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Introduction

Multi-scale in silico analysis of the phase
separation behavior of FUS mutantst

Kalindu S. Fernando 2 and Ying Chau (= *

Fused in sarcoma (FUS) is an intrinsically disordered RNA-binding protein that helps to regulate transcription
and RNA transport while reversibly assembling into membraneless organelles (MLOs). Some mutations of FUS
can promote irreversible aggregation, contributing to neurodegenerative diseases. We previously reported a
multi-scale computational framework combining a series of molecular dynamics simulations (MD) followed by
lattice Monte Carlo (MC) simulations to describe the tendency and dynamics of the assembly and disassembly
of intrinsically disordered proteins (IDPs) using wild-type (WT)-FUS as an illustrative example. In this study, we
utilized our computational model to simulate three FUS mutants widely experimented with glycine point
mutation G156E, arginine point mutation R244C, and deletion of the C-terminal nuclear localization signal
(ANLS). MD simulation results conveyed that G156E has improved sticker contact probability compared to WT-
FUS, while R244C has slightly lower contact probability, which is also complemented by change of net
interactions according to the molecular mechanics Poisson Boltzmann surface area (MMPBSA) method. The
MC simulation results revealed that G156E has a higher aggregation propensity than the WT-FUS, while ANLS
has more liquid-like assemblies. R244C demonstrated higher dynamics at the beginning, while over the
evolution of MC simulations, it tends to aggregate compared to WT-FUS. In addition, the G156E mutant has
more stable protein aggregates, lacking the rapid dynamics shown in all other scenarios. From the peak height
of radial distribution functions (RDFs) of the assemblies, the phase separation propensity in ascending order is
ANLS < FUS-WT < R244C < GI56E. Moreover, interpreting the dynamic assembly propensity (DAP)
parameter over time, the fluidity of the assemblies in ascending order is G156E < FUS-WT < R244C < ANLS.
The results obtained from this study support that the computational model is able to predict the effect of
mutation down to single amino acid substitution on the phase separation behavior of FUS. This efficient in silico
method can be generalized to investigate the phase separation propensity of other IDPs and their mutants.

neurodegenerative diseases.®” Fused in sarcoma (FUS) is one
of the most studied IDPs for liquid-liquid phase separation

Intrinsically disordered proteins (IDPs) can dynamically and
reversibly assemble into membraneless organelles (MLOs),">
which can regulate cell functions efficiently, and their muta-
tions can induce fibril-like aggregations leading to

Chemical and Biological Engineering Department, Hong Kong University of Science
& Technology, Hong Kong SAR, China. E-mail: keychau@ust.hk

i Electronic supplementary information (ESI) available: (1) Supporting Video 1:
Illustration of slow dynamics of G156E. A part of the CG MC lattice simulation
production run of 600 G156E mutant FUS protein chains after reaching equili-
brium. The protein clusters are colored in blue and visualized using VMD (v1.9.4)
software. (2) Supporting Video 2: Illustration of dynamic assembly and disas-
sembly of R244C. A part of the CG MC lattice simulation production run of 600
R244C mutant FUS protein chains after reaching equilibrium. The protein
clusters are colored in blue and visualized using VMD (v1.9.4) software. (3)
Supporting Video 3: Illustration of fast dynamic assembly and disassembly of
ANLS. A part of the CG MC lattice simulation production run of 600 ANLS mutant
FUS protein chains after reaching equilibrium. The protein clusters are colored in
blue and visualized using VMD (v1.9.4) software. See DOI: https://doi.org/10.1039/
d4tbo1512f

12608 | J. Mater. Chem. B, 2024, 12,12608-12617

(LLPS) and their mutants for pathological aggregation in vitro
and in vivo.>” We selected three mutations widely reported in
experimental studies for our in silico analysis.

