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Liquid-liquid phase separation (LLPS) is one of the
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One of the key mechanisms employed by cells to control their spatiotemporal organization is the formation and
dissolution of phase-separated condensates. Such balance between condensate assembly and disassembly can
be critically regulated by the presence of RNA. In this work, we use a novel sequence-dependent coarse-grained
model for proteins and RNA to unravel the impact of poly-uridine RNA in modulating the protein mobility and
stability within different biomolecular condensates. We explore the behavior of FUS, hnRNPA1 and TDP-43
proteins along with that of their corresponding prion-like domains and RNA-recognition motifs, from absence
to moderately high RNA concentration. By characterising the phase diagram, key molecular interactions,
surface tension and transport properties of the condensates, we report a dual RNA-induced behavior: On the
one hand, poly-uridine enhances phase separation at low concentration, whilst at high concentration it inhibits
the ability of proteins to self-assemble. On the other hand, as a consequence of such stability modulation,
the viscoelastic liquid properties of the condensates are significantly enhanced at moderately high RNA
concentration as long as the length of poly-uridine strands is comparable or moderately shorter than those
of the proteins, whereas protein self-diffusion barely depends on poly-uridine length. On the whole, our work
rationalizes the different routes by which RNA can regulate phase separation and condensate dynamics, as
well as the subsequent aberrant rigidification implicated in the emergence of various neuropathologies and
age-related diseases.
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biological roles, such as the propensity of condensates
to buffer protein concentrations against gene expression
noise continue being discovered?337,

key processes employed by cells to control the spa-
tiotemporal organization of their many componentst .
This phenomenon — displayed by a large variety of
biomolecules such as multivalent proteins and nucleic
acids®' — is involved in wide-ranging aspects of the cell
function such as membraneless compartmentalisation
OHZHIG sjonaling? L, genome silencing!®2Y formation of
super-enhancers?!, helping cells to sense and react to
environmental changes??, or buffering cellular noise?
among many others?*27  The spontaneous demixing
of the cell components into different coexisting liquid
compartments occurs both inside the cytoplasm (e.g.,
P granules’ and RNA granules/bodies*®*) and in
the cell nucleus (e.g., Cajal bodies®”, nucleol*!, nu-
clear speckles®®#3 or heterochromatin domainst?2%),
and enables the coordinated control of thousands of
simultaneous chemical reactions that are required to
maintain biological activity®*. Besides these diverse
functionalities, membraneless organelles have also been
observed to exert mechanical forces to induce chromatin
reorganization®% or to act as molecular sensors of
intracellular and extracellular exchanges®?. Still novel
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The biomolecular building blocks behind LLPS in the
cell are usually proteins with intrinsically disordered
regions (IDRs) or proteins with globular domains
connected by flexible linkers that can establish multiple
homotypic self-interactions or heterotypic interactions
with cognate biomolecules (e.g. a different IDR, RNA or
DNA) over their interactions with the solvent®. Sev-
eral DNA and RNA-binding proteins such as FUS38HU
hnRNPA16 TDP-434142  LAF-143 oy HP119%20
have been observed to undergo phase separation both
in vivo and in wvitro. These proteins, besides their
intrinsically disordered regions, frequently present
additional specific domains with high physico-chemical
affinity for RNA (termed as RNA recognition motifs
(RRMs) ) or DNA%2. In particular, the intermolecular
binding between IDRs and RNA (either via specific
RNA-RRMs interactions or non-selective electrostatic
or m-m interactions) have been found to be critical in
regulating LLPS*346%49  Tn that respect, determining
the precise consequences of RNA in LLPS is a matter of
huge interest2#3:48152)

In witro experimental evidences show how protein
aggregation is enhanced upon addition of RNA at low
concentration, whilst it inhibits phase separation at
high concentration®™%53%4  Syuch re-entrant behavior
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is in agreement with the hypothesis that solid-like
aggregates are more readily formed in the cytoplasm
than in the cell nucleus, where the abundance of RNA
is higher®®. Moreover, besides modulating the stability
of the condensates, RNA can affect their kinetic prop-
erties. A viscosity reduction of LAF-1 droplets (a key
protein in P granules formation) after addition of short
RNA strands has been observed without significantly
affecting droplet stability*?.  On the contrary, the
inclusion of long RNA chains inside the condensates
can also enhance notably their viscosity at certain given
concentrations®®®?,  This RNA-induced modulation of
droplet viscoelasticity (and also recently observed by
DNA®Y) is crucial in the regulation/dysregulation of the
liquid-like behavior of RNA-binding proteins (RBPs)
such as FUS38 U hnRNPA 11046 TDPp-43442057 TAF-
152058 o EWSR1 among others?®2008  The resulting
rigidification of these condensates can lead to the forma-
tion of pathological solid aggregates which are behind
the onset of several neurodegenerative diseases such
as amyotrophic lateral sclerosis (ALS), frontotemporal
dementia or Alzheimer®2263  Because of that, a huge
effort is being devoted in understanding the underlying
molecular factors involved in RNA-induced regulation
of condensates stability and viscoelasticity @S 2:01102564165]

Recent experimental advances in single-molecule
Forster resonance energy transfer (smFRET) have
enabled the direct observation of the structural and
dynamic protein behavior in diluted conditions®6 68
however, the thermodynamic and kinetic aspects inside
the condensates are still hardly accessiblé®?. Notably,
particle tracking microrheology techniques have been
successfully used to provide data about the mean
squared displacement (MSD) of marked beads inside
droplets, and then, via that MSD, condensate viscosity
has been estimated®3465570  Nevertheless, other fun-
damental magnitudes such as the protein mean squared
displacement, end-to-end distance relaxation times,
protein radius of gyration or droplet surface tensions
are extremely challenging to obtain®t. Moreover, direct
measurements of the molecular contacts that promote
phase separation are of great relevance, and rarely, this
information can be unequivocally extracted358 The
mutation and/or phosphorylation of specific residues
along sequences can help in deciphering which contacts
might be key in sustaining LLPS™ but still, higher
level of mechanistic and molecular resolution is needed.

