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I.

POTENTIAL OF MEAN FORCE CALCULATIONS

We estimate the potential of mean force (PMF) by performing a set of atomistic umbrella sampling MD simulations for three different FUS LARKS 4-peptide systems, with sequences: 37-SYSGYS-42, (PDB code: 6BWZ),
54-SYSSYGQS-61 (PDB code: 6BXV) and , 77-STGGYG-82 (PDB code: 6BZP) [1]. The simulations were performed
with explicit water and ions using the a99SB-disp force field for protein/water/ions[2] using the GROMACS 2018
package [3]. The starting configurations for each simulations consisted of four stacked peptides (two pairs of peptides,
stacked on top of each other forming a ladder) taken from the cross-β-fibril structures resolved crystallographycally [1]. Acetyl and N-methyl capping groups were added to the termini of each peptide. For each 4-peptide system,
we performed two sets of simulations. First, we computed the interactions among the four peptides when they remain
in the cross-β-fibril structures by imposing positional restraints on all the heavy atoms (1000 kJ mol−1 nm−2 ) in all
directions (except for the dissociating peptide in the pulling direction); this ensures that the four individual peptides
maintain their secondary structure during the simulation (nevertheless, we have checked that at closer distances than
0.7nm, i.e. before overcoming the dissociation free energy barriers shown in Figure 2B, C and D of the main text;
green curves), the 4-peptide structured motif can be stable without positional restraints). On the other hand, for
the interactions among disordered peptides, we allow all peptides to freely sample their configurational landscape.
In both cases, we kept the positions of the central Cα atoms fixed to control the relative distances between peptides
(except in the direction of the reaction coordinate for the dissociating peptide).
As the reaction coordinate, we used the distance between the center-of-mass (COM) of the ‘dissociating’ peptide
and the peptide closest to it in the sampling direction. In the case of the disordered peptides, rather than the COM
distance, we took the distance between the central Cα ’s in the aforementioned chains, to avoid noise due to changes in
the COM from fluctuations in the peptide conformations. We spaced windows approximately 0.2Å from one another
along the reaction coordinate, from 4 to 27Å (where longest range interactions completely vanish). To sample the
steep potential among rigid structures, a spring constant of 24000 kJ mol−1 nm−2 is used.
For the ordered peptides, we ran simulations of about 30 ns per umbrella window. This guarantees a statistical
uncertainty in the binding free energy of about 3.5 kB T (see Figure S2). For the disordered peptides, each window
was run as an independent simulation 5 times to ensure adequate sampling. Each independent simulation was run
for 60 ns (with a different initial velocity distribution)—i.e., an aggregate simulation time of 300 ns. Such timescale
guarantees uncertainties of 1-1.5 kB T at most in the dissociation profile of the disordered LARKS (Figs. 2 (main
text) and S1). For the integration of the equations of motion, we used the Verlet algorithm with a time step of 1 fs.
The statistical uncertainty of the intrinsically disordered peptide dissociation curves was estimated by computing the
standard deviation from 5 independent trajectories, while for the case of the structured peptides, it was computed by
applying a bootstrapping method to every single PMF trajectory of the whole dissociation profile [4, 5]. To constrain
bond lengths and angles, we used LINCS algorithm [6] with an order of 8 and 2 iterations. The cut-off for the
Coulomb and van der Waals interactions were chosen at a conservative value of 1.4 nm. For electrostatics, we used
Particle Mesh Ewald (PME)[7] of 4th order with a Fourier spacing of 0.12 nm and an Ewald tolerance of 1.5 · 10–5 .
The simulations were performed in the N pT ensemble. The temperature and pressure were kept constant using a
Nosé–Hoover thermostat [8] at T = 300 K (with 1 ps relaxation time) and a Parrinello–Rahman[9] isotropic barostat
at p = 1 bar (with a 1 ps relaxation time), respectively. A NaCl concentration of 0.1 M was used throughout.
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Each simulation system comprised a box of approximately 12 x 5.6 x 5.6 nm3 . We used ∼12700 water molecules
and 24 NaCl ion pairs together with 4 peptides. All our systems were electroneutral (i.e., the total charge was zero).
After solvation of the peptides, we performed an energy minimization with a force tolerance of 1000 kJ mol−1 nm−1 ,
followed by a short, 1000 ps N pT equilibration both with positional restraints (10000 kJ mol−1 nm−2 ) for the heavy
atoms of the chains in all three directions of space. The analysis of the simulations was carried out using the WHAM
[10] analysis implemented in GROMACS [3]. The first 10% of the simulations was discarded as equilibration time;
although we note that including it had negligible effects on the PMF results. Following the work of Samantray
et al. [11], and to confirm that our PMF predictions for the binding interaction strength of ordered vs. disordered
LARKS motifs are not significantly model dependent, we have repeated our PMF simulations with the CHARMM36m
force field [12] (Figure S1) employing the same system sizes and conditions aforementioned for the a99SB-disp [2]
simulations.