The FUS G156E mutation has been found to have an
increased tendency to assemble into aggregates compared to
FUS.*>%° This mutation introduces a phosphomimetic, a negatively
charged residue, into the FUS low complexity domain, which can
accelerate the aggregation propensity of FUS.* In vitro and in vivo
studies have shown that the G156E mutant increases the tendency
of FUS for aggregation. The aggregated protein fibrils serve as a
structural template that facilitates the fibrillation of disordered
proteins, supporting the model of a “seeding reaction”.'® The
decrease in the positive charges not only induces the generation of
condensates but causes accelerated loss of fluidity.*"'* The results
contribute to the understanding of how the molecular-level change
is related to neurodegenerative disease-associated FUS aggregation.

Secondly, R244C mutation is also reported as an aggregate-
induced mutation™®'* contributing to neurodegenerative

This journal is © The Royal Society of Chemistry 2024
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diseases.’ The R244C mutation can disrupt one of the arginine-
glycine-glycine (RGG) muotifs, reported to be essential for FUS
LLPS® and pathological fibril formation,'® which may reduce the
aggregation intensity. However, arginine replaced with cysteine
can improve pi-pi and cation-pi interactions.'® The loss of the
positively charged arginine leads to defective binding between
FUS and RNA. The aberrant configuration has more potential to
grow into large condensates with less fluidity.”""

Other than point mutations, the deletion of domains of FUS
can also alter its LLPS behavior. The FUS protein consists of
several domains, including the QSGY rich region, three RGG
domains, RNA recognition motif (RRM), and nuclear localization
signal (NLS). Among them, C-terminal NLS helps to deliver FUS
into the nucleus. The deletion of NLS in FUS has been shown to
decrease nuclear import and cause cytoplasmic accumulation of
the mutant protein.’”*° The nuclear import of FUS is regulated by
nuclear import receptors (NIRs) in NLS, which play a critical role
in preventing and reversing aberrant phase transitions of FUS.>
NIRs prevent irregular phase separation by the chaperone and
disggregase activity,”® interactions with prion-like domains,*
oligomerization disruption,> and nucleoporin interactions with
phenylalanine-glycine repeats (FG-Nups).>>** In addition, Wang
et al. revealed that ANLS of wild-type (WT) FUS lowers the
condensation, remaining dynamic inside the stress granules as
supported by fluorescence recovery after photobleaching (FRAP)
experiments on Hela cells.”

Even though there are computational models for the WT
IDPs, in silico studies on mutated proteins are limited. Bonet
et al. have studied the FUS mutations using MD simulations
combined with prediction algorithms to analyze the FUS
mutant’s frustration®® selecting only 20 amino acid sequences
in the NLS domain. Chatterjee et al. have studied FUS and its
P525R mutation using MD simulations using a single chain of
20 amino acids in the NLS domain in FUS.?” Dignon et al. have
developed a coarse-grained (CG) computational model to con-
struct the phase diagram of FUS and its phosphomimetic
mutations in an implicit solvent environment.”® A minimal
multiscale model has been developed by Ren et al>® using
classical associative polymer theory®® to construct phase dia-
grams. It can be extended for mutants by changing the number
of multivalent interaction sites.

Nevertheless, previously reported computational studies on
mutant IDPs do not involve simulations across hundreds of
chains and are not built on multi-scale modeling. We have
recently introduced a versatile multi-scale computational frame-
work capable of studying the dynamic assembly/disassembly of
MLOs formed via LLPS. It effectively employs MD simulations,
which can be costly to optimize, while preventing complete
reliance on MC simulations, which restricts the depiction of
actual dynamic properties.*’ Our multi-scale model, although
simplified, is sufficiently comprehensive to simulate the
dynamic behavior of IDPs as chains of CG beads composed of
stickers and spacers. Both homotypic and heterotypic interac-
tions of interactive motifs (stickers) known as low-complexity
amyloid-like reversible kinked segments (LARKS) extracted from
the LARKS*>** database are incorporated in determining chain
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movements. LARKS are multivalent interaction sites contribute
for reversal binding IDPs that undergo LLPS.*’ The discrete
binding energy distributions for all possible sticker pairs are
considered to represent the random nature of the assembly/
disassembly process of the IDP, as observed in lattice-based MC
stimulations. To account for spacer involvement more precisely,
the number of CG beads representing stickers and spacers was
determined based on the sequence-dependent Kuhn length
estimation. In this study, we report the simulation results from
applying this model to the three FUS mutants, G156E, R244C,
and ANLS, to study the different levels of aggregation behaviors
of FUS mutants.

