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% Check for updates Biomolecular condensates, some of which are liquid-like during health, can

age over time becoming gel-like pathological systems. One potential source of
loss of liquid-like properties during ageing of RNA-binding protein con-
densates is the progressive formation of inter-protein f-sheets. To bridge
microscopic understanding between accumulation of inter-protein S-sheets
over time and the modulation of FUS and hnRNPAI condensate viscoelasticity,
we develop a multiscale simulation approach. Our method integrates ato-
mistic simulations with sequence-dependent coarse-grained modelling of
condensates that exhibit accumulation of inter-protein -sheets over time. We
reveal that inter-protein -sheets notably increase condensate viscosity but
does not transform the phase diagrams. Strikingly, the network of molecular
connections within condensates is drastically altered, culminating in gelation
when the network of strong S-sheets fully percolates. However, high con-
centrations of RNA decelerate the emergence of inter-protein -sheets. Our
study uncovers molecular and kinetic factors explaining how the accumulation
of inter-protein S-sheets can trigger liquid-to-solid transitions in condensates,
and suggests a potential mechanism to slow such transitions down.

Seen under a microscope, the eukaryotic cell would appear as an
organized collection of billions of biomolecules exquisitely
coordinated to carry out biological function and maintain cell
structure'’. Compartmentalization is a key feature in such coor-
dination, and ensures that distinct regions in the cell are precisely
enriched or depleted of specific molecules to fulfil their biologi-
cal role**. While the best-known form of these cellular compart-
ments are membrane-bound organelles (e.g., the nucleus, the

mitochondria®® or the Golgi apparatus’), the most widespread
ones completely lack membranes®’. These membraneless com-
partments, known as biomolecular condensates, are formed by
the process of liquid-liquid phase separation (LLPS), which is
mainly driven by multivalent proteins and nucleic acids that can
establish multiple homotypic or heterotypic interactions with
cognate biomolecules (i.e., different proteins, RNA, or DNA) over
their interactions with the surrounding media'®™.
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Phase separation is sensitive to thermodynamic conditions, which
can be exploited by cells to react to environmental changes®, such as
temperature’®, salt gradients”, pH'®', or presence of malicious DNA in
the cytosol (related to viral and microbial infections). This reliance on
such a delicate equilibrium can cause misregulation of LLPS, promot-
ing rigidification of liquid-like condensates into pathological solid
aggregates’>*% Subtle changes in environmental conditions such as
ionic salt concentration, pH, or decreased adenosine triphosphate
(ATP) levels can give rise to decreased protein solubility?. In addition,
post-translational modifications, such as phosphorylation ** or specific
protein mutations, can transform the binding affinity among species
and critically alter the timescales of protein-protein interactions>?,
For instance, mutations found in the fused in sarcoma (FUS) protein of
amyotrophic lateral sclerosis (ALS) patients, significantly increase the
rate and strength of its gelation’>”*%, Similarly, mutations in a-synu-
clein—a protein associated with Parkinson’s disease—can induce LLPS
and subsequent ageing into gel-like droplets”. The formation of
phase-separated nuclei of the Alzheimer-related r-protein can also
enhance the emergence rate of harmful amyloids®™. However, con-
densate pathological solidification can also occur without the need of
sequence mutations, post-translational modifications, external stimuli,
or sensitive changes in the thermodynamic conditions*.

One of the proposed mechanisms to explain the liquid-to-solid
mesoscale transformation of biomolecular condensates during ageing
is the gradual accumulation of inter-protein structural transitions over
time®*¥. This is not surprising if one considers that the interaction
landscape of proteins can be significantly transformed by structural
transitions®>%*%, Indeed, the low-complexity domains (LCD) of various
naturally occurring phase-separating proteins—including FUS*, TAR
DNA-binding Protein of 43 kDa (TDP-43)**°, heterogeneous nuclear
ribonucleoprotein Al (hnRNPA1)****, nucleoprotein of 98 kDa (NUP-
98)***, and amyloid 8 (AB) NKGAIll—contain short regions termed Low-
complexity Aromatic-Rich Kinked Segments (LARKS), which are prone
to forming inter-protein B-sheets in environments of high protein
concentration’*>**, These proteins form liquid-like condensates that
can transition to hydrogels over time***°. The inter-peptide B-sheet
interactions are then thought to explain transient solidification of,
otherwise, liquid-like condensates®>*%4-* Importantly, hundreds of
protein sequences capable of such structural transitions, and con-
comitant enhancement of inter-molecular binding strength, have been
identified within the human genome®.

Macroscopically, aged condensates can be unambiguously char-
acterized by reduced fusion propensities and significantly longer
recovery times*>*4859-3 Techniques such as fluorescence recovery
after photobleaching (FRAP) or green florescence protein (GFP)
recovery have demonstrated that over time, even condensates that
start displaying liquid-like behaviour can ‘age’ or ‘mature’ (i.e., change
their material properties), transitioning into gels or soft glasses?***,
Notably, particle tracking microrheology techniques have been also
successfully employed to evaluate the mean squared displacement
(MSD) of marked beads inside droplets, and then, via that MSD and the
Stokes-Einstein relation, the viscosity of the condensates can be
inferred®>**". Moreover, the progressive dynamical arrest of proteins
has been also observed in vitro for protein condensates containing
marked prion-like domains (PLDs) enriched in LARKS>'%2:22-33:35:3645,58-61,
Nevertheless, characterizing the microscopic origin and molecular
mechanisms by which condensates age over time, still remains extre-
mely challenging®* %,

In that respect, computational approaches may provide insightful
guidance on the thermodynamic and molecular driving forces under-
lying condensate pathological ageing®‘. From atomistic
simulations®**”7° to coarse-grained models” " including lattice-based
simulations®*~*? and mean-field theory®****, computational science has
significantly contributed to understanding the role of RNA in regulat-
ing the dynamics of multivalent phase-separared droplets®*%, the

impact of strong-binding in condensate rigidification’’** or the for-
mation of kinetically-arrested multiphase condensates from single-
component droplets®. Nevertheless, further insights on the different
possible causes behind condensate ageing—e.g., molecular inter-
protein binding events, amino acid sequence mutations, or relevant
variations on the applied thermodynamic conditions—are urgently
required. In that sense, proposing effective strategies to liquefy bio-
molecular condensates has become a key area of research to prevent
the proliferation of neurodegenerative disorders’**”'—such as
amyotrophic lateral sclerosis (ALS)*?, Parkinson’s®, Alzheimer’s®* or
frontotemporal dementia (FTD)—as well as certain types of cancers™
or diabetes’ associated to the progressive formation of solid-like
aggregates.