In that respect, computer simulations emerges as
a great tool to enlighten this blind spot®™Hl  The
most recent advances in computational science have
allowed to carry out impressive calculations mimicking
in wvivo conditions™. Atomistic Molecular Dynamics
(MD) simulations have been also successfully proved in
characterizing the conformational ensembles of single
proteins and protein complexes I pinpointing
the link between chemical modifications, sequence

mutations, and the modulation of protein—protein and
protein-DNA interactions®?®2, and guiding the devel-
opment of chemically accurate coarse-grained models
for LLPS®¥#84,  Simultaneously, a huge effort in devel-
oping different levels of coarse-grained (CG) potentials
is being devoted, including mean field models®2 8
lattice-based simulations?3 minimal models?*8 and
sequence-dependent models®3¥¥UUL By retaining the
specific physico-chemical features of proteins, DNA and
RNA, while averaging out others for computational
efficiency, CG models have been widely used to elucidate
key factors behind LLPS and their dependency on the
protein length192:103 amino acid sequence®3 24100004105
multivalency? 00 conformational flexibility
and multicomponent composition™¥ 118, Nonetheless,
regarding the role of RNA in LLPS and the molecular
driving forces contributing to the formation of RNA-
RBP condensates, further work is required!?. On the
one hand, atomistic MD simulations have provided bind-
ing free energies of specific protein/RNA complexes, but
are limited to very few protein replicas’2®2l. On the
other hand, coarse-grained models have been recently
proposed to elucidate the effect of RNA on phase separa-
tion of small prion-like domains such as those of FUS2,
protamine*?? or LAF-1118  Remarkably, the work by
Regy et alY presents a detailed parametrization of a
CG model for RNA within the framework of the HPS
protein potential®¥, opening up new possibilities to link
the molecular mechanisms of RNA-RBP condensates to
their macroscopic phase behavior.

)
TI2ITTS

The present work aims to narrow down this gap by
shedding light on the re-entrant behavior of RNA in
LLPS and on its implications on condensate transport
properties. By employing a novel high-resolution CG
model for RNA and IDPg83#6H24 e explore the ability
of different RNA-binding proteins which undergo LLPS
(FUS, hnRNPA1, TDP-43 as well as their corresponding
prion-like domains and RNA-recognition motifs) to phase
separate in presence of poly-uridine (poly-U) RNA from
low to moderately high concentration. First, we validate
the model predictions against the relative experimental
protein saturation concentration of these condensates in
absence of RNA at physiological salt concentration, find-
ing a remarkable qualitative agreement. We also anal-
yse the key molecular interactions and primary protein
domains promoting aggregation, as well as the impact
of heterogeneous sequence connectivities in the structure
and surface tension of the condensates. Secondly, we in-
vestigate how poly-U RNA regulates the coexistence line
of the condensates as a function of RNA concentration
for a constant poly-U strand length, as well as for differ-
ent strand lengths at a constant protein/poly-U concen-
tration. Besides evidencing RNA re-entrant behavior of
enhanced LLPS at low poly-U concentration and RNA-
inhibited LLPS at moderately high poly-U saturation,
we find a critical poly-U length below which, LLPS is no
longer promoted even at low concentrations. Finally, we
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characterize the transport properties (i.e., protein mobil-
ity and viscosity) of the condensates as a function of poly-
U saturation, showing that from moderate RNA concen-
tration, protein mobility is considerably enhanced. How-
ever, condensate viscosity is only reduced without signif-
icantly altering their stability when strands of a minimal
critical RNA length are introduced (~ 100 nucleotides).
When longer strands are added, viscosity moderately in-
creases. Taken together, our work provides a framework
to rationalise the ubiquitous dual effect of RNA in the
stability and kinetics of RNA-RBP condensates.

Il. RESULTS
A. Sequence-dependent model validation

Biomolecular condensates are stabilized by chemically
diverse weak protein—protein interactions, which are
determined by the specific nature (e.g., hydrophobic-
ity, aromaticity, and charge) of the encoded protein
amino acids®®%  Here, to capture such sequence
specificity, we employ a novel reparametrizationt4® of
the high-resolution HPS model from Mittal group®
which accounts for sequence-dependent hydrophobic and
cation—7 interactions by means of short-range pairwise
potentials, and for electrostatic interactions through
Yukawa long-range potentials. Bonded interactions
between subsequent amino acids are restrained by a
harmonic potential, and non-bonded hydrophobic inter-
actions are modelled via an Ashbaugh-Hatch potential.
Additionally, cation—m and electrostatic interactions
are described by Lennard-Jones and Yukawa/Debye-
Hiickel potential terms respectively.  The low salt
physiological concentration regime (~ 150 mM) of the
implicit solvent is controlled by the screening length of
the Yukawa/Debye-Hiickel potential. Given that the
original HPS model*?” has been shown to underestimate
LLPS-stabilising cation—n interactions®, we employ the
recently proposed reparametrization by Das et all24
Additionally, to account for the ‘buried’ amino acids
contained in the protein globular domains, we scale
down those interactions with respect to the original set
of HPS parameters by a 30% as proposed in Ref®2122
All the details regarding the model parameters and
simulation setups are provided in the Supplementary
Information (SI).

To further validate the model*l%12% we elucidate the
relative ability to phase-separate of several archetypal
RNA/DNA-binding proteins that are known to undergo
LLPS either in vivo and in vitro. These proteins are:
FUSHY hnRNPA11218 and the TAR DNA-binding
protein 43 (TDP-43)442 (Fig. ) We evaluate the
phase diagram for either the full protein sequences and
for some of their specific domains such as the RNA recog-
nition motifs (RRMs) or the prion-like domains (PLDs).
More precisely, we focus on the following sequences: FUS

(full-sequence), FUS-PLD, hnRNPA1 (isoform Al-B,
and hereafter named as hnRNPA1), hnRNPA1-PLD,
hnRNPA1-RRM, TDP-43 (full-sequence), and TDP-43-
PLD (sequences are provided in the SI). For TDP-43,
we distinguish between two different variants, one
including the a-helix structured domain in the C-tail
intrinsically disordered region (h-TDP-43), and another
in which the whole PLD region remains fully disordered
(wt-TDP-43). Despite h-TDP-43 and wt-TDP-43 only
differing in less than 10 % of their sequence structural
conformation™270  the presence of the «—helical
structured domain has been shown to moderately affect
the protein ability to phase-separatel?®. We also study
the low complexity domain (LCD) of the isoform Al-A
of hnRNPA1* (termed as hnRNPA1-A-LCD), since
it has been shown to be a key part of the hnRNPA1
sequence in promoting LLPS in absence of RNAL,