Methods

Sticker identification

We followed the procedure described in Fernando et al.’s study
to determine the stickers and spacers using LARKSdb.*" Briefly,
into the relevant sequences of mutant FUS G156E, R244C, and
NLSAFUS were input LARKSdb**?** to identify the potential
stickers, and the fibrillogenic propensity profiles were obtained.
If overlapping LARKS were found, the most energetically favorable
sequence (with the lowest Rosetta energy) was chosen.

MD simulations and pairwise interaction potential estimation

We performed AA-MD simulations and molecular mechanics
Poisson Boltzmann surface area (MMPBSA) calculations to
estimate the pairwise binding energy of additional sticker pairs
in mutant FUS G156E and R244C. AA-MD simulations were
performed for additional spacers found for the FUS G156E
mutant. WT-FUS protein sticker pairwise binding energies were
obtained from Fernando et al.’s study.*"

Pymol (v1.7.4 (for academics)) software was used to con-
struct the initial structures of stickers and spacers found for
mutant FUS. The termini of starting and ending residues were
capped with acetyl and amide groups to mitigate the artificial
effects caused by the charges. Docking simulations were con-
ducted using Haddock 2.4, to identify the best complex among
all possible pairs of stickers. The default parameters available in
Haddock 2.4 were employed for all docking simulations. The
resulting peptide configuration obtained from docking simula-
tions was used as the input for the subsequent AA-MD simula-
tions. The extended configuration was directly employed as the
input for AA-MD simulations for spacers.

AA-MD simulations with explicitly presented water were per-
formed using GROMACS®® (v2019.5.1). OPLS/AA force field*” and
tip5p model*® were employed for modeling peptides and water,
respectively. Two hexapeptides (LARKS) stickers or single spacer
peptides were inserted in a dodecahedron box. The system was
solvated with NaCl to mimic the physiological conditions as much
as possible. All MD simulations were performed at 300 K tem-
perature and 1 atm pressure. The molecular mechanics Poisson
Boltzmann surface area (MMPBSA) method was used to estimate
the pairwise binding energy distribution of mutant sticker pairs.
Docking analysis, MD simulations, and MMPBSA computations
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were performed for all additional pairs of LARKS structures from
selected FUS mutants. The convergence of MD simulations was
assessed using the stability of the radius of gyration of peptide
complexes (Fig. S1(A) and (B), ESItT). Furthermore, contact prob-
ability and buried solvent accessible surface area (SASA) were
estimated using MD trajectories of sticker pairs.

Lattice MC simulations for phase separation estimation

Then, we performed lattice MC simulations separately for three
FUS mutants by configuring protein sequences as the strings of
CG sticker and spacer beads, as shown in Table 1. They were
randomly placed in a three-dimensional simple cubic lattice
with a constant lattice spacing (a = 1) as a canonical ensemble.
We utilized four types of MC trial moves: local move, end
rotational move, translational move, and slithering snake move
with equal statistical ratios.>® Periodic boundary conditions
were applied in all x, y, z cartesian directions to minimize the
edge effects. We employed the fixed bond model features,
allowing CG beads to move along the lattice sides but not
diagonally. Local and end rotation moves were implemented to
move single lattice site while translation and slithering snake
moves were allowed to move a whole chain of CG beads per single
move. We performed over two million steps of hypothetical trial
MC moves in total as self-avoiding random walks on the lattice for
each simulation. Additionally, WT-FUS simulations from our
previous study were extended up to two million MC steps for a
fair comparison with mutant simulations as a reference. After
discarding the initial one hundred thousand MC steps of mutant
simulations, a quasi-equilibrated system was obtained using the
Metropolis-Hastings algorithm as move acceptance criteria, and
discretized pairwise energies were estimated using the MMPBSA
method. All lattice MC simulations were performed at 300 K
temperature. Radial distribution function (RDF) and dynamic
assembly propensity (DAP) parameters were used to estimate
the phase separation propensity and dynamic characteristics of
phase separation of each system using eqn (1) and (2), respec-
tively. The DAP parameter can quantitatively evaluate the degree
of change in RDF to estimate the assembly and disassembly states
of each system, as it is a function of spatiotemporal changes of the
CG bead clusters on the lattice, which provide insights into the
dynamic assembly of IDP droplets.

