to condensate
bulk conditions [Fig. 2(d)]. While we do not observe a sub-
stantially higher probability of cross-B-sheet formation at the
condensate interfacial regions in our DC simulations
(when tracking the position of the formed pB-sheet nu-
clei), we consistently find that the nucleation rate is
two times faster in condensates in coexistence with
the dilute phase than in those under bulk conditions.
Hence, our simulations suggest that interfacial (or near-
interfacial) regions in TDP-43 condensates may facili-
tate high-density local-order fluctuations driving LARKS
B-sheet structural transitions. Interestingly, these observa-
tions for TDP-43 condensates are consistent with previous
experimental and computational findings for other RNA-
binding proteins such as FUS [43,53], «-synuclein [115] or
hnRNPAT1 [116,117], which have been observed to undergo
enhanced S-sheet fibrillization at the condensate boundaries.
In fact, recent in vitro experiments [97] have reported a liquid-
to-solid transition of TDP-43 in G3BP1-RNA stress granules
promoted by intra-condensate demixing and TDP-43 reloca-
tion to the interface. It is important to note that, while our
coarse-grained condensates undergo cross-fB-sheet transitions
within timescales of the order of hundreds of nanoseconds
rather than in minutes to hours as experimentally observed
[118], they still qualitatively capture differences in the nucle-
ation and growth of cross-8-sheets in incubated condensates
[100,118].

To further explore the origin of faster interprotein -
sheet transitions at the interfaces than in bulk conditions,
we also evaluate the mean-squared displacement (MSD) (see

Sec. SVIII in the SM for further details [80]) of TDP-43
proteins in condensates at bulk conditions and within DC
simulations [excluding the marginal number of proteins that
for a period of time transitioned from the condensate to the
diluted phase; Fig. 2(e)]. We observe a moderately larger
diffusion coefficient (D) for TDP-43 in condensates with in-
terfacial regions compared to bulk systems, despite similar
(though slightly slower at the interface) protein densities.
This faster dynamics of TDP-43 in condensates coexisting
with the diluted phase may contribute to their faster aging
kinetics. Moreover, in addition to faster protein diffusion,
the high-density local fluctuations of the protein LCDs (as
recently reported by us for FUS condensates [43,53]) and
the more extended LCD conformations—displaying a higher
ratio of inter- versus intramolecular contacts (as discussed in
Sec. I E)—found in condensates coexisting with the diluted
phase are likely important contributors to facilitating inter-
protein structural transitions that form cross-p-sheet clusters.
As for the aging kinetics, the diffusion coefficients calculated
in our simulations are significantly faster than those experi-
mentally found in protein condensates. Our D values are of
the order of 10° nm? /s, while experimental studies using FCS
[119] or FRAP [38] have reported diffusion coefficients of
the order 1-10 um?/s. Hence, the dynamics of our coarse-
grained model are 3—4 orders of magnitude faster than in vitro
measurements due to the implicit treatment of the solvent and
the coarse-graining of protein residues into spherical single-
interaction beads.

Next, we analyze the impact of arginine-rich peptide inclu-
sion in TDP-43 aging kinetics. For that purpose, we measure
the time-evolution of cross-B-sheet clusters in TDP-43/GR 5
condensates at 1:1 stoichiometry [Fig. 2(f)]. We choose this
concentration since, as shown in Fig. 2(a), it maximizes the
stability of the condensates. Moreover, given that both GRys
and PRys establish a similar pattern of intermolecular contacts
with TDP-43 [Fig. 2(b)], and affect similarly its phase behav-
ior as a function of their relative concentration [Fig. 2(a)], we
only perform simulations for the GR,5 peptide sequence. We
consistently find (for the two sets of five different independent
trajectories using both bulk NVT condensate simulations and
DC simulations) that condensates with interfaces [i.e., DC
setup; green curve in Fig. 2(f)] exhibit faster cross-g-sheet
nucleation than condensates in bulk conditions [blue curve in
Fig. 2(f)]. Furthermore, if we compare pure TDP-43 conden-
sates versus TDP-43/GR,s mixtures under bulk conditions,
we observe that the presence of GR,s not only promotes
phase separation, but also accelerates cross-g-sheet forma-
tion. Nevertheless, such effect is negligible in the presence
of interfaces where both pure TDP-43 and TDP-43/GRjs
exhibit similar nucleation times (red and green curves, respec-
tively). We hypothesize that such different behavior in bulk
conditions can be driven by GR,s predominantly interact-
ing with the RRM2 domain of TDP-43, therefore facilitating
TDP-43 LCD-LCD intermolecular contacts which in the ab-
sence of GR,s were compromised in RRM2-LCD interactions
[Fig. 1(e)]. However, if LCD-LCD high-density fluctuations
occur in near-interfacial regions, the impact of GR,5 addition
in TDP-43 aging kinetics becomes negligible [as shown in
Fig. 2(f)] as GRys primarily colocalizes at the condensate core
[Fig. 2(a)]. In agreement with our simulations, arginine-rich
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FIG. 3. (a) Variation of the critical solution temperature (TCSyStem / TCTDP'“) as a function of the polyU/TDP-43 molar ratio in TDP-43/GR s
and TDP-43 /PR,s (1:1 molar ratio) mixtures. (b) Top panel: Simulation snapshot and density profile of a TDP-43 + GR,5 + polyU condensate
formed by 100, 100, and 16 molecules of each component respectively (i.e., corresponding to a 0.16 polyU/TDP-43 molar ratio) at 280 K and
physiological salt concentration. Density profiles of each species are shown as indicated in the legend. The x axis represents the length of
the DC simulation box. Bottom panel: Intermolecular contact frequency of polyU nucleotides with TDP-43 residues in the condensate shown
in panel (b) (top). (c) Time-evolution (averaged over five independent trajectories) of the cross-fB-sheet concentration (normalized by the
maximum number of B-sheets which can be formed in the system) for TDP-43 (red), TDP-43 4+ GR,s (green), and TDP-43 + GR,s + polyU