By means of Direct Coexistence simulations
(DCY2 431 in combination with the critical exponent
law and the law of rectilinear diameters'®?, we compute
the phase diagram (Fig. [[B) of all the aforementioned
proteins (hnRNPA1-PLD and hnRNPAI-RRM are
shown in Fig. S2 of the SI; see SI of Ref®® for details
on extracting coexisting densities from DC simulations).
The predicted renormalized critical points (T/T) where
T! refers to the highest critical temperature of the set)
against the experimental saturation concentration of
the proteins to undergo LLPS in FUS2882 FUS-PLD28,
hnRNPA1%,  hnRNPA1-A-LCDY,  wt-TDP-4342%82
h-TDP-43%2¢2 and TDP-43-PLD*#? are shown in Fig.
(please note that the experimental saturation con-
centration reported by Molliex et all? corresponds to
the isoform Al-A, but the difference in the critical
concentration between the two isoforms is assumed to
be minor). We find a positive correlation between the
critical point in our simulations and the saturation
concentration of the proteins in experiments (both
at physiological salt concentration). Such impressive
qualitative agreement (a coarse-grained model with
explicit solvent is not expected to quantitatively cap-
ture the actual T.) demonstrates that the cation-m
reparametrization proposed by Das et all?4 on top of
Mittal’s group model? is able to successfully describe
the relative ability of these proteins to self-assemble
into phase-separated condensates. Furthermore, we
observe a non-negligible difference between the phase
diagram of the a—helical structured TDP-43 and that of
the wt-TDP-43, showing the latter a moderately lower
critical temperature, as reported in Ref’2%, Notably,
both prion-like domains of FUS and TDP-43 exhibit
a significant lower ability to phase separate than their
full counterparts as experimentally found®®. On the
contrary, hnRNPA1-A-LCD exhibits a similar critical
temperature to that of hnRNPA1 full-sequence. To
rationalise these observations, in the following sec-
tion, we perform a detailed molecular and structural
characterisation of the condensates.
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FIG. 1. Experimental validation of the sequence-dependent model. (A) Different sequence domains of the three studied

proteins: Prion-like domain (PLD), Arginine-Glycine-Glycine rich domain (RGG), RNA-recognition motifs (RRM), zinc finger
(ZF), N-tail domain (NTD) and nuclear localization sequence (NLS). Dashed lines in TDP-43 PLD indicate the position
of the a—helical domain. Braces in hnRNPA1 sequence indicates the two LCD segments composing the sequence of the
isoform A1-A of hnRNPA1 (hnRNPA1-A-LCD), corresponding to the residues 186-251 + 304-372 (see section SII for the
sequence) (B) Phase diagram in the (T/T%)-density plane for FUS (red), FUS-PLD (orange), hnRNPA1-A-LCD (turquoise),
hnRNPA1 (blue), h-TDP-43 (dark green), wt-TDP-43 (lime green) and TDP-43-PLD (light green). Filled circles indicate
the coexistence densities obtained through DC simulations, and empty circles the estimated critical points via the critical
exponent and rectilinear diameter law: (Egs. (S6) and (S7) in the Supplementary Information). 7. accounts for the
highest critical temperature of the protein set (h-TDP-43), which is T, = 472K. Top: DC simulation of h-TDP-43 above the
critical point where LLPS is no longer observed. Bottom: Direct Coexistence simulation of FUS-PLD at T/T.=0.70 exhibiting
two coexisting phases. (C) Experimental saturation concentration of the proteins to undergo phase separation versus the
renormalized critical temperatures shown in (B). The experimental saturation concentration™ at physiological salt conditions
for FU (including FUS-PLD), hnRNPA 1%, hnRNPA1-A-LC , TDP-43%282 3nd TDP-43-PLD™ are depicted by
intervals to consider concentration uncertainty. The height of the intervals accounts for the computational uncertainty in T/T.
The dashed black line is a linear fit to the displayed data (considering the mean concentration of the interval) and the blue
arrow indicates higher ability to phase separate. At the bottom, a schematic cartoon summarizing the expected phase behavior
while increasing protein concentration is included. Note that temperatures in this model are unrealistic and only describe the
relative ability of the different proteins to phase-separate, thus, temperature is only meaningful when is renormalized.

the previous protein condensates, we now perform a
comprehensive full analysis of their surface tension,
LLPS-stabilising most-frequent contacts, protein con-
formational ensembles in and out of the droplet, and
condensate structure.

B. Structural and interfacial properties of the condensates
without RNA

The specific composition and patterning of the amino
acids along the sequence has a huge impact on the
protein macroscopic phase behaviorS 10027 Noreover,

beyond sequence, their conformational ensemble plays a
crucial role not only in their ability to phase-separate,
but also in the condensate structur

A close example of this is TDP-43, in which a subtle
conformational difference on its C-terminal intrinsically
disordered domain produces a moderate change on its
phase diagram (See Figure ) To further characterize
the molecular, structural and interfacial properties of

In Fig. we plot the surface tension () between
the condensate (protein-rich) and protein-poor liquid
phases as a function of temperature (renormalized by
the highest critical temperature of the protein set, T/
of h-TDP-43). An advantage of computer simulations
is that v between two fluid phases (or between a fluid
and a vapour one) can be easily computed, as explained
in SIV, compared to more challenging approaches (i.e.,
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FIG. 2. Molecular, structural and interfacial properties of different RNA-binding protein condensates in absence of RNA. (A)
Condensate surface tension (v) of FUS, FUS-PLD, hnRNPA1, hnRNPA1-A-LCD, wt-TDP-43, h-TDP-43 and TDP-43-PLD as
a function of temperature (renormalized by the highest critical temperature of the protein set, T, = 472K for h-TPD-43). Filled
circles indicate the obtained ~ from DC simulations (see section SIV in the Supp. Info. for further details on the calculations)
and solid curves the v oc (T.. —T)*?6 fit to our datal®? (dashed curves depict the predicted surface tension at low T extrapolated
from the fit). Empty triangles represent the obtained (renormalized) critical temperatures of each sequence using the law of
rectilinear diameters and critical exponents as in Fig. [IB. (B) Snapshots of Direct Coexistence simulations of the three full
sequences at T' = 0.97. (meaning T. the critical temperature of each protein): FUS (left, T = 360K), wt-TDP-43 (center,
T = 410K) and hnRNPA1 (right, T = 390K). FUS, wt-TDP-43 and hnRNPA1 prion-like domains are highlighted in orange,
bright green and cyan respectively, while the rest of their sequences in purple, dark green and dark blue respectively. The
structure of the condensates clearly show the contrast between homogeneously distributed PLD domains as in FUS, clustered
PLD domains as in hnRNPA1, or interfacially exposed PLD domains as in wt-TDP-43 condensates. (C) Frequency amino acid
contact maps of FUS (left), wt-TDP-43 (center) and hnRNPA1 (right) droplets at T' = 0.97,. Scale bars indicate the averaged
percentage of amino acid contact pairs per protein (See section SVI in the Supp. Info. for further details). Dashed lines
depict the limits of the different protein domains as indicated in Fig. . (D) Protein radius of gyration distribution function
of the three sequences at T/T. = 0.9 and at the bulk equilibrium coexisting density of the diluted (dashed curves) and the
condensed phase (continuous curves). (E) Protein radius of gyration distribution function within the condensates at moderate
(T'/T. = 0.85) and high temperature (7'/T. = 0.95).

based on the tie-line width of the phase diagrams) as
required in experimental setups’ ™32, We find that the
conformational difference in the 40-residue helical region
of the TDP-43-PLD terminal domain has significant
consequences on the droplet surface tension. For the
whole range of studied temperatures, wt-TDP-43 shows
smaller v than h-TDP-43. At the same temperature, the
presence of the helical structure in h-TDP-43 promotes
a more compact assembly of proteins in the condensed

phase, increasing the surface tension.