An
g(ri) = drArp 1)
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where r; is the radial distance of ith lattice unit from the origin, An
is the total number of CG beads in a hollow spherical shell at 7;
with a thickness of Ar (=1), and the fraction of lattice units filled
with CG beads is p.*!

1 Lg(r;
Dynamic assembly propensity (DAP) = v E‘% 2
i=1

g0l

where g(r;)r represents the RDF estimated at radial distance r;
using eqn (1) for Tth period of MC moves. N is the number of
lattice units along a Cartesian axis in the lattice.>!

Each lattice MC simulation used six hundred CG chains
for all three systems considered. All three systems simulated
in simple cubic lattices having the total number of lattice sites
varies from 1.30 x 107-1.38 x 10” while keeping the fraction of
lattice sites filled as 0.004 for all systems to closely mimic the
physiological concentration that can observe phase separation
as reported in Wang et al’s in vitro study.”® The simulation
method described in our previous study® was the same proce-
dure if not explicitly stated.

Results and discussion

In the first step of the model, we conceptually abstracted an IDP
as a sequence of interactive stickers and non-interacting spacers
per the associative polymer theory. We describe the FUS protein as
a chain of randomly distributed stickers with pairwise interac-
tions and energetically neutral spacers. In our previous report, we
identified sixteen unique stickers for WT-FUS from LARKSdb.*!
Here, we identified an additional sticker (QGYEQQ) for the G156E
mutant using LARKSdb. For the R244C, the RGGGRG sticker in
the FUS wild-type was replaced by the CGGGRG sticker. Mutant
ANLS is one DRGGFG sticker short from the WT-FUS. Due to the
introduction of the new sticker into the G156E mutant, the
number of interactions was increased by 17 overall.

We summarized the pairwise binding energies related to each
mutation, as shown in Table 2 and Fig. S2, S3 (ESIt). G156E
mutation has the highest number of pairwise attractive interac-
tions compared to WT-FUS, supporting that there is an increased
driving force for G156E to undergo phase separation. In contrast,
ANLS has the lowest number of attractive interactions. Due to
the replacement of the RGGGRG sticker in WI-FUS by CGGGRG
in R244C mutation, the number of repulsive pair interactions
was reduced to the lowest among all the systems considered.

Table 1 Summary of CG representation of three FUS mutations based on the stickers identified by LARKSdb and persistent length estimations by MD
simulations of spacers (S:sticker CG bead, L:spacer CG bead, and subscript indicates the number of sticker or spacer CG beads)

FUS G156E CG bead representation

No of stickers 17 L,SL5S,L,SL,SL;,SLSLS,LSL,S,L,SL,3SL,4SLSL;SL, 93 CG beads
No of spacers 15

FUS R244C CG bead representation

No of stickers 16 L,SL5S,L,SL,SL;,SL,S,LSL,S,L,SL,3SL,,SLSL;SL, 93 CG beads
No of spacers 14

NLSAFUS CG bead representation

No of stickers 15 L,SL5S,L,SL,SLy,SL,S,LSL,S,1,SL, 5SL,,SLSL, 87 CG beads
No of spacers 13