(yellow) condensates in coexistence with the diluted phase.

peptides have recently been shown to promote neuronal aging
in mice, inhibit ribosome biogenesis, a critical process for pro-
tein synthesis, and lead to cellular dysfunction and premature
aging [120]. Hence, arginine-rich peptides not only enhance
condensate stability but also increase the aging rate of protein
condensates into kinetically trapped assemblies. Nevertheless,
the growth of cross-g-sheet structures upon nucleation is
roughly similar for all the systems studied in agreement with
previous computational [100] and experimental work [121].

C. Poly-Uridine RNA reduces the stability
of TDP-43/arginine-rich peptide condensates
and their propensity to develop S-sheet fibrils

RNA critically regulates the propensity of RNA-binding
proteins, such as TDP-43, to undergo phase separation
and further maturation [16,101,122-126]. Multiple in vitro
studies have demonstrated different pathways by which
RNAs are capable of modulating protein phase behavior
[31,42,104,127-130]. A particularly relevant example is the
RNA-driven re-entrant phase behavior of numerous protein
condensates in which the length, concentration, and sequence
of RNA strands tightly regulate the phase diagram and vis-
coelastic properties of the condensates [31,85,101,104,131].
In this section, we investigate how polyU single-stranded
RNA dictates the stability and aging kinetics of
TDP-43/arginine-rich peptide mixtures. We measure the
critical solution temperature (through NpT simulations)
of TDP-43 condensates—composed of GRjs or PRys
and TDP-43 at a 1:1 molar ratio—as a function of the
polyU concentration using strands of 250 nucleotides
[Fig. 3(a)]. Interestingly, our simulations show that the
critical temperature monotonically decreases upon polyU
addition [Fig. 3(a)]. To better understand this behavior, we
also perform DC simulations (see Sec. SV in the SM for
details [80]) to unveil the architecture of the condensates
[Fig. 3(b), top panel]. We find that RNA predominantly
colocalizes at the condensate’s core, strongly interacting with

GRys (or PRys; Fig. S1 in the SM [80]), driven by attractive
electrostatic interactions between R and U. These results are
consistent with previous in silico work where RNAs of similar
length (i.e., from 200 to 400 nucleotides) were found deep
within the condensate’s core of FUS droplets contributing to
strengthening the overall connectivity of the liquid network
of the system [101]. By repeating the simulations at a higher
temperature (7" = 298 K), we find that the overall density of
the condensate is reduced, although the organization of the
condensates remains alike, being polyU and GR;s located at
the core of the condensate as at 7 = 280 K. Similarly, we
explore how variations in the effective NaCl concentration
of the system modulates the architecture of condensates.
Specifically, we vary the salt concentration from 75 to 300
mM of NaCl (Figs. S6(A) and S6(B) in the SM [80]). While
low salt concentration (e.g., 75 mM, Fig. S6A in the SM
[80]) promotes higher condensate stability, which correlates
with an increase in density within the condensate induced by
strongest electrostatic interactions amongst charged residues,
higher ionic strength (i.e., 300 mM, Fig. S6B in the SM [80])
destabilizes the condensate leading to a higher concentration
of TDP-43 in the dilute phase. These simulations indicate that
the critical salt concentration at 280K for this system must be
near 300 mM of NaCl given the fact that condensates with
protein densities below 0.2 g/cm? are usually unstable and
eventually dissolve [132].

We now compute the contact frequency distribution of
polyU strands with TDP-43 [Fig. 3(b), bottom panel]. While
both GR;5 and PR;s predominantly interact with the RRM2
domain—rich in aromatic and negatively charged residues
[Fig. 2(b)]—polyU broadly interacts with different seg-
ments across the TDP-43 sequence rich in positively charged
residues such as arginine and lysine [e.g., scattered from the
45th to the 295th residue; Fig. 3(b)]. However, we note that
polyU-TDP-43 contacts are notably weaker than those es-
tablished by GRjs (or PRjys) with both TDP-43 and polyU
(Fig. S1 in the SM [80]). This suggests that, while RNA inter-
acts with TDP-43, the interaction is much weaker compared to
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its interaction with arginine-rich peptides, which is primarily
driven by electrostatic nonspecific interactions. Supporting
our simulation findings, recent in vitro experiments have also
shown how arginine-rich peptides (i.e., GRy) establish strong
electrostatic interactions between their positively charged side
chains and the negatively charged RNA backbone driving
condensate formation via complex coacervation [133].