In this work, we develop a multiscale computational approach,
integrating atomistic simulations and residue-resolution coarse-
grained models to shed light on the thermodynamic and kinetic fac-
tors that explain ageing of biomolecular condensates via gradual
accumulation of B-sheet content in the presence and absence of RNA.
We compare the behaviour of FUS condensates versus hnRNPAL con-
densates (Al-A isoform, or A-LCD-hnRNPA1) because of their relevance
to the formation of stress granules®~*>*, the so-called ‘crucible for ALS
pathogenesis’”. We first use atomistic simulations to quantify the
change in the binding free energies of proteins as a result of inter-
protein B-sheet assembly. We then investigate the non-equilibrium
process of condensate ageing using a residue-resolution coarse-
grained model that considers our atomistic results. To model ageing,
we develop a dynamical algorithm that models the time-dependent
formation of inter-protein S-sheets inside condensates. We consider
that condensate ageing is a non-equilibrium process where there is a
gradual increase in the imbalance of inter-molecular forces (i.e., these
are non-conservative) over time. We find that while accumulation of
long-lived inter-protein S-sheets only moderately increases the density
of condensates, its impact on their viscosity is compelling, especially at
low temperatures. Strikingly, recruitment of a high concentration of
RNA into the condensates hampers the size and concentration of the
inter-protein B-sheet nuclei. The disrupting effect of RNA-RNA repul-
sive interactions on the condensate liquid-network connectivity®”’, in
addition to the variation of the molecular contact amalgam sustaining
LLPS, effectively precludes the spontaneous emergence of high-
density protein regions prone to assemble into strongly binding
domains through inter-protein S-sheet transitions. Such reduction in
inter-protein disorder-to-order transitions considerably improves the
liquid-like behaviour of the condensates by decreasing their viscosity
and density. Our study therefore contributes to rationalizing the
microscopic origin by which naturally occurring proteins—capable of
exhibiting structural transitions*®—may progressively drive biomole-
cular condensates into kinetically-arrested aggregates, and suggests
an effective mechanism by which condensates may actively avoid
undergoing pathological liquid-to-solid transitions.

Results

Inter-peptide B-sheet clusters critically enhance protein binding
We begin by estimating the changes to the free energy of binding
among proteins when they transition from disordered to inter-protein
[S-sheets. We focus on the behaviour of hnRNPA1 and FUS, as these are
two naturally occurring phase-separating RNA-binding proteins that
form condensates which are prone to undergo ageing. For this, we
perform atomistic Umbrella Sampling Molecular Dynamics (MD)
simulations’® of systems containing four identical hnRNPAL interacting
LARKS peptides (ssGYNGFG¢3*®) in explicit solvent and ions at room
temperature and physiological salt concentration using the all-atom
a99SB-disp force field”. For FUS, we compare with our results for the
three different LARKS found in the LCD (i.e., 3,SYSGYS,,, s4SYS-
SYGQSe¢;, and  7;STGGYGg,™) using both  a99SB-disp’® and
CHARMMB36m force fields'”’, reported in ref. 36. For each case, we
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Fig. 1| Structural transitions leading to inter-peptide p-sheet motifs dramati-
cally increase protein binding and promotes droplet densification over time.
a Atomistic Potential of Mean Force (PMF) dissociation curve of a 6-amino acid
segment (PDB code: 6BXX) found in the A-LCD-hnRNPAL1 sequence from a -sheet
structure formed by 4 peptides (of the same sequence) as a function of the centre-
of-mass distance (COM) using the a99SB-disp force field””. PMF simulations are
conducted at room conditions and physiological salt concentration. Yellow curve
represents the interaction strength among peptides with a well-defined folded
structure, kinked B-sheet structure, while the purple curve depicts the interaction
strength among the same segments but when they are fully disordered. Statistical
uncertainty is depicted by colour bands. A representation of the four peptides,
both ordered (yellow) and disordered (purple) including the dissociating peptide in
blue, is also included in the inset. b Snapshot of an all-atom PMF simulation in which
the structured peptide is pulled from the inter-protein S-sheet motif. The distinct
residues within the peptides are highlighted by different colours while water is
depicted in blue (0) and red (H) and NaCl ions by green (Na®) and yellow (CI")
spheres. ¢ Representation of the dynamical algorithm coupled to the residue-
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resolution model to introduce disorder-to-order transitions according to the pro-
tein local environment. When four LARKS segments meet within a given cut-off
distance, LARKS binding is strengthened according to the PMF binding free energy
difference computed in Panel a. The bending penalty between residues composing
LARKS motifs is also enhanced to account for the higher rigidity of structured S-
sheet aggregates™. d Phase diagram of A-LCD-hnRNPAL in the T-p plane for pro-
tein condensates with disorder-to-order transitions and subsequent strengthening
of inter-molecular protein binding (black symbols; dynamical ageing model), and
for the reference model (HPS-Cation-m, refs. 107, 108) where the interaction
strength among LARKS is always considered fully disordered (green symbols).
Statistical errors are obtained by bootstrapping results from n = 3 independent
simulations. A Direct Coexistence simulation snapshot is included in the inset where
different protein replicas are depicted by different colours. e Number of inter-
peptide (cross) S-sheet transitions as a function of time found in phase-separated
condensates at different temperatures (see legend; temperatures are normalized by
the critical temperature of A-LCD-hnRNPAI; T,). f Time-evolution of the condensate
density for different temperatures as indicated in the legend of panel e.

calculate the free energy cost of dissociating one single segment from
a cluster containing four identical peptides under two distinct sce-
narios: (1) when the four peptides are fully disordered; and (2) when
the four peptides instead form a cross-f-sheet motif resolved crystal-
lographically (e.g., PDB code: 6BXX for hnRNPA1*). We compute the
Potential of Mean Force (PMF) as a function of the centre-of-mass
(COM) distance between one single peptide—which we gradually dis-
sociate from the other segments—and the other three peptides
(simulation details are described in the Supplementary Methods). In
the initial scenario in which LARKS are treated as fully disordered
segments, we allow peptides to freely sample their conformational
space (only fixing the position, in the appropriate direction, of the
closest atom to the peptide COM of the structured four-peptide motif;
see Supplementary Material for further details). In the second scenario
in which we quantify the interactions among structured LARKS, we
constrain the peptides to retain their crystal B-sheet structure as
described in refs. 17, 36-38, 101.

Consistent with the liquid-like behaviour for A-LCD-hnRNPA1
condensates®'°>'%, our simulations reveal that the binding strength
among fully disordered hnRNPA1 LARKS is sufficiently weak (i.e., -1 kgT
per residue) for their interaction to be transient (Fig. 1a, purple curve).
However, when such LARKS assemble into ordered inter-protein S-
sheet structures, their binding strength increases by 400% (i.e., >4 kgT

per residue, Fig. 1a; yellow curve). FUS was previously found to exhibit
the same behaviour, with the strength of inter-peptide interaction
increasing significantly upon inter-peptide S-sheet formation (i.e.,
from 1-2kgT to 4.5-5.6kgT per residue)®. We note that the exact
magnitude of this increase might be slightly overestimated due to the
required constraints to enforce the stability of the S-sheet structures.
Nevertheless, considering only the impact of imposing positional
restraints in PMF simulations is not sufficient to account for the
observed increase in binding strength®*%, Both the specific inter-
protein secondary structure and the amino acid composition are cru-
cial parameters to enable strengthened protein binding via inter-
peptide B-sheet domains as previously demonstrated in refs. 36, 37.
Importantly, the relatively high interaction strengths among struc-
tured LARKS that we obtain here for hnRNPA1 (-25kgT for the whole
peptide), and previously for FUS (up to ~40kgT per peptide), are con-
sistent with the formation of reversible hydrogels that can be easily
dissolved with heat, as found experimentally*****°, Thermostable
amyloid fibrils, such as those formed by the AB1-42, are expected to be
stabilized by considerably larger binding energies, e.g. of the order of
50-80kgT>*%1%1%, Qverall, our atomistic results highlight how a cri-
tical enhancement of interactions among RNA-binding proteins in
phase-separated condensates can occur in absence of chemical mod-
ifications or variations in the thermodynamic conditions (i.e.,
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temperature, pH or salt gradients), and be driven by the formation of
inter-peptide LARKS pS-sheets.