Additionally,

TDP-43-PLD droplets present much smaller v than
those of any of its two full-sequence variants at moderate
temperatures, explaining why TDP-43-PLD domains are
markedly exposed towards the interface in wt-TDP-43
condensates (Fig. ) Similarly, the surface tension
of FUS-PLD droplets is lower than that of FUS (full-
sequence). However, interestingly, v for hnRNPA1 and
hnRNPA1-A-LCD droplets is remarkably similar (as
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their phase diagrams, see Fig. S2), confirming the signif-
icant importance of the hnRNPA1-A-LCD sequence in
contributing to phase separation®. Our results clearly
evidence a direct correlation between droplet surface
tension and condensate stability. Proteins with higher v
can demix until higher temperatures or at lower protein
concentration.

Next, we focus on the structural organization of the
different protein condensates. A significant contrasting
behavior between both FUS and hnRNPAT1 droplets and
those of TDP-43 (both variants) is observed. While both
FUS and hnRNPA1 exhibit an homogeneous density
droplet distribution with their PLDs indistinctly located
along the condensate (although in hnRNPA1 more clus-
tered), TDP-43 shows a highly marked heterogeneous
distribution exposing its prion-like domains towards
the droplet boundaries (Fig. 2B), evidencing that their
PLD interactions barely favor aggregation™™128  This
condensate arrangement allows the minimisation of the
droplet surface tension and the simultaneous maximi-
sation of its enthalpic gain (in absolute value) through
a higher density of LLPS-stabilising contacts at the
droplet core. In the case of wt-TDP-43, such structural
heterogeneity is that pronounced, that condensates split
into smaller nearly-interacting liquid droplets as shown
in Fig. (center). Conversely, the a-helix structure
of h-TDP-43 notably favors the interaction between
helical domains, and hence, between the rest of the
intrinsically disordered neighbour regions significantly
enhancing PLD connectivity, and thus, reducing droplet
heterogeneity as experimentally suggested'2Z. Moreover,
our simulations show that that the structured a—helical
domain considerably reduces the local density fluctua-
tions of the droplet and further stabilises the condensate

(Fig. [IB).

To rationalise the driving molecular forces behind these
structural differences, we compute 1) the amino acid con-
tact map frequency of the proteins within the conden-
sates (Fig. and S6) and 2) the most persistent residue-
residue pair interactions along the aggregated proteins
(Fig. S7-9). We develop a smart cut-off analysis of
each specific residue-residue interaction (adapted to the
range of the HPS potential'’?, see section SVI in the

Supp. Info. for further details) to elucidate the key
molecular interactions promoting LLPS according to our
model 0024

In FUS condensates, the most repeated contacts are
G-G, R-Y and G-Y (Fig. S7A) highlighting how hy-
drophobic, cation—m, and more modestly electrostatic in-
teractions contribute in stabilising the droplets. Since
Glycine (G) represents nearly the 30% of the residues
along FUS sequence, the frequency of G-G is the high-
est despite not being one of the strongest pair of amino
acid interactions®4. However, when normalizing the com-
puted number of contacts by the amino acid abundance,
we find that the cation—m interaction R-Y becomes the

most relevant one inducing LLPS™ %3 according to this
force field (see Fig. S7B). Furthermore, when analysing
the FUS contact map (Fig. [C), we observe that its
prion-like domain, despite showing much lower ability to
phase-separate on its own than the full protein, markedly
interacts with the three RGG domains. The top contacts
of the PLD alone are very different from those of the
full-sequence FUS (Fig. STA), resulting in much worse
phase-separation capabilities for the PLD (Fig. ) Re-
garding the RNA-recognition motifs, we find significant
LLPS-stabilising interactions among different RRM FUS
domains.

While in FUS condensates the PLD plays a crucial
role in LLPS#?1U0 the aggregation of TDP-43 (wild-
type) is mainly sustained by contacts between RRMs,
either with themselves or with other protein regions
such as the NTD or the NLS, but mostly dominated
by RRM1-RRM1 interactions (Fig. ) Nonetheless,
the wt-TDP-43 PLD region is still the second protein
domain establishing more contacts in total after the
RRM1 segment, but mostly because of its length.
The three most predominant contacts in wt-TDP-43
(according to our modeP’24) are K-F, K-E and K-D
(Fig. S8A), clearly denoting the key role of cation—
and electrostatic interactions in driving condensation.
However, when the structured helical region is present
(h-TDP-43), R-F contacts sensibly increase becoming
the third most dominant interaction. Interestingly, the
renormalization of contacts by amino acid abundance
in TDP-43 barely modifies the list of most frequent
interactions, probably due to the very homogeneous
distribution of amino acids along its sequence (Fig. S8C)
when compared to that of FUS. However, similarly to
FUS, TDP-43-PLD shows a completely different list of
most repeated interactions compared to the full protein
(Fig. S8A), which may significantly contribute to reduce
its critical temperature (Fig. )

In hnRNPA1, the most frequent contacts are G-
G, G-S, and G-R (Fig. S9A), but since glycine is
the most abundant amino acid (~ 25%) followed by
serine (~ 15%), the normalized contacts by amino
acid abundance show that R-Y, R-F and K-Y are
dominant interactions, again highlighting the impor-
tance of cation—m interactions in hnRNPA1 LLPS.
The list of top interactions of hnRNPAI1-PLD, even
after normalization, is very similar to that of hn-
RNPA1 (Fig. S9A-B), which explains why the phase
diagrams of both sequences are hardly distinguishable
(Fig. S2A). Surprisingly, the list of most frequent
interactions of hnRNPA1-A-LCD is also remarkably
similar to that of hnRNPA1 full-sequence (Fig. S9A).
In fact, the detailed contact map of hnRNPA1-A-LCD
corresponds to the region of hnRNPA1 that contains
more LLPS-stabilising interactions (dashed lines in
Fig. S6). Thus, the ability of hnRNPA1 to phase
separate alone can mainly be captured by the present
protein interactions in hnRNPA1-A-LCD (see Fig. S2A).
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Finally, we investigate the protein conformational en-
semble within the condensates and the diluted phase
by computing the radius of gyration distribution func-
tion P(R,). Our simulations reveal that in all cases,
when proteins transition from the diluted to the con-
densed phase, their conformations adopt larger radii of
gyration (Figure [2D). Also, the width of P(R,) con-
siderably increases indicating the more versatile confor-
mations that proteins can exhibit within the conden-
sate. This structural behavior allows proteins to max-
imize their number of intermolecular contacts, and thus,
the droplet connectivity as recently shown in Refd,
Phase-separation driven expansion for proteins undergo-
ing homotypic LLPS has been observed for tau-IDP440
using steady-state fluorescence measurements of pyrene
and fluorescein-labeled tau-K18 proteins, a protein asso-
ciated with Alzheimer disease®?. Even if modest, phase-
separation induced expansion enables IDRs to estab-
lish a surplus of enthalpy-maximizing (more energeti-
cally favourable) inter-protein contacts in the condensed
phase, compared to those that they would adopt if they
remained unchanged or underwent collapse. On the other
hand, very recently, NMR and EPR spectroscopies have
shown that the N-Terminal domain of FUS is compacted
when entering in the condensed phase under agarose hy-
drogel conditions'®t. However, due to the employed dif-
ferent experimental matrix composition, our model pre-
dictions cannot be directly related to these striking ob-
servations. Now, when regarding to the protein confor-
mational ensemble within the condensates along temper-
ature, we note a mild change in the hnRNPA1, FUS and
TDP-43 conformations as we approach to the critical T’
(Figure ), in contrast to those measured in the diluted
phase as a function of T (Fig. S5 and Ref®?). More-
over, when comparing both TDP-43 variants P(R,) dis-
tributions, we find almost identical protein ensembles,
exhibiting the wild-type variant slightly more open con-
formations. Nonetheless, that small surplus of extended
conformations which can enable higher amount of inter-
molecular contacts™ is not enough to enhance LLPS as
through the o — « helical interactions present in h-TDP-
43127_