We further perform nonequilibrium DC simulations (e.g.,
condensates in coexistence with a diluted phase) to char-
acterize the formation of interprotein S-sheet nuclei in
TDP-43 /GR5/polyU condensates. In Fig. 3(c) we show the
time-evolution of cross-p-sheet concentration averaged over
5 independent trajectories with different initial velocities
in TDP-43 4+ GRjs + polyU condensates [yellow curve in
Fig. 3(c)]. Inclusion of polyU 250-nucleotide strands (at
0.16 polyU/TDP-43 molar ratio) significantly decelerates (i.e.,
by a factor of ~3) the nucleation time of interprotein B-
sheet assemblies compared to pure TDP-43 (red curve) and
TDP-43 /GR35 (green curve) condensates. Interestingly, RNA
slows down TDP-43-LCD structural transitions without di-
rectly establishing competitive polyU-LARKS interactions
as shown in Fig. 3(b) (bottom panel). PolyU outcompetes
with TDP-43 to interact with GR;s, releasing contacts be-
tween GR,s and the RRM2 domain of TDP-43 (which
contribute to enhancing LCD-LCD interactions driving faster
cross-fB-sheet formation). Moreover, direct interactions be-
tween polyU and the IDR1 in TDP-43, which is adjacent
to several rich-aromatic regions prone to undergo B-sheet
transitions, are likely contributing to decelerating aging ki-
netics. Additionally, RNA-RNA electrostatic self-repulsion at
moderately high RNA concentration partially reduces the con-
densate density decreasing the probability of local stacking of
TDP-43-LCD driving B-sheet transitions. Overall, the polyU
propensity to interact with arginine-rich peptides (Fig. S1 in
the SM [80]) and TDP-43 IDR1 [Fig. 3(b)] reduces TDP-43-
LCD intermolecular contacts (as it will be further discussed
in Sec. ITE) and the system kinetics of developing inter-
protein structural transitions. The addition of single-stranded
polyU at high concentrations (i.e., before RNA-driven phase
separation inhibition) has also been shown to delay the emer-
gence of cross-B-sheet assemblies in other RNA-binding
proteins involved in stress granule formation, such as hn-
RNPAL1 [113] and FUS [74]. Moreover, the importance of
heterotypic interactions between proteins and nucleic acids
and how these interactions influence the mechanistic pathway
and kinetics of amyloid formation have been recently high-
lighted in Ref. [134]. It has been reported how the presence of
RNA influences the transition of hnRNPAIA from a soluble
state to amyloid, with the pathways being conducted by the
RNA/protein ratio: at lower RNA concentration RNA acts as
a facilitator for amyloid formation of hnRNPA1A while at
higher RNA concentration condensation is inhibited due to
reentrant phase behavior [31,134].

D. HSP70 chaperone and RNA decelerate interprotein 3-sheet
formation in TDP-43 condensates through alternative yet
synergistic mechanisms

The heat-shock protein of 70 kiloDaltons (HSP70) was
first identified as part of a protective mechanism triggered

by heat stress [135], laying the foundation for understanding
its vital role in maintaining protein homeostasis, regulat-
ing stress responses, and promoting resilience under adverse
conditions [136]. It contains two functional domains: a nu-
cleotide binding domain (NBD) and a substrate binding
domain (SBD), which are followed by a C-terminal domain
(CTD), as sketched in Fig. 4(a) (please see the protein se-
quence in Sec. SII in the SM [80]). The two functional
domains are connected by a highly conserved interdomain
linker with relevant hydrophobic residues for chaperone func-
tion [138]. HSP70 chaperone is one of the most conserved
protein sequences throughout different species known in
biology [139], and it acts as an essential regulator of pro-
tein folding and cellular stress responses. Furthermore, it
has been reported to undergo phase separation in vitro and
cophase separate with different RBPs (such as FUS) prevent-
ing them from transitioning abnormally from a liquid state
to a solid phase as well as from developing fibrils over time
[140,141].

