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Abstract

Rationally and efficiently modifying the amino-acid sequence of proteins to control their ability
to undergo liquid-liquid phase separation (LLPS) on demand is not only highly desirable, but
can also help to elucidate which protein features are important for LLPS. Here, we propose a
computational method that couples a genetic algorithm to a sequence-dependent coarse-
grained protein model to evolve the amino-acid sequences of phase-separating intrinsically
disordered protein regions (IDRs), and purposely enhance or inhibit their capacity to phase-
separate. We validate the predicted critical solution temperatures of the mutated sequences
with ABSINTH, a more accurate all-atom model. We apply the algorithm to the phase-sepa-
rating IDRs of three naturally occurring proteins, namely FUS, hnRNPA1 and LAF1, as proto-
types of regions that exist in cells and undergo homotypic LLPS driven by different types of
intermolecular interaction, and we find that the evolution of amino-acid sequences towards
enhanced LLPS is driven in these three cases, among other factors, by an increase in the
average size of the amino acids. However, the direction of change in the molecular driving
forces that enhance LLPS (such as hydrophobicity, aromaticity and charge) depends on the
initial amino-acid sequence. Finally, we show that the evolution of amino-acid sequences to
modulate LLPS is strongly coupled to the make-up of the medium (e.g. the presence or
absence of RNA), which may have significant implications for our understanding of phase
separation within the many-component mixtures of biological systems.

Author summary

Protein condensates formed by the process of liquid-liquid phase separation (LLPS) play
diverse roles inside cells—from spatio-temporal compartmentalisation to speeding up
chemical reactions. When things go wrong, LLPS can have pathological implications. This
realisation has boosted the interest in devising approaches to design rationally amino-acid
sequence variations to modulate or even reverse the phase behaviour of proteins on
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demand. Here, we develop an efficient computational method that combines a genetic
algorithm with a sequence-dependent coarse-grained model, and an all-atom model for
validation, to identify amino-acid sequence variations of intrinsically disordered proteins
that intentionally promote or inhibit their LLPS. Our method can be applied to proteins
in pure form and within multi-component systems.

This is a PLOS Computational Biology Methods paper.

Introduction

Liquid-liquid phase separation (LLPS) of multivalent biomolecules (e.g. proteins and nucleic
acids) is an important mechanism employed by cells to control the spatio-temporal organisa-
tion of their many components [1, 2]. Biomolecular condensates, or membraneless organelles,
such as stress granules [3], P-granules [4, 5], the nephrin-NCK-WASP system [6] and the
nucleoli [7], are formed by LLPS and have diverse biological functions. LLPS inside cells plays
a very diverse range of roles beyond membraneless compartmentalisation, such as in gene
silencing via heterochromatin formation [8-10], in gene activation by facilitating the forma-
tion of super-enhancers [11], in buffering cellular noise [12], in modulating enzymatic reac-
tions [13] and in sensing pH changes in the skin [14]. However, some biomolecular
condensates emerge spontaneously inside cells without as-yet clearly identified functions; it
has been hypothesised that some of these might be implicated in the emergence of phase-sepa-
ration-related pathologies [15]. Indeed, aberrant LLPS of the proteins Fused in Sarcoma (FUS)
and Tau has been associated with the onset of degenerative diseases such as amyotrophic lat-
eral sclerosis and Alzheimer’s disease, respectively [15]. More recently, biomolecular conden-
sates have been proposed as promising new tools to partition anti-cancer drugs preferentially
to cancer cells [16]. Such a richness of behaviours highlights the importance of learning to
design protein mutations that can alter the stabilities of condensates.

When designing protein mutations, it is useful to consider that the thermodynamics of
phase separation is driven by the competition between interaction enthalpies and the entropic
favourability of mixing [17-19]. In the context of protein solutions at physiological conditions,
LLPS is principally stabilised by nt-stacking and cation—m interactions, followed by charge-
charge, dipole-dipole and other hydrophobic interactions [20-23]. The relative contributions
of different amino-acid pair interactions to LLPS stability is further modulated by the experi-
mental conditions, including the temperature, pH and salt concentration [21]. In biomolecular
systems, the multivalency in mixtures is thus the main physical parameter that defines the abil-
ity of a system to undergo LLPS [6, 15, 22, 24-26]: biomolecules with higher valencies can
establish a larger number of weak attractive interactions with other species and hence form a
more stable condensate.

The connections between LLPS and cellular function, and between aberrant LLPS and
human pathologies, suggest that learning how to control or even prevent the phase separation
of proteins by subtly mutating their amino-acid sequences would be highly desirable. However,
the sequence space of even the smallest naturally occurring proteins is immense, which makes
the task of choosing mutations manually extremely inefficient; what is more, even if small-scale
modifications of a single protein that promote phase separation might be possible to design
manually with some physical intuition, biomolecular LLPS is a collective phenomenon involv-
ing many weak interactions, and it is not at all straightforward to anticipate how small sequence
modifications affect the phase behaviour of a protein mixture without the use of an algorithm.
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Indeed, optimising biological LLPS is especially difficult because in vivo biomolecular con-
densates can be highly multi-component systems [25, 27-29]. Furthermore, over 270 distinct
multivalent proteins have been shown to undergo LLPS in vitro [30]. Despite this complexity,
the properties of condensates can be successfully approximated in vitro by considering just a
fraction of biomolecules, known as ‘scaffolds’, since such molecules tend to dominate the
phase behaviour [6, 24, 31]: the addition of biomolecules that are recruited to condensates via
their interactions with scaffolds, termed ‘clients’ [6, 24], impacts the stability of condensates
only marginally [26], making the problem somewhat more manageable.