Figure S1: (a–c) Plots of all-atom potential of mean-force (PMF) calculations versus centre-of-mass (COM) distance
for homotypic pairs of FUS LARKS-forming peptides SYSGYS (PDB code: 6BWZ), SYSSYGQS (PDB
code: 6BXV) and STGGYG (PDB code: 6BZP), respectively, before (magenta) and after (green) undergoing the
disorder-to-order structural transition. Statistical errors, mean ± standard deviation, are shown as bands; obtained
by bootstrapping results from n = 5 independent simulations. The force field employed for these calculations was
CHARMM36m [12], and the conditions of the simulations (T , p and salt concentration) the same as those shown in
Fig. 2 of the main text, which are described in the Materials and Methods Section. (e) Variation in the free energy
minimum (as obtained from the profiles shown in panels a–c)).
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Figure S2: Potential of mean force (PMF) profile for five different independent trajectories as a function of the
centre of mass (COM) distance for dissociating a structured peptide from a 4-stacked cross-β-sheet motif. The
sequence of the four peptides was SYSSYGQS (PDB code: 6BXV). Each curve has been computed from a 30-ns
independent trajectory once every configuration at every distance interval was fully equilibrated. The conditions (T ,
p and NaCl concentration) of these simulations correspond to those of Fig. 2 of the main text described in the
Materials and Methods section. The simulations were performed with the a99SB-disp force field [13].

II.

RESIDUE-RESOLUTION COARSE-GRAINED SIMULATIONS

For our residue-resolution simulations of FUS proteins, we employ the residue-resolution sequence-dependent
coarse-grained model Mpipi [14], which describes almost quantitatively the temperature-dependent phase behaviour of different protein solutions. In addition, this model correctly predicts the multiphase behaviour of the
PolyR/PolyK/PolyU system, and recapitulates experimental phase separation trends for sequence mutations on FUS,
DDX4 NTD and LAF-1 RRG domain variants [14]. Within this force field, electrostatic interactions are modelled with
a Coulomb term with Debye–Huckel electrostatic screening [15], while hydrophobic, cation-π and π-π interactions
are modelled via the Wang–Frenkel potential [16]. Further details on the force field parameters and potentials are
provided in Ref. [14] and below.
To set up these residue-resolution simulations, an initial atomistic model of the full-length FUS protein (Uniprot
code: K7DPS7, 526 residues) was first developed in VMD [17] fusing the IDRs with the atomistic structures of the
globular domains of FUS (i.e., PDBs 2LCW and 6G99). The complete atomistic model was then coarse-grained at
the residue-level by placing one bead in each of the Cα atom positions of FUS. For the folded protein domains, we
develop an atomistic model by fusing the intrinsically disordered regions of full-length FUS (Uniprot code: K7DPS7,
526 residues) with the resolved structural domains (residues from 285–371 (Protein Data Bank (PDB) code: 2LCW)
and from 422–453 (PDB code: 6G99)). Because the model distinguishes between disordered and globular protein
regions and maintains the secondary structure of the globular regions (using a rigid body integrator, Ref. [18]), we
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scale-down by a 30% the set of the Mpipi model parameters (as proposed in Refs. [5, 14]) to account for the buried
amino acids belonging to the globular domains. A solution of 48 copies of this coarse-grained FUS proteins was
prepared to perform Direct Coexistence simulations [19, 20] at constant volume and temperature. We started by
running a simulation of the condensate in the N pT ensemble. After equilibration, we extended one of the sides of
the box and then equilibrated in the N V T ensemble. The simulation temperatures were chosen to be slightly below
the critical temperature (Tc ) T ∼ 0.9Tc of the model (Tc = 365 K). The production runs were performed for 2 µs,
using a Nosé–Hoover thermostat [8] with a relaxation time of 5 ps and a time step of 10 fs. The LAMMPS software
molecular dynamics package was used to carry out all our coarse-grained simulations [18].