Time-dependent modulation of protein phase diagrams during
ageing

The high protein concentrations found inside condensates are expec-
ted to facilitate the interaction between multiple LARKS, and as a result,
encourage the formation of inter-protein S-sheets. Motivated by this,
we explore how our atomistic observations for a few interacting LARKS
peptides (i.e., strengthening of interactions due to inter-peptide S-
sheet ladders assembly) would impact the behaviour of condensates
containing high RNA-binding protein concentrations. For this, we
develop an innovative multiscale simulation approach that integrates
our atomistic LARKS-LARKS binding free energies (from Fig. 1 and ref.
36), a residue-resolution coarse-grained protein model”™, and a
dynamical algorithm that we develop here to describe the non-
equilibrium process of condensate ageing due to inter-peptide S-sheet
formation. Coupled to the residue-resolution model”'*°, our dynamical
algorithm approximates the process of condensate ageing by consider-
ing the atomistic implications (i.e., non-conservative strengthening of
inter-protein binding, local protein rigidification, and changes in the
inter-molecular organization) of the gradual and irreversible accumula-
tion of inter-protein S-sheet structures in a time-dependent manner, and
as a function of the local protein density within phase-separated bio-
molecular condensates (Fig. 1c).

In more detail, we describe the potential energy of interacting
coarse-grained proteins (A-LCD-hnRNPA1 and FUS) within a con-
densate prior to ageing with the HPS-Cation-m'"’ re-parameterization
of the HPS model'®. Recently, we showed that the HPS-Cation-m
parametrization qualitatively reproduces the relative propensity of
numerous RNA-binding proteins (including FUS and A-LCD-hnRNPA1)
to phase separate at physiological conditions®, as well as their RNA-
concentration-dependent reentrant behaviour™™. To enable con-
densate ageing, we introduce our dynamical algorithm that triggers
transitions from disordered peptides to inter-protein S-sheets within
selected LARKS (which now are not isolated peptides, but part of the
whole A-LCD-hnRNPALI or FUS protein sequence) when the central C,
bead of a LARKS is in close contact (within a cut-off distance of -8A)
with three other LARKS of neighbouring proteins®*. Every
100 simulation timesteps, our dynamical algorithm evaluates whether
the conditions around each fully disordered LARKS are favourable for
undergoing an ‘effective’ disorder-to-order cross-S-sheet transition. An
‘effective’ structural transition is defined as one that is enforced and
recapitulated in our algorithm by enhancing the interaction strength
of the four involved LARKS-LARKS pairs by a given factor according to
our atomistic PMF simulations in Fig. 1a and ref. 36. In Supplementary
Figure 1, we demonstrate how a PMF dissociation curve of the two sets
of parameters in our coarse-grained model (Reference model:
mimicking interactions among disordered protein regions vs. Ageing
model: describing interactions among protein regions forming inter-
protein S-sheets) recapitulates the atomistic binding free energies
estimated for hnRNPA1 (ssGYNGFGe¢s; LARKS sequence; Fig. 1a).
Therefore, by employing the coarse-grained model, we can perform
Direct Coexistence simulations™"' to estimate and compare the phase
diagrams of A-LCD-hnRNPAL1 and FUS, prior and post-ageing using tens
to hundreds of protein replicas (Figs. 1d and 2a). Further details on the
dynamical algorithm, the local order parameter driving structural
transitions, PMF coarse-grained calculations and the structured inter-
action parameters of the coarse-grained model are provided in
the Supplementary Methods.

When we investigate the impact of ageing on the phase diagrams
(in the temperature-density plane) of A-LCD-hnRNPAL, full-FUS, and
the PLD of FUS, our Direct Coexistence simulations consistently predict
that, in all cases, the critical parameters of the different proteins are not
affected by ageing (Fig. 1d and Fig. 2a). In the Direct Coexistence

method, the two coexisting phases are simulated by preparing peri-
odically extended slabs of the two phases (the condensed and the
diluted phase) in the same simulation box. Once the system reaches
equilibrium (or a steady state in the case of non-equilibrium systems),
density profiles along the long axis of the box can be extracted to
compute the density of the two coexisting phases. We note that when
ageing is driven by inter-protein fibrillization, like in our simulations,
conservation of critical parameters during ageing is not entirely sur-
prising: for systems exhibiting upper-critical solution temperatures, the
crucial structural transitions that drive ageing are gradually disfavoured
as we approach critical conditions (Fig. 1e) because of the progressively
decreasing protein densities found in the condensate at higher tem-
peratures—shown in Fig. 1f. While the critical parameters are conserved,
the faster accumulation of inter-protein f-sheets (where % Cross-B-
sheet transition refers to the number of emerged transitions over the
total number of LARKS in our system, ie. the number of protein
replicas times the number of LARKS per protein replica) at decreasing
temperatures (Fig. 1e) results in increasingly divergent material prop-
erties of the aged versus pre-aged condensates. That is, aged con-
densates (Fig. 1d and Fig. 2a; black symbols) are denser than their pre-
aged counterparts (Fig. 1d and Fig. 2a; green symbols), and this dif-
ference increases gradually as the temperature decreases. In the case of
FUS, the increase in density upon ageing is modest for the full protein
but significant for the FUS-PLD—we attribute this to three LARKS being
contained within the short FUS-PLD of 163 residues versus the longer
full-FUS protein (526 amino acids in total). Independently of tempera-
ture, in all cases, we observe that the number of inter-protein S-sheets
in the condensate increases over time, and consequently also the
density of the aged condensates (Figs. 1f and 2a). These results are
consistent with recent experimental observations of FUS condensates,
where an increase in the B-sheet content induces a rise in droplet
density upon thermal-annealing induced ageing®.