Given its central role in regulating protein phase tran-
sitions, this section focuses on exploring its impact on
modulating TDP-43 4 GRj5 condensates internal organiza-
tion and aging kinetics. To that purpose, we first perform
DC simulations of a TDP-43/GR,5/HSP70 condensate at a
molar ratio of 1:1:0.16 [Fig. 4(b)]. We note that the struc-
ture of HSP70 [shown in Fig. 4(a)] is maintained across the
simulations with the exception of the identified IDRs along
the sequence. By performing a density profile of the different
species across the condensates, we discover that HSP70 pref-
erentially colocalizes at the condensate’s interface, in contrast
to TDP-43 and GR;,s which are homogeneously distributed
throughout the condensate. We note that this is an equilibrium
configuration of the condensate since all the species were
initially randomly distributed across the simulation box and
have since reached equilibrium. To reduce the noise of our
density profiles computed from DC simulations, we apply a
Gaussian smoothing algorithm. The uncertainty of our density
profiles computed through DC simulations has been evalu-
ated by bootstrapping block analysis obtaining values below
~7.5% for all the species (please see Sec. SV in the SM for
further details on these calculations [80]). To elucidate the
impact of ionic strength on the phase behavior of this ternary
mixture, we perform simulations at 75 mM and 300 mM NaCl
to characterize how variations in salt concentration regulate
condensate stability (Figs. S6(C) and S6(D) in the SM [80]).
TDP-43 4+ GR;s + HSP70 condensates display increased
density at 75 mM NaCl compared to 300 mM, where HSP70 is
no longer recruited into the condensate due to the high ionic
strength. This is consistent with the notion that HSP70 sta-
bilization within condensates is partly driven by electrostatic
contributions from its charged residues, which are enhanced
at lower salt concentrations (i.e., 75 mM NaCl). Further-
more, this behavior suggests that HSP70 acts as a client
rather than a scaffold, given its lower effective valency—
primarily mediated by CTD-LCD heterotypic interactions at
150 mM [Figs. 4(b) and 4(e)]—which are weakened by a
moderate increase in the ionic strength (e.g., 300 mM). This
observation is also consistent with the behavior of TDP-43 +
GR;5 + polyU condensates (Figs. S6(A) and S6(B) in
the SM [80]), where higher salt concentration also reduce
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FIG. 4. (a) Scheme of the HSP70 chaperone (1B Homo sapiens NP005337.2.) sequence displaying its different domains: a nucleotide
binding domain (NBD) at the N-terminal, a substrate binding domain (SBD), and a C-terminal domain (CTD) [137]. The distribution of the
positively and negatively charged amino acids as well as the aromatic residues across the sequence is shown above. (b) Density profile of a
DC simulation at 7 = 280 K composed of TDP-43 (gray), HSP70 (khaki), and GR,s (green) at 1:0.16:1 molar ratio. The snapshot on top
of the panel shows a representative configuration of the DC simulation. (c) Intermolecular contact frequency (in % of contacts per residue)
between HSP70 and TDP-43 evaluated in the condensate shown in panel (b). (d) Time-evolution of the cross-g-sheet concentration (averaged
for five independent trajectories and normalized by the maximum number of B-sheets which can be formed in the condensate) for different
mixtures of TDP-43 condensates as indicated in the legend. (e) Density profile of a DC simulation at 280 K composed of TDP-43 (gray), GR»s
(green), polyU (pink), and HSP70 (khaki) with a molar stoichiometry of 1:1:0.16:0.16, respectively. Snapshot on top of the panel shows a
representative configuration of the DC simulation. (f) Intermolecular contact frequency of polyU and GR,s with both HSP70 (top panel) and

TDP-43 (bottom panel) in the condensate shown in panel (e).

condensate density and stability. Nevertheless, the fact that
polyU remains within the condensate up to 300 mM under-
scores its higher effective multivalency relative to HSP70, as
also supported by the tendency of polyU to localize at the
core in contrast to HSP70 which preferentially accumulates at
the interface—characteristic of low-valency biomolecules as
previously reported in the literature both in vitro and in silico
[142-144].

To uncover the key intermolecular interactions trigger-
ing such condensate architecture, we compute the contact
frequency map of heterotypic interactions between HSP70
and TDP-43 [Fig. 4(c)]. Among the regions of TDP-43 that
interact with HSP70, its LCD is one of the most promi-
nent domains in establishing heterotypic contacts, consistent
with previous studies [145] reporting that HSP70 binds to
unfolded and predominantly hydrophobic segments of sub-
strate proteins. Additionally, there are two regions of HSP70,
within the 250-300 amino acid region—corresponding to a
segment across its NBD region—which exhibit high contact
frequencies with a significant part of TDP-43 sequence rang-
ing from the 3rd to the 90th residue, and from the 175th
to 290th amino acid [Fig. 4(c)]. The nature of the interac-
tions driving such intermolecular contacts are primarily -7,
cation-mr, and electrostatic, as these domains are enriched in
aromatic and charged residues, including a significant number

of glutamic (E) and aspartic (D) acids in TDP-43, lysines
(K) and arginines (R) in HSP70, as well as tyrosines (Y)
and phenylalanines (F) in segments of both sequences [please
see Figs. 2(b) and 4(a)]. Cation-7 and m-7 interactions are
mostly formed between aromatic residues within this region
of HSP70 (from the 250th to the 300th residue) and K, R,
Y, and F amino acids of TDP-43 within the two aforemen-
tioned domains of TDP-43 and its LCD. Nevertheless, the
overall frequency of contacts between HSP70 and TDP-43 is
lower than that of TPD-43 with GR;5 and PRjs as shown in
Fig. 2(b)—being the highest value of heterotypic contacts per
residue 0.05% between TDP-43 and HSP70 while almost 4%
between both arginine-rich peptides and TDP-43. Thus, the
positioning of HSP70 at the interfaces is likely driven by its
low effective valency with TDP-43 (and GRjs; Fig. S2 in the
SM [80]), with only a few specific regions interacting, such as
the CTD and LCD of HSP70 and TDP-43, respectively among
few others [Fig. 4(c)]. This low effective valency with TDP-43
and GRjs may also contribute to reducing the condensate’s
surface tension with the diluted phase, as previously shown
for low-valency colloidal patchy particles forming multilayer
condensates [142,143].