C. RNA-induced reentrant behavior in phase separation

RNA has been recently shown to critically regulate
both the phase behavior of different RNA-binding
proteing®3404IL0LA - and most importantly the emer-
gence of aberrant liquid-to-solid pathological phase
transitions®®°?, In this section, we explore the impact
of poly-U RNA in LLPS of RBPs from a molecular
and a physico-chemical perspective. By means of the
novel coarse-grained model of RNA recently proposed by
Regy et alll% and Direct Coexistence simulationgt22 131
we characterize the condensate stability of different
RNA-binding proteins (and domains) from low to

moderately high poly-U concentration regimes. We
choose poly-U RNA for simplicity®2 and to follow previ-
ous landmark works on RNA-RBP phase separation®324,

First, we mix poly-U RNA strands of 250 nucleotides
with the proteins studied above. Remarkably, not all
proteins were able to favorably interact with poly-U in
our simulations. We find that FUS-PLD and TDP-43
(including both variants) do not associate with poly-U
even at very low RNA concentration (i.e., ~ 0.05
mg poly-U/mg protein). We further test the affinity
of wt-TDP-43 with poly-U strands by performing a
separate analysis of each of its major protein sequence
domains (PLD, RRM1 and RRM2). None of these
domains exhibited a conclusive interaction with poly-U
at temperatures moderately below the critical one.
That is not entirely surprising since: 1) Several exper-
imental studies have shown that TDP-43-RRM1 only
presents strong affinity for RNA strands enriched in
UG nucleotidest#144 and 2) TDP-43-RNA heterotypic
interactions are mainly driven by the RRM1, whereas
the RRM2 plays a supporting roleé!42. Furthermore, in
the employed model, the interactions between poly-U
and TDP-43 are mainly electrostatic, and therefore,
other factors such as RNA secondary and tertiary
structures that might sensibly promote RRM binding to
different RNA sequences are not explicitly considered!42,
On the contrary, the non-interacting behavior between
FUS-PLD and poly-U strands was completely expected
since the FUS PLD sequence does not present neither
RNA-binding domains nor positively charged domains,
thus, precluding their association.

We now evaluate the phase diagram of all proteins
(or protein domains) that favorably interact with
poly-U, these are: FUS, hnRNPA1l, hnRNPAI1-PLD,
hnRNPA1-A-LCD and hnRNPA1-RRMs. In all systems
except for hnRNPA1-PLD, the resulting phase behavior
is similar to that shown in Fig. [JA-B for FUS (note
that hnRNPA1-PLD/poly-U condensates shows a very
mild LLPS enhancement at low poly-U concentration,
Fig. S3 and Table S3, so hereafter, the results are
just discussed for hnRNPA1-A-LCD, FUS, hnRNPA1
and hnRNPA1-RRMs). At low poly-U/protein ratios,
the stability of the condensates moderately increases
(~ 2% higher critical temperature), while at high con-
centration, the critical point decreases below the critical
temperature without RNA (Fig. [3D). This re-entrant
behavior has been experimentally observed for synthetic
peptides such as RP3; and SRg in poly-U mixtures®*
and for RNA-binding proteins such as FUSAToUadiod
or LAF-143, Please note that, although a 2% shift in
the critical temperature might seem insignificant, the
actual increment in temperature according to the force
fieldLUOHLGH24 1 5y be as large as 10K, which represents a
huge temperature rise when referred to the physiological
cell environment. To accurately determine the specific
RNA-induced temperature raise, atomistic simulations
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FIG. 3. RNA-induced reentrant behavior in RBP phase separation. (A) Snapshots of Direct Coexistence simulations of FUS
(red) and poly-U (cyan) at temperature (T/TFVS ~ 0.99, where X'V refers to the critical temperature of FUS in absence of
poly-U) with increasing poly-U/FUS mass ratios as indicated at the left side of the simulation boxes. (B) Phase diagrams in
the temperature-density plane for five different poly-U/FUS mass ratios as indicated in the legend. Empty circles represent
the estimated critical point and filled circles the obtained coexisting densities from DC simulations. The horizontal dotted
line depicts the temperature at which the DC snapshots shown in (A) were taken. (C) Schematic representation of the two
most common contacts of FUS condensates sustaining LLPS with and without poly-U (see further details on section SVTI).
(D) Re-entrant behavior of several RNA-binding proteins as a function of poly-U/protein mass fraction. Filled circles depict
the critical temperature (renormalized by that in absence of poly-U) of the different protein mixtures. Cross symbols indicate
the poly-U/protein mass fraction at which condensates possess neutral electrostatic charge, and the horizontal red dashed line
shows the limit above which phase separation is enhanced by poly-U (TCX is the critical temperature of the pure protein). (E)
FUS droplet surface tension () as a function of temperature (renormalized by T, of the pure component) with (purple) and
without (red) poly-U. Filled circles account for the obtained « values from DC simulations, and solid lines account for the fit
given by the following expression'j:ﬂI vy o (T — Tc)l'%, which can be conveniently extrapolated to moderate lower temperatures
(dashed curves). (F) Same as in (E) but for hnRNPA1-A-LCD condensates with and without poly-U at two different mass
fractions as indicated in the legend.

would be needed™, although that is far beyond the
current computational capability.  Nonetheless, just
the fact that a coarse-grained model successfully cap-
tures the experimental re-entrant behavior observed in
some RBP-RNA condensates is outstanding™®. — For
the studied proteins, FUS (red) exhibits the highest
variation in critical temperature at either low and high
RNA concentration (Fig. [BD). Interestingly, hnRNPA1
(blue) shows an intermediate behavior between that of
its A-LCD (cyan) and RRM (purple) domains. The
maximum critical temperature in hnRNPA1-RRM is
reached at the lowest RNA concentration of the set
and it sharply decays after the maximum. Contrarily,
hnRNPA1-A-LCD suffers only a moderate increment of
the critical temperature, but its re-entrant behavior is
smoother and appears at much greater concentration