Emergence of inter-protein S-sheets during ageing increases
droplet viscosity
Our observations that the extent of ageing and its effects in mod-
ulating the density of condensates is amplified at lower temperatures,
motivated us to next investigate the impact of ageing in the viscoe-
lastic properties of condensates as a function of temperature. The
time-dependent mechanical response of a viscoelastic material when it
is subjected to a small shear deformation can be described by the
relaxation modulus G(¢)". This relaxation modulus can be determined
by computing the auto-correlation of any of the off-diagonal compo-
nents of the pressure tensor. If the system is isotropic, a more accurate
expression of G(t) can be obtained by using the six independent
components of the pressure tensor, as shown in ref. 118 (see Supple-
mentary Methods for further details on this calculation). The zero-
shear-rate viscosity of the system can be computed by integrating in
time the stress relaxation modulus. The direct evaluation of G(¢) from
our simulations provides critical information not only on how the
material properties of condensates change during ageing, but also on
how such changes are dictated by different relaxation mechanisms of
the proteins that compose them (Fig. 2b). At short timescales (light
blue region), the stress relaxation modulus mostly depends on the
formation and breakage of short-range interactions and on intra-
molecular reorganization (i.e., internal protein conformational fluc-
tuations, such as bond or angle relaxation modes). At long timescales
(beige region), the stress relaxation modulus is mainly dominated by
inter-molecular forces, long-range conformational changes (i.e. pro-
tein folding/unfolding events), and protein diffusion within the crow-
ded liquid-like environment of the condensate.

Looking at the time-dependent behaviour of the stress modulus
for A-LCD-hnRNPA1 condensates at a sub-critical temperature (i.e.,
T/T.=0.92), we observe a consistent decay of G(¢) over time for both
aged and pre-aged condensates, indicative of the liquid-like character
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viour of FUS and A-LCD-hnRNPAI1 condensates. a Phase diagram in the T-p plane
for full-FUS (circles) and FUS-PLD (squares) sequences before disorder-to-3-sheet
transitions take place (green symbols), and after condensates become kinetically
arrested (black symbols; dynamical algorithm). Filled symbols represent the coex-
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bols depict the estimated critical points by means of the law of rectilinear diameters
and critical exponents'*‘. Purple and brown crosses depict coexistence densities for
the full-FUS reference model and ageing model respectively using system sizes two
times larger (i.e., 96 protein replicas). Temperature has been normalized by the
critical temperature of full-FUS (T, fs) for the reference model®”'*®. Statistical
errors are obtained by bootstrapping results from n = 3 independent simulations.
b Shear stress relaxation modulus G(¢) of the A-LCD-hnRNPA1 bulk condensed
phase at T=0.92T for the reference model (green curve; HPS-Cation-r model'*”'%),
and for protein condensates in which local strengthening of LARKS protein binding
due to structural transitions is accounted (black curve; dynamical ageing model).
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¢ Shear stress relaxation modulus G(t) of FUS-PLD bulk condensates at two different
temperatures as indicated in the legend. Light-coloured circles account for con-
densates before exhibiting binding strengthening due to structural transitions
(reference model), while dark-coloured circles represent G(¢) for condensates upon
ageing (i.e., when the rate of structural transitions has reached a plateau). d Top:
Viscosity (1) as a function of temperature (renormalized by the critical temperature
T,) for A-LCD-hnRNPAL1 condensates before the emergence of enhanced binding
due to local structural transitions (green symbols; reference model), and after the
formation of inter-protein B-sheet fibrils within the condensates (black symbols;
dynamical model). Bottom: Protein diffusion coefficient within the bulk condensed
phase before (green symbols) and after the formation of inter-peptide S-sheet
motifs within the condensates (black symbols).

of both condensates (Fig. 2b). Despite this apparent similarity, ageing of
A-LCD-hnRNPA1 condensates slows down the rate of decay of G(¢),
which signals a higher viscosity for aged condensates due to the
strengthening of inter-molecular forces as inter-protein S-sheets accu-
mulate (Fig. 2b; black curve). Such a higher viscosity of aged con-
densates is increasingly accentuated as the temperature decreases
(Fig. 2d (Top panel); i.e., below T/T.=0.9) and the structural transitions
are favoured (Fig. 1e). We note that the coarse-grained nature of our
implicit-solvent model'”’'° can significantly underestimate the relaxa-
tion timescale of the proteins, and hence, droplet viscosity®’; however,
the observed trends and relative differences in viscoelastic properties
among pre-aged and aged condensates are expected to hold despite
the artificially faster dynamics of our residue-resolution simulations.
In the case of pre-aged FUS-PLD condensates, the stress relaxation
modulus decays continuously over time, demonstrating, as in the case
of A-LCD-hnRNPAL, liquid-like behaviour prior to ageing (Fig. 2c). While
the decay of G(¢f) over time emerges at different sub-critical tempera-
tures (T/Tcrus=0.785 and T/T.rus=0.861, where the critical tem-
perature of FUS-PLD corresponds to T¢frus-pip=0.875 Tcrus), it
exhibits considerably shorter relaxation times at the higher tempera-
ture. Moving now towards aged FUS-PLD condensates, we observe

that, irrespective of temperature, ageing increases significantly the
values of the shear stress relaxation modulus; hence, suggesting a
much higher viscosity for FUS-PLD aged condensates than their pre-
aged counterparts. However, when looking more closely at the time-
dependent behaviour of G(t), we observe significantly different profiles
at varying temperatures. At high temperatures (e.g., 7/T rus = 0.861),
the continuous decay of G(¢) for aged FUS-PLD condensates is con-
sistent with that of a liquid (Fig. 2¢; light blue circles). Yet, at lower
temperatures (e.g., /T, rus = 0.785), G(¢) falls into a persistent plateau
with no hints of decaying at comparable timescales, and yielding infi-
nite viscosity values (and non-diffusive behaviour) characteristic of a
gel-like state as recently reported in ref. 25 for FUS condensates.
When assessing the mobility of A-LCD-hnRNPAL proteins inside
pre-aged condensates, our simulations reveal a constant liquid-like
behaviour along the entire range of sub-critical temperatures we study,
consistent with the behaviour of G(¢) (Fig. 2d; Top panel). In contrast,
and also in agreement with our viscosity measurements, protein
mobility within aged condensates is severely limited (Fig. 2d; Bottom
panel). The deceleration of protein diffusion in aged condensates
becomes more pronounced as the temperature decreases, as expected
from the faster accumulation of inter-protein S-sheets at lower

Nature Communications | (2022)13:5717



Article

https://doi.org/10.1038/s41467-022-32874-0

(@)

AG/ksT

(]

_()

(b) AG/kgT

FUS-PLD

e

T/T, pys=0.861

Sphericity
<
~

o
=N

e
n

0.4——1 B T T S R
“0 100 200 300/ 400 500 600 700
t/ns

Fig. 3 | Imbalanced protein binding can drive condensate ageing but not dro-
plet reshaping. Landscape of the protein contact free energy variation upon
condensate ageing for bulk FUS-PLD condensates at 7/T. rys = 0.785 (a) and A-LCD-
hnRNPA1 condensates 7= 0.97T. (b). AG/kgT is obtained from the residue contact
probability ratio between aged condensates and liquid-like condensates before
ageing. Colour map projections of the free energy landscape in 2-dimensions are
also included. ¢ Network connectivity of aged FUS-PLD condensates at

T/Terus = 0.785 (Left) and T/T rys = 0.861 (Right) computed using a primitive path
analysis. d Evolution of droplet sphericity during condensate ageing at