A.

Residue-resolution coarse-grained force field: Mpipi model

Within this force field, Mpipi [14] model, electrostatic interactions are modelled with a Coulomb term with
Debye–Huckel electrostatic screening [15], given by the sum over all particle-particle (i,j) interactions as:
Eelec =

X
i,j

qi qj
exp(−κrij )
4πϵr ϵ0 rij

(S1)

where q is the charge, ϵr = 80 is the relative dielectric constant of water, ϵ0 is the electric constant, κ−1 = 795 pm
is the Debye screening length, and rij is the distance separating particles i and j. For these interactions, a Coulomb
cut-off of 3.5 nm is employed. The non-bonded interactions between protein beads are modelled via the Wang–Frenkel
potential [16]
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representing σ the molecular diameter of each residue (or nucleotide) and ϵ the interaction strength between distinct
amino acids and nucleotides (i and j). µij and Rij are constant model parameters set to µij = 1 and Rij = 3σij
for every interaction, while σij and ϵij are specified for each pair of interaction in Ref. [14]. Finally, bond energy is
computed with an harmonic bond potential of the following form:
Ebond =

X1
b

2

k(rb − r0 )

(S4)

where b is the total number of bonds along proteins, rb is the bond distance, k=8.03 Jmol−1 pm−2 is the spring
constant, and r0 is the bond reference position, set to 381 pm for protein bonds. All the details on this force field and
the full list of the model parameters please are provided in Ref. [14].
III.

MINIMAL COARSE-GRAINED SIMULATIONS

We developed a minimal model for FUS proteins integrating our findings from both the atomistic (Figure 2;
main text) and the residue-resolution simulations (Figure 3; main text). We modelled FUS proteins as 20-bead
Lennard–Jones (LJ) polymers with one bead representing ca. 26 amino acids; i.e., 6 beads for FUS-PLD, and 14
beads for the RGG1, RRM, RGG2, ZF, and RGG3 regions. A ratio of 6/20 PLD versus total FUS beads recapitulates
the ratio of PLD versus total FUS amino acids (i.e., 163/526). The solvent is explicitly modelled using single-bead
LJ particles that mimic water-water and water-ion interactions.
Beads that are not directly bonded to each other, establish non-bonded interactions described via the LJ potential:
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Solvent PLD ordered PLD disordered Non-PLD ordered Non-PLD disordered
Solvent
3.50
2.2
1.07
1.15
1.15
PLD (ordered FUS)
2.20 (1.15)
3.8
1.20
1.50
1.20
PLD (disordered FUS)
1.07 (1.15)
1.2
1.45
1.25
1.25
Non-PLD (ordered FUS)
1.15
1.50
1.25
1.50
1.25
Non-PLD (disordered FUS)
1.15
1.2
1.25
1.25
1.25

Table S1: Model parameters for the different ϵ values in reduced units. Note that the values in parentheses are those
for the control simulations in Figure 6 (main text).

Solvent
PLD (ordered FUS)
PLD (disordered FUS)
Non-PLD (ordered FUS)
Non-PLD (disordered FUS)

Solvent PLD ordered PLD disordered Non-PLD ordered Non-PLD disordered
1.00
1.15
1.15
1.15
1.15
1.15
1.30
1.30
1.30
1.30
1.15
1.30
1.30
1.30
1.30
1.15
1.30
1.30
1.30
1.30
1.15
1.30
1.30
1.30
1.30

Table S2: Model parameters for the different σ values in reduced units.