We also perform nonequilibrium DC simulations to
measure the kinetics of formation of interprotein B-sheet as-
semblies in TDP-43 4 GR,s + HSP70 condensates. We run
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five independent trajectories with different initial velocities
and we measure the concentration of cross-S-sheet structures
over time. In Fig. 4(d), we compare the time-evolution of
the average relative concentration of cross-S-sheets in con-
densates formed by TDP-43 and GRj,s (green curve) and
condensates of TDP-43 4+ GR,s + HSP70 (orange curve)
with the same molar ratio as that shown in Fig. 4(b). We
find that the nucleation time for the formation of the first
cross-B-sheet nucleus is significantly decelerated by a factor
of 2 when the chaperone is present in the condensate—despite
being at a relatively low concentration (TDP-43/HSP70 1:0.16
molar ratio). Such deceleration in aging kinetics is similar to
that found in presence of polyU strands of 250 nucleotides
at the same molar ratio of 1:0.16 [Fig. 3(c)]. However, while
the impact of both HSP70 and polyU on aging kinetics is
alike, the molecular mechanism by which they regulate it
seems to be radically different. PolyU outcompetes TDP-43 to
interact with arginine-rich peptides, releasing contacts among
the peptides and the TDP-43 RRM2 domain, and indirectly
decreasing LCD-LCD interactions by favoring RRM2-LCD
contacts. Moreover, direct interactions between polyU and
the IDR1 of TDP-43 (adjacent to several LARKS) contribute
to frustrating cross-fB-sheet formation as well as RNA-RNA
electrostatic self-repulsion which partially reduces conden-
sate density and decreases the probability of TDP-43-LCD
stacking. In contrast, HSP70 intervenes through a completely
different mechanism in which TDP-43 LCD-LCD interactions
seem to be precluded by competing heterotypic contacts with
the CTD of HSP70. Moreover, the primarily localization of
HSP70 toward the interface may contribute to hinder LCD-
LCD stacking (substituted by CTD-LCD interactions) over
the interfacial and near-interfacial regions, which as shown in
Fig. 2(d), enhance interprotein B-sheet transitions compared
to bulk condensate conditions.

Next, we investigate whether the addition of polyU mod-
ifies the internal organization of TDP-43 + GR,s + HSP70
condensates. We perform DC simulations of a system with the
same molar ratio as in Fig. 4(b) but including polyU strands
of 250-nucleotides in the same molar ratio as HSP70 (e.g.,
TDP-43/GR,s/HSP70/polyU: 1:1:0.16:0.16). In Fig. 4(e), we
show a snapshot of the condensate as well as the density
profile across the long axis of the simulation box for each of
the different species (see Sec. SV in the SM for further infor-
mation [80]). Notably, while GR,5 and polyU predominantly
localize within the core of the condensate, HSP70 accumu-
lates at the interface exhibiting low mixing with both RNA
and GRjs. TDP-43 recruits arginine-rich peptides to the core
of the condensate due to their high-affinity binding through
the RRM2 region. GRys peptides additionally interact with
polyU RNA through electrostatic-driven interactions. Mean-
while, HSP70 predominantly interacts with TDP-43 through
CTD-LCD contacts, as well as through interactions between
its NBD (mainly from the 250th to the 300th residue) and the
NTD/RRM2 domains of TDP-43. The intermolecular contact
maps between GR,s and polyU with both TDP-43 and HSP70
within the four-component condensate are shown in Fig. 4(f).
We consistently find that GR,s predominantly contacts with
the RRM2 domain of TDP-43 (enriched in aromatic and
negatively charged residues) and polyU strands interact with
different segments across the TDP-43 sequence enriched in

positively charged residues such as arginine and lysine, as
shown in Fig. 2(b). Interestingly, the contact frequency maps
of GRys and polyU with TDP-43 barely vary in presence
of HSP70 (at this concentration) as shown in Figs. 2(b),
3(b), and 4(f). Such contact network distribution is consis-
tent with its known propensity to bind arginine-rich peptides
and stabilize condensates in presence of nucleic acids [31].
In contrast to TDP-43, heterotypic contacts between HSP70
and both polyU and GRys are scarce [Fig. 4(f), top panel].
Specifically, GRs interacts with a short segment of the HSP70
NBD region—rich in negatively charged residues (Dsss, E»g3,
Ejg9, Dagy)—and polyU RNA interacts with different short
segments across the sequence containing lysines and arginines
(Ka46, Kaag, Kaso, Kasi, Kas7, Ragg, R3g1). Such small extent
of heterotypic contacts with both polyU and GRjs further
contributes to primarily drive HSP70 localization toward the
condensate interface. In that sense, HSP70 can act as a molec-
ular buffer [146], preventing excessive protein compaction
and regulating condensate fluidity through specific interac-
tions with hydrophobic protein domains as the TDP-43 LCD.
Furthermore, the primary colocalization of HSP70 at the inter-
faces may play a functional role in protecting the condensate
from premature aging initiated in these regions [43,116], as
well as contributing to controlling its growth.