(2 times higher) than that of hnRNPAI-RRM. Overall,
hnRNPA1 condensates present higher RNA-induced
stabilization in the low RNA regime than that of its PLD
and RRMs. Moreover, it is worth mentioning that in all
sequences, the larger enhancement of LLPS is reached
at a poly-U concentration close to the electroneutrality
point (depicted by crosses in Fig. BD), which emphasizes
the major importance of electrostatic nucleotide-amino
acid interactions in RNA-RBPs phase separation®#16,

To characterize the RNA-RBP condensates from a
microscopic perspective, we analyze the key molecular
contacts enabling phase separation. We find that,
near the optimum poly-U/protein concentration, the
most frequent contacts promoting LLPS in poly-U/FUS
condensates are now R-U and G-U (Fig. and S11A).


https://doi.org/10.1101/2021.03.05.434111

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.05.434111; this version posted April 20, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1.01
1.00
0.99
v
E o
0.98
H
o
~ 097
0.96
250 nt
0.95 ® 125nt -
® 100 nt l
0.94 ® 50nt
® 10nt
0 50 100 150 200 250 300 350 400
Density (mg/cm?)

(B)

1.015 |
I
1.010 FUS ST 1
Ol L
v g hnRNPA1-A-LCD
(o]

— 1.005 ) |
~- .

1.000 N

0.995 N

[ I
0.990 | No length effect
0 50 100 150 200 250

Poly-U length (nt)

FIG. 4. Condensate stability dependence on poly-U RNA length. (A) Phase diagrams in the temperature-density plane for
poly-U/FUS mixtures of different poly-U strand lengths (as indicated in the legend) at a constant concentration of 0.119 mg poly-
U/mg FUS. Temperature is normalized by the critical one of FUS ('Y without poly-U. DC snapshots of three representative
cases of poly-U/FUS mixtures at the temperature indicated by the arrow and with poly-U lengths as depicted by the box side
color (see legend) are also included. (B) Renormalized critical temperature of poly-U/FUS (red) and poly-U/hnRNPA1-A-LCD
(green) condensates as a function of poly-U length for a constant concentration of 0.119 mg poly-U/mg FUS and 0.117 mg
poly-U/mg hnRNPA1-A-LCD respectively. Temperature is normalized by the corresponding critical temperature (T2 ) of each
protein in absence of poly-U. The vertical dashed line indicates the minimum RNA length required to maximise droplet stability

at this given concentration.

This clearly demonstrates how poly-U (at low fraction)
plays a major role in sustaining the condensates, given
that the two most frequent contacts are now shifted
from G-G and R-Y, to the electrostatic cation-anion
R-U interaction, and the G-U interaction. In terms
of sequence domains, the RGG regions of FUS are
those presenting more contacts with the poly-U strands,
explaining why G-U becomes one of the most dominant
molecular contacts by proximity (Fig. S10B). On the
other hand, in our simulations, the RNA-recognition
motif and the PLD region are the domains of FUS
that present less favorable interactions with poly-U.
Whether that is caused by model deficiencies (lack of
secondary- or tertiary-driven interactions), and/or due
to the fact that poly-U strands are not specifically
recognized by the RRM or ZF domains needs to be
further tested!20447, Regarding poly-U/hnRNPA1
droplets, our simulations reveal that G-G remains as
the dominant amino acid pair interaction (although it
substantially decreases by a factor of two), and R-U
and G-U become the next two following most frequent
contacts (further details in section SVI). However, the
behavior of poly-U/hnRNPA1-A-LCD condensates is
radically different, despite its phase diagram being
altered by poly-U addition, the most frequent contacts
remain similar to those in absence of RNA with a
very modest excess contribution in R-U interactions
(Fig. S11). On the contrary, when just considering
the RRM1-RMM2 hnRNPA1 domains (purple curve in
Fig. BD), even at the lowest RNA-protein ratio where
the droplet stability attains its maximum value, R-U

and K-U emerge as some of the most frequent contacts
in spite of the very modest poly-U concentration (Fig.
S11). Finally, if we examine the contact map between
poly-U and different hnRNPA1 (full-sequence) domains,
we strikingly observe that the PLD comprises the highest
amount of interactions with poly-U strands. However,
that fact is explained through the longer length of the
PLD with respect to the two RNA-recognition motifs.
Yet, the strongest electrostatic interactions (mainly R-U
and K-U) between hnRNPA1 and poly-U are those held
through the two RRM domains (Fig. S10B).

We also determine the surface tension () of the
condensates in presence of poly-U as a function of
temperature (Fig. [BE-F). Either for FUS (E) and
hnRNPA1-A-LCD (F) condensates, we observe that
poly-U at low concentration significantly increases
the droplet surface tension besides further stabilizing
the droplets as shown in Fig. [D. Our simulations
suggest that the molecular origin behind such surface
tension increase comes from the reallocation of the
positively charged residues (R, H and K) within the
bulk condensate to maximize the molecular connectivity
with poly-U, rather than remaining more exposed to
the interface as in the pure component, and therefore,
contributing to minimise the droplet surface tension
due to their higher hydrophobicity. On the contrary, at
moderately high poly-U ratios, the surface tension seems
to decrease, although the scattering of our data does not
allow us to conclude whether a non-monotonic behavior
in v may also exist.
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To further elucidate the role of RNA-regulated RBPs
condensate stability, we now focus on the effect of poly-U
length in LLPS. A landmark study by Maharana et al.®"
showed that smaller RNAs were more potent than larger
ones in solubilizing FUS condensates. On the other hand,
Zacco et al® found that longer RNA repeats presented
weaker dissociation constants with N-RRM1-2 domains
of TDP-43 that 3-fold shorter RNA strands. Given
the critical role that RNA performs on the behavior of
many different RBP organellest®4322 e investigate
the role of RNA length by selecting the poly-U/protein
mass ratio which maximises droplet stability (~ 0.12
mg RNA/mg protein) for FUS and hnRNPA1-A-LCD
sequences (Fig. )7 and by introducing poly-U strands
of different lengths (i.e, 10, 50, 100, 125 and 250 nu-
cleotides) at that given concentration. Our simulations
reveal that very short poly-U strands (~ 10 nt) do not
enhance phase separation in FUS and hnRNPA1-A-LCD
droplets (Fig. MA-B). In fact, 10-nt poly-U strands in
hnRNPA1-A-LCD droplets inhibit LLPS even at low
concentration. On the other hand, we strikingly observe
that RNA strands longer than ~100 uridines (hereafter
called minimal critical length) promote a similar droplet
stabilization independently of their length (Fig. )
This observed minimal critical length could be likely
modulated by some protein/RNA specific features such
as RNA sequence, secondary structure interactions,
protein charge distribution or RRM patterning effects*.
A fully characterisation (and rationalization) of the crit-
ical aspects controlling RBP-RNA aggregation, such as
the RNA length dependence studied here, may provide
highly valuable insights for designing therapeutic RNA
strategies to combat neurodegenerative diseases whose
development is linked to aberrant accumulation and
solidification of RBP condensatesf%130,