V (r) = 4ϵ

h


σ 12
r

−


σ 6
r

i

where ϵ is the depth of the LJ potential, r the distance between two beads, and σ the molecular diameter of each bead.
The mass of every bead was chosen to be m∗ = 1. The parameters (ϵ, σ) for the various cross-interactions are shown
in Tables S1 and S2. From
here on, we employ reduced units, which are defined as: T ∗ = kB T /ϵ, ρ∗ = (N/V )σ 3 ,
p
p∗ = pσ 3 /ϵ, and time as σ (m/ϵ).
The cut-off of the LJ interactions is set to 3 times the value of σ. Bonds between consecutive beads are modelled
with a harmonic potential Vhar = K(r − r0 )2 of K = 40 ϵ/σ 2 , and a resting position of r0 = 1.3σ. Furthermore, we
apply an angular potential of the form, Vang = Kθ (θ–θ0 )2 , between consecutive bonds, with an angular constant
of Kθ = 0.2 ϵ/rad2 and a resting angle of θ0 = 180◦ for fully disordered FUS replicas, and with a constant of Kθ
= 4 ϵ/rad2 and θ0 = 180◦ for FUS with ordered PLD, to account for the partial rigidification of the proteins after
exhibiting the disorder-to-order fibrillar transition. The model has been parameterized to recapitulate the observed
behaviour in FUS proteins with both disordered-like and structured-like PLD interactions (Figs. 3 (main text) and
S7) and to reproduce the relative density between water and FUS condensates [5, 21, 22].
Typical system sizes in the minimal model simulations contained 12300 solvent particles and range from 570 to
1088 protein replicas. We used a mixture of 50 mol% fully disordered FUS proteins and 50 mol% with ordered PLD
replicas. N V T simulations were run at T ∗ = 3.5 and at density of p∗ = 0.25. Temperature was kept constant with
a Nosé–Hoover thermostat [8] and with a relaxation time of t∗ = 0.4. The Verlet equations of motion are integrated
with a timestep of t∗ = 0.0004. We employ the Direct Coexistence method [19, 20] as described in the previous section
and the LAMMPS Molecular Dynamics software [18].

A.

Dynamic minimal coarse-grained model

To dynamically mimic [23] the structural diversity of FUS proteins during ageing, we developed a time-dependent
minimal coarse-grained algorithm. Based on the above minimal coarse-gained parametrization, we started with a
system composed of a homogeneous single phase of FUS proteins with fully disordered PLDs. Then, FUS-PLD
domains can spontaneously transition from their fully disordered state to the ordered state depending on the local
environment. Every 100 simulation timesteps, the algorithm evaluates whether the conditions around each fully
disordered FUS protein are favorable for undergoing an ‘effective’ disorder-to-order cross-β-fibrillar transition (the
exact conditions are described below), and thus modify the protein parameters given in Tables S1 and S2, to those
corresponding to ordered PLD-FUS proteins. These conditions are evaluated on the central bead of the PLD, which
is a good proxy for the average position of the LARKS found in the PLD of FUS.
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The algorithm changes the identity of two FUS chains from the fully disordered state to the ordered PLD interaction
parameters once the two following conditions are met: (1) Their two central beads are at a smaller distance than
2.75 σ, and (2) both central beads are surrounded, within a cut-off distance of 2.75 σ (a sensible distance close to the
maximum distance at which FUS-PLD beads can still attractively interact; the potential cut-off is 3.25 σ, which is
also used as a local order parameter cut-off in Figure S4), by at least four other central beads and six solvent particles
(i.e., characteristic crowded environment of a FUS-rich liquid phase described in Ref. [24] through all-atom and
residue-resolution simulations). Due to the strong interaction strength observed in our PMF atomistic simulations
between structured FUS domains (Figure 2; main text), we set the transition towards ordered-PLD FUS replicas
to be irreversible. To carry out these simulations, we used the USER-REACTION [25] package of LAMMPS which
allowed us to change the topology of the underlying system components on-the-fly. The rest of the simulation details
are the same as those described in the previous section.
The criterion that at least four peptides should be in close contact to trigger a disorder-to-order transition was
chosen based on the following arguments. Four interacting peptides is the minimal system where all the different
types of stacking and hydrogen bonding interactions that stabilize the β-sheet fibrillar ladder are fulfilled; i.e., two
interacting steps of the ladder each made of a pair of β-sheet peptides. Thus, considering fewer interacting peptides
(e.g. only three or two) would severely underestimate the strength of interactions among ordered LARKS in our
atomistic simulations, and subsequently, erroneously preclude the formation of kinetically arrested states at the
coarse-grained level. Our atomistic simulations show that the strength of interactions among four ordered peptides
is already high enough for the peptides to remain stably bound upon thermal fluctuations. Hence, if we made the
criterion even more stringent (i.e., by requiring clustering of five or more peptides), the strength of interactions among
the system would remain consistent with kinetic arrest at the coarse-grained level. However, an stringent criterion
would now render the coarse-grained simulations prohibitive expensive. That is, much longer simulation timescales
would be needed to capture the rarer higher-density fluctuations that could result in the spontaneous formation of
clusters of five or more peptides (as opposed to the more frequent fluctuations that yield clusters of four peptides).