T/T. rus = 0.81. The percentage of transitioned fully disorder LARKS into structured

inter-peptide S-sheet motifs was ~75% along the trajectory. The horizontal red
dashed line represents the average sphericity for a FUS-PLD condensate in a liquid-
like state (reference model). Two representative configurations of the condensate
surrounded by the surface map (light green) are provided with LARKS residues
belonging to inter-peptide S-sheet clusters depicted in dark green and fully dis-
order residues belonging to distinct protein replicas depicted by a blue-to-grey
colour range. Details on the sphericity parameter evaluated through a Solvent
Available Surface Area (SASA) analysis as well as of the primitive path analysis and
the protein contact free energy calculations are provided in the Supplementary
Methods.

temperatures (Fig. 1e). In FUS and FUS-PLD aged condensates, visc-
osity and diffusion coefficients cannot be reliably evaluated due to the
higher number of LARKS within the sequence (3 domains) compared
to A-LCD-hnRNPA1 (1 domain) impeding the full relaxation of G(¢) over
time (i.e., non-ergodic gel-like behaviour is observed as shown in
Fig. 2c; dark green circles). In experiments, a decrease of protein
mobility over time during ageing is reflected in decreased diffusion
coefficients, higher condensate viscosities*" and lower or incom-
plete recovery after photobleaching?®*°°-5%120121_ Moreover, in line with
our results, slowdowns in protein mobility have been observed
experimentally for aged hnRNPA1 and FUS phase-separated
droplets®***, Remarkably, in some of those studies, the reported
deceleration in protein mobility has been associated with a significant
increase of B-sheet content within the condensates®***, which empha-
sizes the strong interplay between protein mobility and inter-protein
[S-sheet content.

Liquid-like and gel-like aged condensates present drastic dif-
ferences in their networks of inter-molecular connections

The striking temperature-dependent changes to the behaviour of the
stress relaxation modulus for FUS-PLD suggest a potential transfor-
mation of the condensate percolating network of inter-molecular

binding when the condensate transitions from a liquid into a gel (i.e.,
at T/T rus = 0.785; Fig. 2c). To characterize the structure and topol-
ogy of the condensate inter-molecular network, we develop a mod-
ification to the primitive path analysis algorithm originally proposed
to reveal the underlying network structure of polymer melts*'%, In
our method, we consider that S-sheet LARKS-LARKS bonds are fixed
in space, the intra-molecular excluded volume is set to zero, and the
bond interaction is modified to have an equilibrium bond length of
0 nm. This algorithm minimizes the contour length of the protein
strands that connect the different LARKS regions, while preserving
the topology of the underlying network, and allows for visualization
of the network connectivity generated by the inter-protein f-sheet
clusters (Fig. 3c, please see Supplementary Methods and Supple-
mentary movies 1 and 2 for further details). Furthermore, to better
observe the extension of the network connectivity beyond the peri-
odic boundary conditions of the simulation box, we replicate the
system in all directions of space. At the end of the minimization, we
can observe the network of elastically active protein strands that
contributes to the formation of a rubbery plateau in G(¢) (as shown in
Fig. 2c; dark green circles). If this network percolates, the relaxation
modulus will show a clear plateau, whereas if the proteins form dis-
connected clusters, G(t) will decay to zero—although it will still
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exhibit higher viscosity compared to the non-aged condensates
sustained by short-lived inter-protein bonds.

Our results reveal a remarkable transformation of the molecular
connectivity of the aged condensate at lower temperatures that is
required to enable its gelation. At the lowest temperature
(T/T. rus = 0.785), where the viscoelastic properties of aged FUS-PLD
condensates are consistent with a gel, we observe a network of strong
inter-protein S-sheet contacts that completely percolates through the
aged FUS-PLD condensate. Such a fully connected network of strong
inter-molecular bonds inhibits the relaxation of molecules within the
condensate at long timescales, leading to its gel-like properties, such
as a stress relaxation modulus that reaches a plateau (dark green cir-
cles; Fig. 2c). At higher temperatures (7/T.rus=0.861) where aged
FUS-PLD condensates remain liquid-like, the network of inter-protein
[B-sheet contacts in the aged FUS-PLD condensate presents only iso-
lated gel-like structures; it is precisely the lack of full percolation in
strong S-sheet contacts what allows the aged condensate to relax as a
whole and behave as a high viscosity liquid (dark blue circles; Fig. 2c).

Importantly, a fundamental requirement for proteins to exhibit
the type of gelation upon ageing that we describe here for FUS-PLD
droplets is to have at least three separate LARKS segments. This is
because the described gelation emerges only when the strong -sheet
LARKS-LARKS bonds can form a state of full connection; in other
words, at least three anchoring points per molecule are necessary for a
system to completely gelate™. Hence, the gel-like behaviour exhibited
by FUS-PLD droplets is not expected to occur in A-LCD-hnRNPA1
condensates with only one LARKS, since an inter-molecular network of
[S-sheets would not be able to fully percolate.

To further understand the gradual transformation of condensates
during ageing from a molecular perspective, we now estimate the
change to the free energy of the inter-molecular interaction network
within the condensates due to ageing. To do so, we implement an
energy-scaled molecular interaction analysis recently proposed in refs.
87, 124. Such analysis estimates the probability of contacts among all
possible amino acid pairs in the condensate by considering not only a
standard cut-off distance, but also the identity of the interacting amino
acids via the mean excluded volume of the pair and the minimum
potential energy of their interaction (both parameters taken from the
coarse-grained force field). From the difference in the energy-scaled
contact probability for pre-aged (P)) versus aged condensates (Pg), we
can estimate a free energy difference (AG/kgT= —In f,—f) that directly
relates to the transformation of the liquid-network connectivity as a
result of ageing (further details on these calculations are provided in
the Supplementary Methods)—which we term the ‘connectivity free
energy difference’.

The connectivity free energy difference reveals that when con-
densate ageing is driven by the accumulation of inter-protein S-sheets,
it is accompanied by a huge imbalance of inter-molecular forces. For
instance, within A-LCD-hnRNPA1 and FUS-PLD condensates,
LARKS-LARKS interactions give a large negative value of the con-
nectivity free energy difference (approximately 5-6 kgT per residue),
which evidences the long-lived nature of such connections as a result
of ageing (Fig. 3a, b). In striking contrast, the connectivity free energy
differences for the rest of amino acid pairs is negligible or even small
and positive (Fig. 3a, b), consistent with weak and transient pre-ageing
connections (i.e., ~0.5-1 kgT; Fig. 1a). In particular, the engagement of
LARKS within structured B-sheet stacks significantly precludes their
interaction with unstructured regions of neighbouring protein repli-
cas, and results in moderate positive free energy differences. Such a
severe imbalance in inter-molecular forces due to ageing—strong
enough to drive the progressive dynamical arrest of proteins within
droplets—contributes to rationalizing the physicochemical and mole-
cular factors behind the intricate process of condensate ageing.
Indeed, imbalance of inter-molecular forces has been shown to drive
FUS single-component condensates to display multiphase

architectures upon ageing®*'> or upon phosphorylation®. Further-

more, this imbalance is consistent with the formation of amorphous
condensates observed in LARKS-containing proteins®®**** such as
hnRNPA1%, FUS%, TDP-43'%°, or NUP-98%*1,