D. RNA modulates transport properties of RBP
condensates

Besides controlling condensate stability, RNA has
been proved to play a critical role on regulating the
dynamics of many membraneless organellest®4850 A
seminal study of Zhang et al®® showed that the RNA-
binding protein Whi3 phase separates into liquid-like
droplets whose biophysical properties can be tuned
by changing the concentration of the mRNA binding
partner, showing that larger RNA content increases
Whi3 droplet viscosity. On the other hand, RNA has
been also observed to provoke the opposite effect in
LAF-1 condensates when short strands (50 nt) were
introduced®*?.  Nonetheless, when long RNAs were
used (up to 3,000 nt), LAF-1 condensates presented
significantly higher viscosity*C. Moreover, beyond
length, RNA sequence can be also an important factor
in modulating droplet dynamics?. However, a full

10

understanding of the precise effect of RNA in different
RBP condensates still requires further work®?. Here we
aim to provide new molecular insights on this discussion
by measuring the viscosity and the protein mobility
of several RBP condensates as a function of poly-U
concentration and for different poly-U lengths.

In witro, viscosity (1) is usually obtained by
bead-tracking within droplets using microrheology
techniques2#43H48i49 55 that the trajectory can be
registered and the mean squared displacement (MSD)
of the beads calculated, and thus, their diffusion
coefficient.  Then, droplet viscosity is inferred from
the diffusion coefficient by using the Stokes-Einstein
relation’®?. However, in computer simulations we can
measure both observables independently. The linear
viscoelasticity of a material can be straightforwardly
computed by integrating in time the relaxation mod-
ulus G(t) of the system™M°2 (see Section SVII),
whereas the diffusion coefficient can be extracted
from the MSD of the proteins. Moreover, the direct
calculation of G(t) provides useful information about
the underlying relaxation mechanisms of the proteins
(see Fig. for FUS condensates with and without
poly-U), either at short times (white region) where the
relaxation modes depend mostly on short-range and
intramolecular interactions, or at long time-scales (beige
region) where G(t) is dominated by intermolecular forces
and the overall conformational relaxation of the proteins.

We characterize the condensate dynamics of FUS,
hnRNPA1 and hnRNPA1-A-LCD as a function of
poly-U concentration at constant temperature (just
below the critical T" of each protein in absence of poly-U,
T/T. ~ 0.98) and at the corresponding bulk droplet
equilibrium density corresponding to each poly-U con-
centration at that temperature. First, we introduce
poly-U strands of 125 nucleotides. As shown in Fig.
[B, the phase diagram for a given concentration is not
expected to change either by using strands of 125 or
250 nucleotides. For both FUS and hnRNPA1-A-LCD,
we observe a mild non-monotonic behavior with a
maximum in viscosity at low poly-U ratios (filled circles
in Fig. ), which might be directly related to the
maximum in droplet stability shown in Fig. [3D, or
due to a coincidental scattering of our measurements.
Nonetheless, at moderate poly-U mass ratios (i.e., > 0.15
mg poly-U/ mg protein), the viscosity of the condensates
is clearly ~ 30% lower than that without poly-U. On the
other hand, a monotonic decreasing trend in viscosity
was detected for hnRNPA1 condensates, where almost
a ~ 50% drop in 7 is found at moderately high poly-U
mass fractions. Even though the observed maximum
in viscosity could be easily related to the re-entrant
behavior depicted in Fig. BD, further work needs to be
devoted to clarify whether this is a real feature of the
model, and ultimately of these RBP-RNA condensates.
Furthermore, we investigate how poly-U strands of
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FIG. 5. RNA critically regulates the dynamical properties of RBP condensates. (A) Shear stress relaxation modulus of FUS
condensates in absence (red) versus presence (purple) of poly-U strands of 125 nucleotides at 0.24 mg poly-U/mg FUS mass
fraction, T/T. = 0.97 (where T, is the critical temperature of FUS pure condensates) and the corresponding equilibrium
bulk density of each droplet at such conditions. The vertical dotted line separates the fast-decay relaxation mode regime
(white) and the slow-decay relaxation mode one (beige). A snapshot illustrating a shear stress relaxation experiment over a
poly-U/FUS condensate simulation box is included. (B) Viscosity of FUS (at T/T. = 0.97), hnRNPA1 (at T'/T. = 0.985)
and hnRNPA1-A-LCD (at T/T. = 0.98) condensates as a function of poly-U/protein mass ratio. An estimate of wt-TDP-43
viscosity in absence of poly-U at T'/T. = 0.97 is also included. Filled circles depict viscosities when poly-U strands of 125
nt were used and empty circles when strands 250 nucleotides were added. Continuous and dashed lines are included as a
guide for the eye for strands of 125 and 250 nt respectively. Note that T. refers to the pure component critical temperature
of each protein. Distinct background highlights the discontinuity of the y-axis employed for better visualization of the data.
(C) Protein diffusion coefficient (filled circles) as a function of poly-U(125nt)/protein(X) mass ratio. Empty circles account for
the protein diffusion coefficient when poly-U strands of 250 nt were added. The same system conditions described in (B) are

applied on these calculations. Continuous curves are included as a guide to the eye.

250 nucleotides can regulate droplet viscosity at the
same concentrations. ~ While poly-U 125nt strands
significantly reduce viscosity at moderate ratios, poly-U
250nt strands barely varies condensate viscosity at the
same concentrations, except for FUS, where a moderate
viscosity increase was detected (empty symbols in Fig.
). These observations are in full agreement with those
reported for LAF-1 condensates in presence of short®3
and long®® RNA strands. Longer RNA chains, even at
low to moderate concentrations, could increase droplet
viscosity even more due to their own longer relaxation
time. We also note that our G(¢) values for FUS do
not quantitatively match with those of Ref™. That is
somewhat expected since our coarse-grained model has
been parametrized to describe the radius of gyration0d
and most frequent molecular contacts?®¥ between pro-
teins rather than dynamic properties such as transport
properties within the condensates. Nonetheless, the
observed behavior with RNA and between different RBP
condensates is expected to qualitatively hold despite the
different model approximations (i.e., implicit solvent
and amino acids/nucleotides represented by spherical
beads).