We now measure the formation of interprotein S-sheets
in TDP-43 4+ GRys condensates containing both HSP70 and
polyU [Fig. 4(d)]. The addition of RNA in TDP-43 + GRys
+ HSP70 condensates further delays the emergence of
cross-B-sheet nuclei. The average nucleation time (from five
different independent trajectories) for the onset of cross-f-
sheet growth is over three times faster in TDP-43 4+ GRs
condensates (green curve) than in the four-component system
(blue curve). This result suggests that HSP70 can further
decelerate aging when RNA is present, consistent with its
established role as an anti-aggregation chaperone [146]. On
the one hand, polyU strands compete with TDP-43 for es-
tablishing condensate-stabilizing interactions with GR;s, thus
indirectly hindering LCD-LCD intermolecular contacts by
promoting RRM2-LCD contacts in TDP-43, and polyU-IDR1
TDP-43 interactions which partially destabilize LCD-LCD
high-density fluctuations due to RNA-RNA electrostatic self-
repulsion. On the other hand, HSP70 at the interface directly
competes with TDP-43 to form LCD-LCD intermolecular
contacts through heterotypic CTD-LCD interactions. The syn-
ergy between the indirect mechanism by which RNA reduces
the frequency of TDP-43 LCD-LCD contacts, and the direct
interaction of HSP70 with the TDP-43 LCD, as well as the
chaperone’s localization at the interface, notably decelerates
the emergence of cross-B-sheet structures in TDP-43 conden-
sates.

E. TDP-43 LCD intermolecular contact probability dictates
the onset of cross-g-sheet nuclei formation

In previous sections, we have shown how the composition
of TDP-43 condensates modulates the propensity of TDP-43
LARKS to undergo structural transitions into cross-p-sheet
assemblies. While the inclusion of GRjs peptides speed up
aging kinetics driven by interprotein S-sheet transitions, both
polyU and HSP70 decelerate their emergence. To further
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FIG. 5. Map of TDP-43 intermolecular contacts (expressed in percentage per molecule residue) evaluated in TDP-43/GR;s condensates
at 1:1 molar ratio (a) and TDP-43/GR,5/polyU/HSP70 condensates at 1:1:0.16:0.16 molar ratio (b) at 7 = 280 K at their corresponding
condensate equilibrium density. Details on these calculations are provided in Sec. SVI of the SM [80]. (c) Radius of gyration (R,) of the
low-complexity domain (LCD) of TDP-43 evaluated for different condensate mixtures as a function of their corresponding average nucleation
time of cross-B-sheet clusters. (d) Ratio of intermolecular/intramolecular LCD contacts in TDP-43 for different condensate mixtures vs their

average nucleation time of cross-fB-sheet formation.

understand the precise mechanism regulating such behavior,
we now analyze the frequency of TDP-43 intermolecular con-
tacts in the two most different case scenarios presenting the
earliest [Fig. 5(a), TPD-43 4+ GRjs] and latest [Fig. 5(b),
TDP-43 4+ GR;,5 + polyU + HSP70] formation of cross-8-
sheet nuclei. We observe that TDP-43 intermolecular contacts
(in non-aged liquidlike condensates) decrease almost 50%
upon the addition of both HSP-70 and polyU. While the ef-
fective reduction of TDP-43 intermolecular contacts is partly
due to steric hindrance from additional species within the
condensate, we observe that different domains of TDP-43
exhibit varying changes in their contact frequencies. Inter-
molecular interactions among RRM2 domains of different
protein replicas increase over 30% upon polyU and HSP-
70 addition. However, the intermolecular contact probability
between TDP-43 LCDs—those driving interprotein B-sheet
transitions—decrease by almost 30% [Fig. 5(b)]. Such de-
crease can be mainly ascribed to CTD-LCD interactions
between HSP70 and TDP-43 [which outcompete LCD-LCD
TDP-43 contacts; Fig. 4(c)], and polyU-IDR1 interactions
[Fig. 3(b)]. Overall, while the inclusion of additional species
within the condensate contributes to the global reduction of

TDP-43 intermolecular contacts, and thus aging, we show
here that is not necessarily always the case, since GR;s inclu-
sion augments LCD-LCD TDP-43 contact probability, while
polyU + HSP70 reduce LCD-LCD interactions and favor
RRM2-RRM2 TDP-43 contacts—which do not drive inter-
protein B-sheet transitions.