12610 | J Mater. Chem. B, 2024,12,12608-12617
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Table 2 Sticker—sticker pairwise interaction summary of three FUS mutants calculated using the MMPBSA method using 200 ns MD simulation

trajectories of all possible pairs of stickers for selected three systems

G156E R244C ANLS FUS-WT*!
No of stickers 17 16 15 16
Sticker-sticker interactions Attractive 92 60.13% 83 61.03% 73 61.43% 78 66.1%
Repulsive 23 15.03% 15 11.03% 22 18.49% 22 12.8%
Mixed 38 24.84% 38 27.94% 24 20.17% 36 21.1%
Total 153 100% 136 100% 119 100% 136 100%

Next, we analyzed the MD simulation results of sticker pair
complexes. We summarized each pair of stickers’ buried solvent-
accessible surface area (SASA) with heat maps (Fig. 1). We observed
relatively high buried SASA in the sticker complexes formed with the
additional QGYEQQ sticker in the G156E mutant, implying that
hydrophilicity is introduced into FUS by the mutation (Fig. 1(B) and
(A)). On the other hand, the complexes formed with the mutant
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sticker CGGGRG from R224C have lower buried SASA than those
with the original RGGGRG sticker from WT-FUS, implying that
R224C is more hydrophobic than the wild-type protein (Fig. 1(C)).
The complexes formed with DRGGFG sticker in WT-FUS are miss-
ing from ANLS (Fig. 1(D)) and the buried SASA of these complexes
are slightly hydrophobic improving the overall hydrophilicity due to
deletion of NLS compared to wild-type.
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Fig. 1 Average buried solvent accessible surface area of sticker—sticker complexes estimated using 200 ns production of AA-MD simulation trajectories
performed at 300 K and 0.15 M NaCl concentration of all possible sticker pairs using the eqn (3). Heat maps are shown for WT-FUS(A), G156E (B)
(complexes with the additional sticker bracketed by red lines), R244C (C) (complexes with the substituted sticker bracketed by red lines), and ANLS (D)

(with the DRGGFG sticker short from WT-FUS).
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The buried SASA was estimated using the eqn (3)

Buried SASAstickerfsticker complex

2
= Z (SASAsticker,i) - SASAsticker complex (3)
i=1

We summarized the contact probability of sticker-sticker
complexes, indicating each sticker pair’s binding strength. The
heat maps indicated in Fig. 2 show the contact probability of
WT-FUS and the three mutants. The additional sticker in G156E
(QGYEQQ) has a higher contact probability with multiple stick-
ers than most stickers do in WT-FUS (Fig. 2(A) and (B)). A slight
decrease in contact probability was observed for the complexes
with the mutant sticker CGGGRG of R244C in comparison to the
complexes with the original RGGGRG of WT-FUS (Fig. 2(C)).
Mutant ANLS contains a subset sticker-sticker complex of

View Article Online
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WT-FUS, missing the interactions with the DRGGFG sticker, and
thus has an overall reduction in contact probability (Fig. 2(D)).

The results from AA-MD were fed into lattice MC simula-
tions. The complete CG bead representations of three mutant
protein sequences are summarized in Fig. 3.

We observed that the G156E mutant reached the lowest
potential energy. The ANLS system obtained the highest energy
potential, having the lowest number of stickers per chain of CG
beads. The R244C system has gained a slight decrease in
potential energy plateau compared to WT-FUS (Fig. 4). These
results can be explained by the replaced sticker interactions in
the mutant R244C system. As Table 2 results suggest, the
overall repulsive interactions were reduced by ~1.8% while
having the same net number of total interactions as WT-FUS.
Furthermore, the change in potential energy of each mutant is
affected by both sticker interactions and spacer arrangement
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Fig. 2 Contact probability maps of stickers from WT-FUS and the three mutants estimated using AA-MD simulations at 300 K, and 0.15 M NaCl