Finally, we measure the protein diffusion within
the condensates for all previous poly-U concentrations

and strand lengths (125 and 250 nt). In all cases,
we find a positive correlation between viscosity and
protein mobility, being the latter considerably higher at
moderate poly-U/protein ratios (Fig. [5C). Strikingly,
protein diffusion hardly depends on poly-U strand
length (empty symbols) as viscosity does (Fig. [B).
That can be rationalised by considering that the shear
stress relaxation modulus of the condensates crucially
depends on the RNA strand length (longer RNAs imply
longer G(t) relaxation decay), while the protein diffusion
coeflicient does not. The later only depends on droplet
density (and temperature), and as shown in Fig. [4] A,
condensates densities remain similar either when using
strands of 125 and 250 nucleotides. Our simulations
suggest that the condensate dynamics dependence on
RNA concentration is intimately related to the droplet
density decrease as a function of poly-U abundance,
as shown in Fig. [3B. Interestingly, we also note that
FUS, despite having the lower critical temperature
to phase separate, and thus weaker LLPS-stabilising
interactions than wt-TDP-43 and hnRNPA1l (Fig.
), displays the lowest protein diffusion of the set in
absence of poly-U. Such intriguing fact, which might be
related to patterning sequence effects? or just protein
length™ highlights how beyond stability, condensate
dynamics also entail intricate processes that need to
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be further investigated. In fact, methods promoting
LLPS at lower protein concentration or enhancing
protein mobility, such as by short RNA inclusion, could
play therapeutic roles on preventing the emergence of
pathological solid-like aggregates (by decreasing droplet
density and viscosity) related to some neurodegenerative
disorders as amyotrophic lateral sclerosis or multisystem
proteinopathy 247059,

11l. CONCLUSIONS

Here, we investigate the dual effect of poly-U RNA
in controlling the stability and dynamics of RNA-
binding protein condensates. By means of Molecular
Dynamics simulations of a novel sequence dependent
coarse-grained model for proteins and RINALORLLGIZA e
explore the underlying molecular and thermodynamic
driving forces enabling liquid-liquid phase separation of
FUS, hnRNPA1 and TDP-43 along their corresponding
prion-like and RRM domains, in presence versus absence
of poly-U strands. First, we validate the model by
computing the phase diagram of the previous proteins
(with no poly-U) and comparing their relative ability
to phase separate in simulations (by estimating their
critical temperature) with the experimental protein
saturation concentration needed to observe LLPS. We
find a remarkable qualitative agreement between the
model predicted behavior and the experimental trend
at physiological salt concentration. Moreover, for these
condensates we elucidate the surface tension with the
surrounding protein diluted phase, the key molecular
contacts sustaining LLPS along the different sequences,
the most frequent protein domain interactions, and the
protein conformational distribution along the two phases.

We observe that highly inhomogeneous sequence
contact maps, as that of wt-TDP-43, can lead to
the emergence of largely heterogeneous droplets with
reduced surface tensions compared to their homoge-
neous counterparts. The exposure of the PLD region
of wt-TDP-43 to the droplet interface considerably
contributes in lowering its v, and thus favoring mul-
tidroplet appearance®¥24 However, such condensate
heterogeneity is significantly relieved when a—«a helical
PLD interactions are present, as recently hypothesized
by Wang et al12C. Additionally, the analysis of the
intermolecular contact maps within droplets reveals the
major importance of certain sequence domain interac-
tions in LLPS, such as hnRNPA1 PLD-PLD interactions,
or FUS PLD-RGG interactions. Furthermore, amino
acid contacts such as G-G, R-Y, G-S, G-Y, K-F or
K-Y have been shown (Fig. S7-S9) to play a leading
role in LLPS, highlighting the relevance of cation—mw
and electrostatic forces, besides hydrophobicity, in the
physiological salt regime®d. Also, the conformational
protein ensemble inside the condensates has been

12

demonstrated to be almost independent of temperature,
in contrast to those measured in the diluted phase®.
However, along the diluted-to-condensed transition, a
significant variation to more extended conformational
ensembles (to maximize protein molecular connectivity)
is observed,

Moreover, our simulations with poly-U RNA show how
the formation of protein condensates is clearly enhanced
at low poly-U concentration*’, whereas inhibited at high
poly-U-protein ratios®32%24  The poly-U concentration
which promotes the highest increase in droplet stability
is near the electroneutral charge point of poly-U/FUS
and poly-U/hnRNPA1 mixtures (and also for both
hnRNPA1 RRMs and A-LCD regions separately) in
agreement with findings for LAF-1 PLD condensates*®.
We reveal that such boost in droplet stability is related
to an increase of the condensate surface tension at
low poly-U ratios. In contrast, neither of the two
studied TDP-43 variants, nor their RRMs together or
individually, exhibited significantly LLPS enhancement
through poly-U addition. Besides, we demonstrate that
beyond a certain strand length of ~ 100 nucleotides, the
stability of the droplets for a given poly-U concentration
reaches a maximum value, whereas below that critical
strand length, the effect is more moderate, and for
very short lengths (< 10 nt), it can even hinder phase
separation®’. Overall, our results evidence how RBP
condensate phase behavior can be drastically modu-
lated by varying RNA concentration and/or RNA length.

Finally, we focus on the transport properties of the
RBP condensates as a function of poly-U concentration
and length. On the one hand, our simulations demon-
strate that at low RNA /protein ratios, droplet viscosity
barely changes with respect to that of pure RBP conden-
sates, and it may even show a mild maximum correlated
with the highest protein stability. On the other hand,
at moderately high poly-U concentration, two different
behaviors are observed. When poly-U strands of 125
nt are introduced, viscosity decreases®?, whereas when
strands of 250 nucleotides are added, droplet viscosity
slightly increases with RNA concentration®®>2, These
are very striking findings considering that droplet sta-
bility (phase diagram) for a given poly-U/protein ratio
scarcely changes when using these two lengths, since
both lengths (125 and 250 nt) are above the minimal
poly-U critical length shown in Fig. [B. However,
protein diffusion within the condensates hardly depends
on the poly-U length (it mainly depends on droplet
density), and it increases with poly-U concentration.
In that respect, the addition of moderately short RNA
strands (i.e., two or three times shorter than the protein
length) could help in promoting condensate dynamics
without significantly destabilizing phase separation.
Our results suggest that the observed enhanced droplet
dynamic behavior at moderate concentrations is medi-
ated by a condensate density reduction upon poly-U
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addition. Taken together, our observations shed light
on the crucial role of RNA (concentration and length)
on the formation and phase behavior of RNA-protein
complexes?2123/155  Moreover, the present work provides
a novel estimation of the transport properties of protein
condensates by means of computer simulations which
could pave the way for future studies characterizing the
protein mobility in other relevant systems. Expanding
our understanding on LLPS and the role of RNA in
this process may drive solutions to precisely modulate
aberrant liquid-to-solid transitions in the cell.
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