Ageing of condensates does not necessarily lead to loss of
sphericity

We also explore how condensate ageing influences the shape of phase-
separated droplets over time. First, we equilibrate a FUS-PLD con-
densate in non-ageing conditions (using the reference model'”'®) at
T/T.rus = 0.81 within a cubic box in the canonical ensemble (NVT:
constant number of particles, volume and temperature). At this tem-
perature, the phase-separated droplet displays liquid-like behaviour
(Fig. 2a), and the condensed phase equilibrates into a roughly spherical
droplet that minimizes the interfacial free energy of the system'”. We
quantify the sphericity of the droplet by computing the Solvent
Available Surface Area (SASA) of the condensate (A) and its volume (V)
for independent consecutive configurations. Through the following
relation'®: ®(¢t) = %X“’m, we can investigate the behaviour of the
condensate sphericity (®) versus time. Sphericity values closer to 1,
indicate that the condensate shapes approach a perfect sphere (fur-
ther details on the order parameter to detect the biggest cluster and
the SASA calculation are provided in the Supplementary Methods). In
Fig. 3d, we depict the average condensate sphericity for a liquid-like
pre-aged condensate of 300 FUS-PLD protein replicas (red dashed
line). When we activate our dynamical algorithm to trigger ageing, we
observe that the droplet remains roughly spherical even at timescales
where more than 75% of LARKS have transitioned into forming inter-
protein S-sheets, and the condensate has become gradually kinetically-
arrested (black curve; Fig. 3d). Our results, hence, predict that ageing
of an already well-formed spherical condensate (i.e. that is not growing
further due to droplet coalesence) would lead to negligible shape
deformations. This is in agreement with previous simulations revealing
that the origin of the widely recognized asphericity of aged
condensates®?’ is non-ergodic droplet coalescence”. Fusion of small
protein clusters to aged condensates is expected to drive the defor-
mation of spherical condensates during ageing®’. Moreover, impaired
exchange of molecules between condensates and their surroundings,
as observed in different multivalent proteins'®™°, can lead to the
emergence of irregular morphologies. However, reshaping of sphe-
rical liquid droplets during ageing, seems to play a negligible role in
condensate amorphization, as shown in Fig. 3d.

RNA decelerates the rate of accumulation of inter-protein S-
sheets

The stability and viscoelastic properties of RNA-binding protein con-
densates is expected to be sensitively affected by the presence of RNA
in an intricate manner that likely depends on RNA concentration,
structure, sequence, and chain length?2871MB3L132 For instance, while
short single-stranded disordered RNA strands (-50 nucleotides) can
severely reduce droplet viscosity (e.g. of condensates made of LAF-1,
an RNA-binding protein found in P granules®®), long RNAs can increase
viscosity in a concentration-dependent manner*°¢. Such complex
impact of RNA has been reported for numerous RNA-binding protein
condensates—e.g., of FUS™7*, hnRNPA1?**%1¢ TDP-43"71%° TAF-
15140 or EWSR1?*"“°—whose ageing has been associated with neu-
rodegenerative diseases®**'. Motivated by these observations, in this
section we investigate the effect of single-stranded RNA on the vis-
coelasticity of FUS and A-LCD-hnRNPA1 condensates during the pro-
cess of ageing.

We start by performing simulations of condensates that can age
progressively over time due to the accumulation of inter-protein S-
sheets, as we have done in the preceding sections. The key difference
now is that we add varying concentrations of poly-Uridine (polyU). We
choose polyU as it has been employed widely as a model for
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disordered single-stranded RNA in in vitro experiments examining
RNA-binding protein condensates®*"*"**, Regarding FUS, we only focus
on the full protein (i.e., 526 residues) since the shorter FUS-PLD is
devoid of RNA-recognition motifs (RRMs) and Arginine-Glycine rich-
regions (RGGs), and does not present significant associative interac-
tions with RNA at physiological conditions™*.

RNA is well known to induce a concentration-dependent reentrant
behaviour™>™ for a wide range of RNA-binding protein pre-aged
condensates—including, FUS™ ™, Whi3*, G3BP1'*?, or LAF-1**. That is,
low RNA concentrations moderately increase the stability of the con-
densates, while high RNA concentrations destabilize phase-separated
droplets and solubilize them™. The specific RNA concentration
thresholds at which the different behaviours emerge depend not only
on the protein identity but also on the length of the RNA strand®’. Here,
we use a fixed RNA chain length of 125-nucleotides (nt), which is the
minimum value for which moderate RNA concentrations can still
enhance phase separation of FUS and A-LCD-hnRNPAL1 condensates, as
shown in our previous simulations®”. For A-LCD-hnRNPAL1, we showed
that the optimal concentration of 125-nt polyU that maximizes the
stability of the condensates (within the HPS-Cation-m model para-
meters) is 0.12 mg of polyU per mg of protein, and that mass ratios
above 0.2 trigger condensate dissolution®. Indeed, beyond an RNA
concentration of ~0.3 mg of polyU per mg of protein, A-LCD-hnRNPA1
phase-separated droplets fully dissolve at the studied temperature
(and system size). For full-FUS, in Fig. 4a, b, we show the reentrant
behaviour of pre-aged FUS condensates, as recapitulated by the HPS-
Cation- model'”'* in combination with the HPS-compatible model
for RNA'”, The phase diagrams of pre-aged FUS condensates show
that, within such model parameters, concentrations of ~0.1 mg of
polyU per mg of protein enhance FUS droplet stability, while higher
concentrations of 0.2 mg of polyU per mg of protein reduce it.

We now investigate the consequences of adding RNA to con-
densates that age over time, due to the accumulation of inter-protein
[S-sheets. Consistent with our findings from Fig. 2a, the phase diagrams
of FUS condensates and polyU/FUS droplets barely change during
ageing (Fig. 4a; square symbols). Only a minor densification of the
condensates over time is found when a very high percentage of 5-sheet
transitions has occurred (i.e., 75% of the available disorder LARKS have
transitioned into inter-protein fS-sheets). However, such modest
increment of density*’, compared to the more prominent variation
found in pure A-LCD-hnRNPA1 and FUS-PLD aged droplets (Figs. 1d and
2arespectively) is due to the small region in which the three LARKS are
located within the full-FUS sequence (50-residue region within the 526-
residue whole FUS sequence). To further illustrate the slight variation
upon ageing in the phase diagram of polyU/FUS mixtures, we plot in
Fig. 4b the critical temperature of FUS as a function of polyU/FUS mass
ratio for condensates that have not yet aged (green circles; reference
model), as well as for droplets that have already aged over time (black
circles; ageing model). Like their pre-aged counterparts, aged con-
densates exhibit RNA-concentration-driven reentrant behaviour.
However, we also note that aged gel-like condensates with a high
concentration of inter-protein S-sheet motifs (as those shown in Fig. 3¢
Left panel for FUS-PLD) may remain aggregated until reaching slightly
higher temperatures than the critical one, hence showing moderate
thermal hysteresis®*'*,