Furthermore, since a decisive factor in TDP-43’s inter-
protein B-sheet transitions is how accessible are LCDs to
interact with each other, we now evaluate the radius of gy-
ration of the LCD of TDP-43 within condensates with the
compositions previously studied. For instance, TDP-43 +
GRjs condensates display the largest R, values in TDP-
43 LCDs [Fig. 5(c), green circle]. Such more extended
conformations are expected to facilitate intermolecular con-
tacts between different LCDs contributing to TDP-43 LCD
favorable stacking and promoting interprotein structural tran-
sitions. This phenomenon had already been observed in the
context of Tau protein [147]. Indeed, TDP-43 4+ GRjs con-
densates display the shortest timescale before the emergence
of cross-B-sheet nuclei of all the studied systems. In con-
trast, multicomponent condensates—including both polyU
RNA and HSP70 in addition to TDP-43 and GR;5—promote
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TDP-43 LCD conformations which are moderately more
compacted [Fig. 5(c), cyan circle] and present the slowest
nucleation time of cross-g-sheet formation [Fig. 4(d)]. Hence,
our simulations suggest a correlation between the LCD struc-
tural level of compaction—modulated by the presence of
additional species—and the kinetics of cross-8-sheet forma-
tion [Fig. 5(c)]. To further understand these differences in
R, among the different condensates, we also evaluate the
ratio of inter- versus intramolecular LCD contacts [Fig. 5(d)].
Higher ratios of intermolecular/intramolecular contacts are
expected to favor LCD-LCD interactions triggering cross-
B-sheet transitions. Figure 5(d) reveals a strong correlation
between higher inter/intra molecular contacts of the LCD and
faster nucleation times of cross-S-sheet assemblies. This also
indicates how larger R, values of the LCD (i.e., more extended
conformations) enable higher intermolecular contact frequen-
cies, which in turn lead to faster aging kinetics. Therefore, the
way in which additional components to the scaffold protein—
such as nucleic acids, peptides, or other proteins—regulate
the accessibility of LARKS-containing LCDs determine the
propensity to undergo cross-B-sheet transitions and progres-
sive kinetic arrest over time.

III. CONCLUSIONS

In this work, we investigate the impact of wvarious
biomolecules—such as arginine-rich peptides, RNA, and the
HSP70 chaperone—on the stability, internal organization, and
aging kinetics of condensates formed by TDP-43, a key
RNA-binding protein that drives stress granule formation.
We perform Molecular Dynamics simulations of the Mpipi-
Recharged model [75], a coarse-grained residue resolution
force field particularly designed for an accurate description
of charge effects in biomolecular condensates, while main-
taining the excellent predictions for low-complexity domains
and multidomain proteins of its predecessor Mpipi [60]. We
find that while the model overestimates the experimental pro-
tein saturation concentration values of TDP-43 to undergo
phase separation [20,82,83] [Fig. 1(c)], it closely reproduces
in vitro experimental values of a TDP-43 mutant radius of
gyration under diluted conditions [81], as well as atomistic
modeling predictions [13] [Fig. 1(b)]. Furthermore, we bench-
mark the Mpipi-Recharged predictions of TDP-43 condensate
stability as a function of different dipeptide repeats, such as
GPys, GRjys, and PRys [Fig. 2(a)] against in vitro experi-
ments [16,18,27]. Our model reproduces the reentrant phase
behavior of TDP-43 condensates upon the addition of GRjs
and PRjs, capturing the peptide/protein molar ratio of con-
densate maximum stability [16,18,27], and the monotonically
decreasing stability after the inclusion of GP,s [16]. Our
simulations show that the main contacts enabling TDP-43
phase separation are interactions between the RRM2-RRM2,
RRMI-RRM2, and LCD-LCD regions, mainly involving aro-
matic and charged residues that contribute to the condensate’s
intermolecular connectivity. This is in agreement with previ-
ous experimental findings [96] [Fig. 1(e)]. However, in the
presence of arginine-rich peptides, and at the stoichiometry
that maximizes the stability of the condensate (i.e., 1:1 molar
ratio), the heterotypic contacts enhancing condensate stability
are mostly electrostatic and cation-m interactions between

GRy5 (or PRj5) and the RRM2 domain of TDP-43 which is
rich in aromatic and negatively charged residues [Fig. 2(b)].

We perform nonequilibrium simulations using our aging
algorithm [53,113] to investigate the formation of cross-3-
sheet clusters in TDP-43 condensates over time. Interestingly,
we discover that both pure TDP-43 and TDP-43 + GR;5 con-
densates exhibit faster nucleation of cross-f-sheet structures
in condensates simulated in coexistence with the protein di-
luted phase than in condensate bulk conditions [Fig. 2(d)].
These results suggest that interprotein structural g-sheet tran-
sitions might be favored at interfacial or near-interfacial
regions in TDP-43 condensates as previously found for FUS
[43,53], a-synuclein [115], and hnRNPA1 [116] conden-
sates. Moreover, we find that the recruitment of arginine-rich
peptides such as GR;s also accelerates the emergence of inter-
protein S-sheet clusters as compared to pure TDP-43 systems
[Fig. 2(f)]. Hence, in addition to increasing their cohesion up
to moderately high molar ratios, arginine-rich peptides also
enhance their transition into aged kinetically trapped assem-
blies. The strong interaction that both GR,s and PR;5 establish
with the TDP-43 RRM2 region [Fig. 2(b)] partially releases
RRM2-LCD contacts, thus indirectly increasing the frequency
of LCD-LCD intermolecular interactions which trigger cross-
B-sheet transitions.