concentration as the ratio of contacts less than 0.5 nm between the center of mass of each sticker pair to the total number of contacts. The maps are
shown for FUS wild type (A), G156E (B) (complexes with the additional sticker bracketed by red lines), R244C (C) (complexes with the substituted sticker
bracketed by red lines), and ANLS (D) (with one sticker short from WT-FUS).
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MASNDYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSDTSGYGQSSYSSY
GQSQNTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSY
GSSSQSSSYGQPQSGSYSQQPSYGGQQQSYGQQQSYNPPRGEGAANQYNMSSG
GGGGGGGGGNYGQDQSSSSSGGGSGGGYGNODQSGGGGSGGYGQQDRGGRGR
GGSGGGVGGGGCGYNRSSGGYEPRGRGGGRGGRGGMGGSDRGGFNKFGGPRD
QGSRHDSEQDNSDNNTIFVQGLGENVTIESVADYFKQIGIIKTNKKTGQPMINLYTDRET
GKLKGEATVSFDDPPSAKAAIDWFDGKEFSGNPIKVSFATRRADFNRGGGNGRGGRG
RGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQQRAGDWKCPNPTCENMNFS
WRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYDRGGYRGRGGDR
GGFRGGRGGGDRGGFGPGKMDSRGHRQDRRERPY

(B)

MASNDYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSDTSGYGQSSYSSY
GQSQNTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSY
GSSSQSSSYGQPQSGSYSQQPSYGGQQQSYGQQQSYNPPQGYGQQONQYNMSSG
GGGGGGGGGNYGQDQSSSSSGGGSGGGYGNODQSGGGGSGGYGQQDRGGRGR
GGSGGGVGGGGCGYNRSSGGYEPRGREBEBEREGRGGMGGSDRGGFNKFGGPRD
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GKLKGEATVSFDDPPSAKAAIDWFDGKEFSGNPIKVSFATRRADFNRGGGNGRGGRG
RGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQQRAGDWKCPNPTCENMNFS
WRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYDRGGYRGRGGDR
GGFRGGRGGGDRGGFGPGKMDSRGHRQDRRERPY
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GGSGGGVGGGGCGYNRSSGGYEPRGRGGGRGGRGGMGGSDRGGFNKFGGPRD
QGSRHDSEQDNSDNNTIFVQGLGENVTIESVADYFKQIGIIKTNKKTGQPMINLYTDRET
GKLKGEATVSFDDPPSAKAAIDWFDGKEFSGNPIKVSFATRRADFNRGGGNGRGGRG
RGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQQRAGDWKCPNPTCENMNFS
WRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYDRGGYRGRGGDR
GGFRGGRGGGDRGGFGPGKMDSRGHRQDRRERPY

Fig. 3 Complete CG sticker—spacer representation of the FUS mutants. Yellow-highlighted hexapeptides are sticker CG beads, and spacer CG beads are
colored alternatively in red and pale blue. Green color highlighted stickers are additional or replaced stickers compared to WT-FUS. Purple-highlighted
amino acids within the green highlighted sticker are the relevant point mutations. The gray color highlighted amino acids are deleted for the ANLS
mutant. The sequences are shown for G156E (A), R244C (B), and ANLS (C).

on the lattice. Besides the ANLS system, the spacer contribution Compared to our previous study, we extended the lattice MC
is almost identical to the other systems. simulation steps nearly twice in this study as mutation simula-
tions may introduce new local minima and energy barriers that
the simulations need to encounter, altered interaction network
which can reduce the stability of the simulation system, and
additional uncertainty of systems arisen due to mutation that
need to be overcome. The lattice size was varied in a narrow
range from (235 x 235 x 235) to (240 X 240 x 240) and
consistent potential energy plateaus were observed.