For both, condensates made of either A-LCD-hnRNPAL1 or FUS, we
find that their RNA-driven reentrant phase behaviour dictates the
manner in which RNA impacts their ageing processes. Adding low
concentrations of polyU (i.e., 0.09 mg of polyU per mg of protein for A-
LCD-hnRNPALI and 0.12 mg of polyU per mg of protein for FUS) has a
negligible effect on the rate of accumulation of inter-protein S-sheets
over time (Figs. 4c and 5a). However, as we go to higher RNA con-
centrations that approach the values needed to trigger condensate
dissolution (e.g., 0.18 mg of polyU per mg of protein for A-LCD-
hnRNPA1 and 0.24 mg of polyU per mg of protein for FUS), we observe

anotable deceleration in the accumulation of inter-protein S-sheets for
A-LCD-hnRNPAL1 (Fig. 5a (Bottom panel); maroon curve) and a mod-
erate reduction for FUS (Fig. 4c; orange curve). At high RNA con-
centrations, RNA-RNA electrostatic repulsion and steric hindrance
begin to dominate, decreasing the condensate density, and as such,
the probability of crucial high protein density fluctuations that enable
the formation of inter-protein f-sheets**>*°. Such effects are more
modest for FUS ageing, because of its much larger size with respect to
that of the LARKS-containing region, and because the main RNA-
interacting domains in FUS (i.e., RRM and RGGs) are distantly located
from the three LARKS motifs in the sequence. Nevertheless, con-
densates with higher RNA concentration present lower viscosities as a
function of time (as shown in Fig. 5d for A-LCD-hnRNPA1/polyU con-
densates; maroon curve).

We now employ a simple chemical kinetic model to characterize
in more detail the time-evolution of accumulation of inter-protein S-
sheets within A-LCD-hnRNPA1 and FUS ageing condensates as a func-
tion of polyU concentration (at constant temperature of 7=0.97T, for
A-LCD-hnRNPA1 and T=0.96T s for FUS). For this, we use a second-
order reaction analysis including two forward reactions:

2[D] — 2[S]
and
[D1+[8] — 2[S],
and one backward reaction:
[S1 — [D].

Here, [D] represents the percentage of fully disordered LARKS and [S]
the percentage of LARKS forming inter-protein S-sheets. Through this
analysis, we can estimate the kinetic constant kg;, of inter-protein S-
sheet formation (further details provided in the Supplementary
Methods). For both A-LCD-hnRNPAL1 (Fig. 5b) and FUS (Fig. 4c; inset),
kqir significantly decreases as the polyU concentration is raised. For the
reason described above, we again note that the effect is more modest
for FUS than A-LCD-hnRNPAIL. As a negative control, we compare
the effects of inert polymers versus those of RNA. The inert polymers
are composed of beads which exclusively exhibit excluded volume
interactions (i.e., hard-spheres) and have the same size of our Uridine
nucleotide beads. We set the concentrations of these inert polymers to
match the monomeric concentrations of our previous RNA/protein
mixtures. As depicted in Fig. 4c (brown crosses) and Fig. 5b (empty
diamonds) for FUS and A-LCD-hnRNPALI respectively, the accumula-
tion of structural transitions is faster (i.e., kg, is significantly higher)
when polyU strands are substituted by inert polymers, and is of the
same order as in the pure protein condensates. Moreover, the addition
of shorter disordered proteins (also at similar monomeric concentra-
tions as RNA) that could contribute to destabilizing biomolecular
condensates and reducing their density due to the lower critical
temperature of the shorter proteins (i.e., as FUS-PLDs mixed in full-FUS
condensates; Fig. 2a), moderately increases the rate of fS-sheet
transitions over time as compared to pure full-FUS systems (Supple-
mentary Figure 3). These results evidence the specific ability of RNA to
decelerate ageing driven by accumulation of inter-protein S-sheets
inside condensates. Our simulations reveal that disorder-to-order
transitions within condensates (triggered by the spontaneous forma-
tion of high-density protein clusters) are inhibited by RNA via the
combination of two factors: (1) binding of RNA to various protein
regions (i.e., RRMs or RGGs), which reduces the likelihood of inter-
protein interactions, and (2) the RNA-RNA long-range electrostatic
repulsion, which critically lowers the condensate density. Since inert
polymers or small disordered proteins (like FUS-PLD) cannot fulfil
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Fig. 4 | FUS disorder-to-order transitions are hindered by RNA which collec-
tively contributes to blocking protein high-density fluctuations.

a Temperature-density phase diagram for pure FUS (red symbols) and two polyU/
FUS mixtures with different RNA concentrations as indicated in the legend. Filled
circles represent the coexistence densities before structural transitions take place
(reference model), and square symbols depict densities after ageing occurs (ageing
model, i.e., >70% of LARKS within the condensates are engaged in inter-protein -
sheet motifs). Empty symbols indicate the estimated critical points obtained
through the law of rectilinear diameters and critical exponents'*°. Please note that
temperatures are normalized by the critical T of pure FUS (T, rus). Statistical errors
are obtained by bootstrapping results from n =3 independent simulations.

b Critical temperature of FUS/polyU mixtures as a function of the polyU/FUS mass
ratio evaluated for the reference model (green circles) and for the dynamical ageing
model (black circles). Symbols above the horizontal dotted line imply LLPS
enhancement while those below indicate phase-separation hindrance. The statis-
tical uncertainty shown in Panel a also applies for b. ¢ Time-evolution of inter-
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either of these two roles that RNA accomplishes at high concentration,
they cannot decelerate condensate ageing at similar monomeric
concentrations (Figs. 4c (inset) and 5b). Additionally, to demonstrate
that our observations for polyU/protein mixtures are not model-
dependent, we repeat the calculations for A-LCD-hnRNPAL1 using the
Mpipi residue-resolution model", which recapitulates quantitatively
the temperature-density experimental phase diagram of such
protein'®. Using the Mpipi force field (Fig. 5b; red circles), we also
find that the kinetic constant kg;, decreases with the concentration of
RNA; hence, delaying condensate gelation over time (Fig. 5d).
Comparing how the energy-scaled molecular interactions
(see Supplementary Methods) change upon ageing in the absence and
presence of RNA, provides microscopic insight on such modulation.
While, in the absence of RNA, the A-LCD-hnRNPAL1 ageing connectivity

free energy difference per residue is large for LARKS-LARKS interac-
tions (i.e., ~6kgT for A-LCD-hnRNPA1), at high RNA concentrations its
value decreases to ~4.4kgT for the same interactions (Fig. 5¢). Such a
significant reduction explains the shorter relaxation times and lower
viscosity of A-LCD-hnRNPA1 condensates with high concentrations of
polyU (Fig. 5d). Indeed, previous simulations have shown that varia-
tions of the order of 1kgT in protein binding can transform protein self-
diffusion by several orders of magnitude®”. Our findings therefore
clarify from a mechanistic and molecular perspective previous
experimental results showing that: (1) hnRNPA1 fibrillization is
enhanced in protein-rich droplets formed via liquid-liquid phase
separation”*>"*; and (2) liquid-to-solid aberrant phase transitions,
here driven by inter-protein S-sheet transitions, might be prevented by