B.

Estimation of contact frequencies from residue-resolution coarse-grained simulations

The average number of protein domain contacts within phase-separated condensates were calculated using the
MDAnalysis Python library [26]. Amino acids of different protein replicas were considered to be in contact when
they were found within a cut-off distance of 0.65 nm (although our conclusions barely depend on the choice of cutoff distance, as long as it is reasonable), and we averaged these contact numbers along the production time of each
simulation. The contacts between two given domains were obtained by summing all amino-acid contacts found in those
domains. Then, from the average number of contacts between different regions along the simulation, we calculated
the fraction of total contacts per domain by normalization with the total number of contacts.
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Figure S3: Disorder-to-order transitions in FUS-PLD significantly reduce the diffusion of FUS proteins in our
tailored minimal model. Top: Simulation snapshot of the system including FUS proteins with ordered PLD (green
chains), FUS proteins with fully-disordered PLD (purple chains), and solvent molecules (blue beads). Please note
that darker beads in FUS replicas correspond to the PLD region, while lighter ones to the rest of the protein
sequence. Bottom: Mean Squared Displacement versus simulation time for FUS proteins with disordered PLDs
(purple curve) and for FUS proteins with ordered PLDs (green curve) obtained with our minimal protein model
with explicit solvent shown above (see also main text; Fig. 4). As it can be seen, disorder-to-order transitions in
FUS-PLD regions greatly hinders protein mobility within the condensates. The mean squared displacement has
been evaluated for the central protein bead of each FUS replica within the protein condensate.