We also generated an average radial distribution function
(RDF) for each simulation of 2.5 x 10* MC move steps (as a period)
to investigate the three mutant systems’ relative phase separation
propensity. The average RDF is estimated by the ratio of the CG
bead density in a hollow sphere with a thickness of one lattice unit
at a variable radial distance from the origin to the average density
of CG beads in the whole lattice within the period of MC moves.
A spike in the average RDF represents the local density hike of CG

Potential Energy of the System (kgT x 103)

Reer e

00 25 50 75 100 125 150 175 200 beads in a 3-dimensional lattice space, indicating the phase
S . . . .
Ho BEMorie Carlo MovemBnCiE X 10 separation of CG bead chains in the lattice space.*"
Fig. 4 Evolution and gradual stabilization of potential energy of three The RDF plOtS suggest that all mutants can undergo LLPS.

repeated MC simulations for each mutant and WT-FUS. These simulations Mutant G156E has the highest RDF sharp peak, indicating
were performed up to 2 x 10° MC trial moves at 300 K temperature. The i

shown results are 600 CG chains of G156 E mutant (red), WT-FUS (black) the I}lghest phase 'separatlon' propensity out of the s?fstems
R244C mutant (green), and NLSAFUS mutant (blue) in simulation box sizes of ~ considered. The high-resolution graph shows a continuous
(240 x 240 x 240), (240 x 240 x 240) and (235 x 235 x 235), respectively. increment in the peak height with lowering its rate of change
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of RDF peak height in latter simulation steps, indicating the
increasing assembly states leading to aggregation (Fig. 5(A)). In
contrast, mutant ANLS has the lowest RDF peak, illustrating a
lower phase separation propensity. Both R244C and ANLS sys-
tems showed ups and downs in RDF peak heights at equilibrium,
meaning the alternative assembly and disassembly states, which
are characteristics of dynamic phase separation. Similar fluctua-
tion was noted in WT-FUS in our previous report.*!

Dynamic assembly propensity (DAP) is a parameter we define as
the ratio of the average RDFs of two successive periods to track the
assembly/disassembly states over the progress of the simulation. It
indicates how RDF changes from one period to the following
period of MC steps. A DAP value of greater than 1.0 suggests an
increase in assembly, while a value of less than 1.0 indicates a
disassembly of CG bead clusters. The magnitude of DAP fluctuation
signifies the dynamics or fluidity of the condensates.>

The DAP of G156E converges to a value above one in the last
periods of the simulation with decreasing fluctuations
(Fig. 6(A)), indicating that the phase separation is continuously
progressing. Additionally, and more prominently towards the
end of the simulation, the G156E mutant exhibits a relatively
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lower fluctuation of DAP compared to WT-FUS and other
mutants, implying that the assembled mutants are less fluidic
and form more stable aggregations. Thus, the G156E mutant
has slower dynamics of CG bead clusters over time, indicating
more of a larger solid-like assembly at a higher density, as seen
in the graphical visualization of the simulation results
(Video S1, ESIf). In various experimental investigations, the
G156E mutation in the prion-like domain of FUS has been shown
to increase the tendency of FUS to form aggregates.>**** This
mutation introduces a negatively charged residue into the FUS
low-complexity (LC) domain, which can accelerate the aggregation
kinetics of FUS.* Additionally, expression of FUS with the G156E
mutation in neurons has resulted in the formation of intranuclear
foci, further supporting the increased aggregation propensity of
this mutation.*?

The higher RDF peak of R244C compared to WT-FUS sug-
gests that the mutant has a higher phase separation propensity
than WT-FUS (Fig. 5B and D). Initially, the DAP of R244C has
higher fluctuations compared to WT-FUS. It hovers above
one instead of around one. The results illustrate the faster
kinetics of R244C to form fluidic assemblies in the beginning.
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Fig. 5 Radial distribution function (RDF) for WT-FUS and the three mutants (G156E, R244C, and ANLS). RDFs were generated using trajectories of CG
lattice simulations of 600 chains, run up to 2 x 10° MC trial moves. The evolution of the RDFs was calculated using 2.5 x 10* MC move steps and colored
by each set with red, yellow, green, and blue, indicating the progression from the beginning to the end of the simulation. The zoomed-in graph at the
upper right corner shows the last four RDFs estimated for each simulation system, (A) for G156E, (B) for R244C, (C) for ANLS and (D) FUS WT.
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Fig. 6 DAP parameter as a function of representative MC steps. The results showed three repeated simulations performed up to 2 x 10® MC trial moves
with 600 CG chains at 300 K temperature. (A) FUS mutant G156E, (B) FUS mutant R244C, (C) FUS mutant ANLS, and (D) WT FUS.