We also determine the stability limits of TDP-43 + GRjs
condensates as a function of the concentration of polyU
RNA. The addition of polyU moderately decreases the crit-
ical solution temperature of the condensates [Fig. 3(a)].
PolyU predominantly colocalizes at the condensate core
strongly interacting with GRys (Fig. 3(b) and Fig. SI in
the SM [80]) driven by attractive nonspecific electrostatic
interactions—in agreement with previous experimental and
computational findings for other RNA-binding proteins in-
cluding FUS [101,133]. The binding affinity of polyU is
lower with TDP-43 than with GR;s, only establishing signif-
icant interactions with its IDR1 domain and other different
short segments along the sequence which are enriched in
positively charged residues [Fig. 3(b)]. Notably, the inclu-
sion of polyU decelerates by twofold the nucleation time of
cross-B-sheet assemblies compared to TDP-43 + GR,5 con-
densates [Fig. 3(c)], outcompeting with TDP-43 to interact
with GRys5 (Fig. S1 in the SM [80]) and overall reducing
TDP-43 LCD intermolecular contacts. While polyU strands
do not establish direct interactions with TDP-43 LARKS
[Fig. 3(b)], they compete with TDP-43 to interact with GR5s,
releasing contacts between GR,s and the RRM?2 domain of
TDP-43, which consequently enable RRM2-LCD interactions
hindering cross-f-sheet transitions. Moreover, direct interac-
tions between polyU and the IDR1 of TDP-43, which has
several adjacent LARKS, contribute to decelerating aging ki-
netics according to our model. Additionally, the electrostatic
self-repulsion among polyU strands at a moderately high
concentration locally reduces the condensate density, thus
hindering the frequency of TDP-43-LCD stacking promoting
B-sheet transitions.

Furthermore, we introduce the chaperone HSP70 into
TDP-43 4+ GR;5 condensates. HSP70 primarily concentrates
at the condensate’s interface at physiological and low salt
concentrations (Fig. 4(b) and Figs. S6(C) and S6(D) in the
SM [80]) establishing a low number of contacts with GRs
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and several domains of TDP-43 sequence (i.e., NTD, RMM?2
or LCD). The interactions between TDP-43 and HSP70 are
mediated primarily by w-m, cation-z, and electrostatic con-
tacts, establishing the (HSP70) CTD and the (TDP-43) LCD
the most relevant intermolecular interactions between both
species [Fig. 4(c)]. Such observation is consistent with previ-
ous work [145] suggesting hydrophobiclike interactions to be
critical for chaperones, in particular HSP70, in preventing pro-
tein aberrant aggregation. HSP70 decelerates the emergence
of cross-B-sheet clusters by a factor of 2 [Fig. 4(d)], which
is similar to the nucleation rate slow down induced through
polyU inclusion. However, the mechanism by which HSP70
reduces interprotein B-sheet transitions is through a direct
competition of CTD-LCD contacts between HSP70 and TDP-
43 versus LCD-LCD interactions among TDP-43 proteins.
The maximum deceleration in the formation of cross-S3-sheet
nuclei is achieved when both HSP70 and polyU are recruited
within TDP-43 4+ GR;5 condensates [Fig. 4(d)]. The synergy
between the indirect mechanism by which RNA reduces the
contact probability of TDP-43 LCD-LCD contacts, and the
direct competition of HSP70 for TDP-43 LCD-LCD inter-
actions delays the emergence of cross-f-sheet structures by
a factor of 3 with respect to TDP-43/GR;s mixtures, which
are those exhibiting fastest aging kinetics. We note that the
deceleration through polyU and HSP70 insertion can depend
significantly on the stoichiometry of the mixture, as previ-
ously shown for FUS and hnRNPA1 + polyU condensates
[113]. Remarkably, even at low stoichiometric ratios of both
polyU and HSP70 as studied here, their impact on aging
kinetics seems to be substantial.

Finally, we determine that the number of intermolecular
contacts that TDP-43 homotypically establishes in the pres-
ence of GRys [Fig. 5(a)] doubles the number upon addition
of both polyU and HSP70 to TDP-43 + GRjs conden-
sates [Fig. 5(b)], despite the latter species being present
at a much lower molar ratio (six times less) than TDP-
43 and GRj,s. While this reduction is in part due to steric
hindrance from additional species within the condensate,
we observe that intermolecular interactions between TDP-43
RRM2 domains increase in presence of polyU and HSP70
with respect to TDP-43 4 GR,5s condensates—the system
exhibiting fastest aging kinetics. However, a 30% reduc-
tion in LCD-LCD contacts is achieved upon inclusion of
polyU and HSP70. Furthermore, our simulations show a
correlation between aging kinetics and the ratio of inter-
molecular/intramolecular contacts of TDP-43 LCDs, which
in turn also correlates with its degree of compaction eval-
uated through its radius of gyration [Figs. 5(c) and 5(d)].
Condensate mixtures exhibiting faster nucleation times of
cross-f-sheet transitions are scaffolded by TDP-43 proteins
which in average possess more extended LCD conformations,
and hence, higher probability of establishing LCD-LCD inter-
molecular contacts. The inclusion of different biomolecules to
the scaffold protein—such as nucleic acids, peptides, or other
proteins—regulates the accessibility of LCDs containing
LARKS and determines the propensity to undergo cross-f-
sheet transitions and progressive kinetic arrest. Altogether,
our simulations provide molecular-level insights into the key
interactions, mechanisms, and specific factors that might
modulate the condensate phase behavior of RNA-binding

proteins, such as TDP-43, implicated in neurodegenerative
diseases. Elucidating the microscopic pathways underlying
aberrant liquid-to-solid transitions of condensates is crucial
for developing potential therapeutic strategies to control con-
densate dynamics, given their broad implications in health and
disease.
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