9

Figure S4: Number of structural transitions as a function of time in the dynamical minimal FUS model with two
different local-environment criteria for modulating the emergence of structural transitions in the system. In purple,
the original cut-off (Rc =2.75σ) and number (4) of protein PLD neighbours within such cut-off distance employed in
the main text simulations to undergo long-lived binding due to the accumulation of inter-protein β-sheet structures;
and in blue, a different cut-off (Rc =3.25σ) distance coupled to a higher number (5) of protein PLD neighbours
required to undergo the effective structural transition in our miminal CG model. As it can be seen, an equivalent
condensate organization is achieved almost independently of the chosen cut-off distance and the number of protein
PLD neighbours as long as that represents a high-local density fluctuation of the protein concentration within the
condensate. Representative snapshots of FUS condensates, as obtained via Direct Coexistence MD simulations, are
shown. The same colour code described in the caption of Fig. 4 (main text) applies here. Please note that the
temperature and pressure of these simulations correspond to those employed for the calculations shown in Figs. 4
and 5 in the main text (and described in the Materials and Methods Section).
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Figure S5: a) Top: Snapshot of the final state of a Direct Coexistence simulation of a mixture of 30% FUS protein
replicas with fully disordered PLDs and 70% FUS proteins with cross-β-sheet elements in their PLDs and explicit
solvent. Bottom: Density profile (in reduced units) of FUS species and explicit solvent across the long side of the
simulation box estimated over the coarse-grained equilibrium ensemble (as obtained in panel (e) of Fig. 4 in the
main text). FUS proteins with fully disordered PLDs: magenta; FUS proteins with ordered PLDs (i.e., with kinked
cross--sheets): green, and solvent (water): blue. b) Top: Snapshot of the final state of a Direct Coexistence
simulation of a mixture of 70% FUS proteins with fully disordered PLDs and 30% FUS proteins with cross-β-sheet
elements in their PLDs and explicit solvent. Bottom: Density profile (in reduced units) of FUS species and explicit
solvent across the long side of the simulation box estimated over the coarse-grained equilibrium ensemble (as
obtained in panel (e) of Fig. 4 in the main text and panel (a) of this Figure). The same colour code of panel (a)
applies for the Direct Coexistence simulation snapshot and the system density profile shown in panel (b). In total,
1088 FUS protein replicas were included in the simulation. Please note that the temperature and pressure of these
simulations correspond to those employed for the calculations shown in Figs. 4 and 5 in the main text (described in
the Materials and Methods Section).
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Figure S6: Phase diagram in the T ∗ -(ρP /ρT ) plane for recently formed FUS condensates in which disorder-to-order
structural transitions have not taken place yet (red circles; all FUS-PLDs are set to be disordered), and for aged
condensates (in which we switch on the dynamical algorithm and dense gel-like regions emerge on the droplet
interfaces while liquid-like low-dense regions remain in the condensate core, as shown in Fig. 5 of the main text).
The protein density (ρP ) within the condensate (globally considered; right branch) and the protein density in the
dilute phase (left branch) is normalized by the system total density (ρT ). The time window at which the densities
were computed for the dynamical model, corresponds to that in which the number of disorder-to-order structural
transitions starts to plateau (see inset of Panel (c) in Fig. 5 of the main text).
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Figure S7: Representative snapshots of FUS replicas, as obtained via Direct Coexistence MD simulations using the
Mpipi model [14] and our tailor-made minimal CG model. Amino acid beads in the residue-resolution coarse-grained
model are colored according to the domains of FUS, with one bead representing each amino acid: PLD (residues
1–165): green (for structured PLDs) or magenta (for disordered PLDs) ; RGG1 (residues 166–284): cyan; RGG2
(residues 372–422) and RGG3 (residues 454–526): ochre, RRM (residues 285–371) and ZF (residues 423–453): dark
blue. In the minimal model simulations, PLD: Magenta (for disordered PLDs) or green (for structured PLDs);
RGG1, RRM, RGG2, ZF, RGG3: light magenta or light green according to the type of PLD in the corresponding
FUS sequence. Solvent (water) is depicted as blue beads. In the two upper panels, Direct Coexistence simulations
possess the reference interaction strength among PLDs (mimicking disordered PLD-PLD interactions) while in the
two lower panels the interaction strength among PLDs has been enhanced according to the PMF results shown in
Fig. 2e of the main text (mimicking structured PLD-PLD interactions). 48 FUS proteins were included in the Mpipi
simulations and 580 FUS replicas in the minimal CG simulations. To obtain the same condensate behavior within
the two model resolutions, the two shortest sides (box section; Lx and Ly ) of the simulation box in the minimal FUS
calculations need to be commensurable with the protein size / box dimension ratio used in the residue-resolution
simulations (i.e., the shortest side of the simulation box needs to be only between 3-6 times longer than the protein
radius of gyration (Rg ), as required by the computational limitations of residue-resolution simulations). Lx =Ly =150
Å; FUS Rg ∼ 50 Å in the Mpipi model; and Lx =Ly =24 σ; FUS Rg ∼ 4 σ in the minimal CG model.
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Figure S8: a) Top: Snapshot of a Direct Coexistence simulation using the dynamical algorithm (described in Fig. 5
of the main text) after the emergence of structural transitions within the phase-separated condensate (see inset of
Fig. 5 Panel (c)). Bottom: Density profile (in reduced units) of FUS species and explicit solvent across the long side
of the simulation box estimated over the coarse-grained multiphase FUS condensate. FUS proteins with fully
disordered PLDs: magenta; FUS proteins with ordered PLDs (i.e., with kinked cross-β-sheet elements): green;
solvent (water): blue. The simulation box sides are indicated in the snapshot (please note that L=Lx =Ly ). b) The
same as in Panel (a) but for a smaller simulation box with a cross-section of Lx =Ly =30 σ. Please note that the
temperature and pressure of these simulations correspond to those employed for the calculations shown in Figs. 4
and 5 in the main text (and described in the Materials and Methods Section).