Towards the end of the simulation, the DAP of R244C converges
around one. At the same time, the fluctuation becomes less than
that of WT-FUS, signifying the stabilization of phase-separated
droplets into aggregates less fluidic than the wild-type (Fig. 6B
and D). Replacing positively charged arginine with uncharged
polar cysteine creates a new sticker with a lower strength (Fig. S3
(ESIt) and Table 2) but having higher attractive interactions,
forming an altered configuration with the potential to aggregate
into condensates with less fluidity. Additionally, the lower
hydrophilicity of the new sticker contributed to the aggregation
propensity of the R244C mutant compared to WT FUS. The
phenomenon can be visualized from the simulation of the CG
bead clusters representing R244C in Video S2 (ESIY).

As shown in the DAP plot in Fig. 6C, mutant ANLS has a
more dynamic phase separation, spanning between 0.8 and
1.24, which represents the highest magnitude among all the
systems studied here. The fast dynamics of the CG bead
clusters of ANLS were observed in MC lattice simulation (Video
S3, ESIf), compared to WT-FUS,*' consistent with the inter-
pretation of the DAP fluctuation. The condensates can be seen
as more diminutive in size and lower in density, illustrating the
results of the lowest RDF peak among all the systems tested.

This journal is © The Royal Society of Chemistry 2024

All MD simulations of stickers and spacers were performed
using the OPLS/AA force field only; other relevant force fields for
proteins can also be employed to estimate pairwise binding
energy distributions. However, using alternative force fields
may affect the results of lattice MC simulations. This study
highlights the ability of the multiscale model to demonstrate
the alteration of phase separation behavior by replacing a single
amino acid or deletion of a domain of an IDP sequence, which
leads to changes in molecular interactions. The model is adap-
table for other LLPS-related applications as it effectively com-
bines MD simulations, which can be costly to utilize completely,
and it avoids relying solely on MC simulations, which have
limitations in representing actual dynamic properties.

The study underscores the significance of the strength of
the sticker in determining the behaviors of three selected mutants
of FUS. Replacement, changing, and deleting stickers can signifi-
cantly alter the phase separation behavior as their binding
strength crucially influences the protein’s phase separation and
aggregation behaviors. It highlights the sequence-dependent
behavior of LLPS of IDPs. This understanding could provide
valuable insights into how the residue-level properties are propa-
gated towards the macroscopic phase separation behavior of IDPs,
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which are important considerations for developing drug targets
for therapeutic intervention.

Conclusions

In conclusion, this study connects the detailed information on
molecular interactions at the residue level to the macroscopic
understanding of LLPS phenomena that can lead to aggregation,
using three different FUS mutants (G156E, R244C, and ANLS) as
examples. The study underscores the potential of the multi-scale
computational model to differentiate the phase separation beha-
viors of IDPs due to mutations, with resolution down to single
amino acid substitution. It offers an efficient in silico pipeline
for studying the phase separation propensity of IDPs and their
mutants. The study shows the importance of sticker strength to
drive phase separation, and differences in molecular interactions
can be exemplified by contact probability and SASA. The peak
height of RDFs and the magnitude of DAP fluctuation provide
insights into the dynamic phase separation and macromolecular
aggregation. Our computational framework can successfully cap-
ture the reversible assembly leading to stable aggregation of
G156E and R244C, as well as a lesser propensity for assembly of
ANLS and its fluidic assembly. To this end, the computational
model is validated by experimental results reported by others.
Overall, this study contributes valuable knowledge and tools for
analyzing residue level information and macroscopic observation
of aggregation propensities in IDPs and their mutants, paving the
way for speeding up experimental investigations. Our protocols
are adaptable to other natural or engineered protein systems to
study their assembly behavior with limited computational cost.
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