keeping RNA-binding proteins soluble at high RNA concentrations™.
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Fig. 5| A-LCD-hnRNPAL1 droplet ageing driven by disorder-to-order transitions
is decelerated by inclusion of high polyU RNA concentration. a Time-evolution
of droplet density (Top) and percentage of inter-protein S-sheet transitions within
the condensates (Bottom) measured at different polyU/A-LCD-hnRNPA1 mass
ratios and at T=0.97T, (where T, refers to the critical temperature of the pure
protein condensate). Dashed lines in the bottom panel depict the second-order
reaction fits employed to evaluate the kinetic constant (kg;,) of inter-protein S-sheet
formation (see details on the Supplementary Methods). b Estimated kinetic con-
stants from a second-order reaction analysis to the number of inter-protein S-sheet
transitions over time for different polyU/A-LCD-hnRNPA1 mass ratios at 7=0.97T,
using two different residue-resolution models: HPS-Cation-mr (black circles, %)
and Mpipi (red circles,"). Black empty diamonds account for test control
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simulations in presence of inert polymers of the same length and concentration
than polyU strands in the protein mixtures using the HPS-Cation-m model. Symbol
sizes account for the estimated uncertainty while dotted and continuous lines are
included as a guide for the eye. ¢ Landscape of the protein and polyU (wide band)
contacts free energy variation upon condensate ageing measured in polyU/A-LCD-
hnRNPAL1 phase-separated bulk droplets at 7=0.97T. and 0.18 polyU/A-LCD-
hnRNPA1 mass ratio. The same timescale for observing condensate ageing in pure
A-LCD-hnRNPAL1 droplets shown in Fig. 3b was explored here. d Shear stress
relaxation modulus of polyU/A-LCD-hnRNPAL1 aged condensates at 7= 0.97T. for
different polyU/protein mass ratios. The time interval to observe structural tran-
sitions before quenching them through our dynamical algorithm and compute G(t)
was the same for all concentrations, -1 pis.

For full-FUS pure condensates, the average binding free energy
gain associated with LARKS-LARKS f-sheets is of approximately 5kgT
per residue. Moreover, due to the local binding strengthening of
LARKS-LARKS interactions within the PLD, other regions within the
FUS sequence (such as RGGs, RRMs or the zinc finger), moderately
increase their binding probability by ~0.5kgT (Fig. 4d; light green
regions). Hence, FUS phase-separated droplets collectively boost their
enthalpic gain during ageing via the progressive accumulation of inter-
protein S-sheet structures®**>**, However, if we analyze the variance
of the aged system when exposed to a high concentration of RNA, such
protein-protein interaction gain vanishes, and is substituted by more
favourable protein-RNA interactions, especially between RNA-RRM
and RNA-RGG domains. Thus, during FUS ageing, the net variation in
protein binding probability upon RNA inclusion is positive, and AG/kgT
increases by almost-~1.5kgT on average for most of the sequence
regions (implying lower protein binding probability; Fig. 4e). Such free
energy increase collectively hinders the high-density protein local
fluctuations within FUS/RNA condensates that underlie the pro-
gressive emergence of inter-protein S-sheet transitions®>%**'*, This
occurs despite RNA binding not targeting directly the FUS-PLD region
(1-163 residues; where the binding strength decreases by -0.15kgT),
which is the ageing epicentre of FUS.

Discussion

In this work, we develop an innovative multiscale computational
approach that integrates all-atom simulations and sequence-
dependent coarse-grained models to microscopically elucidate the
progressive ageing of protein condensates due to inter-protein struc-
tural changes. First, we show how the accumulation of inter-protein
LARKS f-sheets, can critically enhance inter-molecular protein binding
to drive liquid-to-gel transitions in biomolecular condensates. We find
that the reorganization of A-LCD-hnRNPAI1 disordered LARKS into
structured four-peptide S-sheet fibrils can transform weak and tran-
sient protein interactions into almost irreversible long-lived contacts.
Such local binding strengthening, even in the absence of chemical
modifications or external stimuli, can dramatically increase con-
densate viscosity and moderately raise droplet density, as we report
here for A-LCD-hnRNPAL1 and FUS condensates. Our findings from this
study may also explain how aberrant phase transitions in other LARKS-
containing proteins such as TDP-43, AB-NKGAIl or NUP-98 among
many others*****”* can be regulated by different factors such as
temperature, RNA or protein concentration. Moreover, we observe
that ageing driven by accumulation of inter-peptide S-sheet transitions
critically alters the molecular network of connections sustaining the
condensate. Our results suggest that the widely recognized asphericity
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as a consequence of condensate ageing”*'*, emerges indirectly

during ageing, from non-ergodic droplet coalescence” rather than
directly from ageing condensate reshaping (Fig. 3d).

Remarkably, we also find that recruitment of high concentra-
tions of RNA by condensates significantly slows down the rate of
accumulation (i.e., kinetic constant) of inter-protein S-sheets over
time. Such reduction in the kinetic constant, which is not observed at
low or moderate RNA concentrations, has a critical impact in
ensuring droplet viscoelastic properties remain consistent with
those of liquids rather than of gels during ageing. Hence, our results
suggest that high RNA concentrations may contribute to reducing
the onset of pathological liquid-to-solid transitions during ageing?**°.
The decrease in: (1) protein binding probability induced by the
emergence of favourable protein-RNA interactions, and (2) con-
densate density due to RNA-RNA electrostatic repulsion, collectively
contributes to frustrating the high-density protein fluctuations that
would otherwise promote inter-peptide S-sheet formation. However,
these conditions may only be satisfied beyond the optimal RNA
concentration enhancing LLPS (i.e., RNA reentrant point">"*), Taken
together, our multiscale simulations shed light on the physico-
chemical and molecular factors behind the intricate process of
pathological ageing in LARKS-containing proteins—such as FUS” or
hnRNPA1? among others***—and suggest a potential framework to
decelerate aberrant phase transitions due to protein structural
changes.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that supports the findings of this study are available within
the article and its Supplementary Material. The Source Data of all fig-
ures within the article and the Supplementary Material are provided as
a Source Data file. The LAMMPS and GROMACS files of the residue-
resolution models and all-atom simulations respectively, as well as the
dynamical algorithm software are available in the GitHub database
under the accession code: https://doi.org/10.5281/zenodo.6979617.
The following PDB files can be obtained through these codes: PDB
Code 6BXX https://doi.org/10.2210/pdb6bxx/pdb, PDB Code 2LCW
https://doi.org/10.2210/pdb2lcw/pdb, and PDB Code 6G99 https://doi.
org/10.2210/pdb6g99/pdb. Source data are provided with this paper.
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