A wide body of work has significantly advanced our understanding of how changes in
amino-acid sequence transform the phase behaviour of different proteins [22, 23, 32-38].
Notably, tightly integrated experiments and simulations with the ‘stickers and spacers’ model
explain how changing the number and patterning of aromatic and charged residues can alter
the phase diagrams of prion-like-domain proteins in a predictable manner [22, 23]. Experi-
ments also demonstrate that multimerising the arginine/glycine-rich RGG domain of LAF1
leads to controllable phase separation [39], and minimal coarse-grained simulations of point
mutations of two designer proteins exemplify how on-demand modulation of protein phase
behaviour can be achieved in vivo [40].

Alongside globular domains, intrinsically disordered regions (IDRs) are thought to be one
of the main drivers of LLPS in protein systems [41, 42]. Various theoretical approaches,
including random-phase approximation theory, have been applied to LLPS of IDRs [43, 44].
Such treatments can rationalise aspects of charge distribution in phase-separating IDRs, and
their relative simplicity has allowed us to gain significant intuition for the electrostatic aspects
of phase separation. However, the scope of theory is limited by the inherent approximations
that are of necessity made and the sheer complexity of biological multi-component systems.
More realistic representations of proteins are usually too complex for analytical treatment, but
can be studied in computer simulation, giving us molecular-level insight into the phase behav-
iour of biological systems. Computational approaches hold significant promise of enabling us
to probe amino-acid sequence space efficiently and to design protein mutations which
enhance or inhibit LLPS of a protein solution. Although all-atom simulations of LLPS in
explicit solvents are only now slowly becoming computationally tractable [45-48] due to the
exponential scaling of search space with system size, the ABSINTH (‘self-Assembly of Biomol-
ecules Studied by an Implicit, Novel, Tunable Hamiltonian’) all-atom and implicit solvent
framework [49, 50] of Pappu and colleagues has been consistently applied to estimate relative
critical solution temperatures from single-molecule properties and to capture subtle variations
in sequence space in agreement with experiment [22, 51]. Most recently, ABSINTH has been
successfully paired with Gaussian cluster theory to compute full sequence-dependent phase
diagrams of proteins [51].

Theory and simulations using coarse-grained potentials—from patchy particles to lattice
models [22, 26, 35, 39, 45, 49, 52-58]—have provided significant microscopic insight into the
physics of phase separation. Amongst the growing body of coarse-grained models available to
investigate protein phase behaviour computationally, a noteworthy approach is the ‘stickers-
and-spacers’ model of Pappu and colleagues. The stickers-and-spacers model represents multi-
valent proteins as heteropolymers composed of stickers (LLPS-binding motifs) and spacers
(regions in between stickers), and has been used to generate phase diagrams of proteins in per-
fect agreement with experiment and to elucidate the underlying molecular driving forces [22,
36, 55]. The residue resolution HPS (‘HydroPhobicity Scale’) and KH (‘Kim-Hummer’)
coarse-grained models of the Mittal and Best groups [35, 59], combined with the direct-coexis-
tence simulation method, also stand out among the techniques to assess the effect of amino-
acid sequence variation on protein LLPS. Some of the advantages of the HPS/KH models
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Fig 1. Evolution behaviour of FUS PLD. (A) (i) A schematic representation of the model used. Each amino acid is represented by a bead, and beads
are connected with harmonic springs. (ii) A snapshot of a typical simulation cell exhibiting coexistence between a liquid-like (protein-rich, high-
density) fluid and a vapour-like (protein-poor, low-density) fluid. The box is periodic in all directions. Different colours are used to represent beads
in different protein chains. (B) Typical genetic-algorithm progression for FUS where the fitness function increases the width of the phase diagram.
The fitness function [Eq (2)] increases by ~65% over 20 rounds. The fittest individual is 5% to 20% fitter than the mean in most rounds. The
population diversity, i.e. the number of distinct sequences present in the overall population of 20, remains high throughout the run. The shaded area
corresponds to the range of values of the mean fitness obtained from 3 independent genetic-algorithm runs. (C) Comparison of representative phase
diagrams before and after genetic-algorithm runs, confirming that the fitness function choice was suitable. Pale hatched lines indicate the
approximate region of phase separation for each case. Error bars in the density evaluations are smaller than the symbols, and dotted lines are fits as
detailed in S1 Text (Sec. S1-b). The point labelled in violet corresponds to the snapshot shown in panel (A), with the densities of the vapour-like and
liquid-like fluids labelled “V* and ‘L’, respectively. All densities reported are for the protein in a massless implicit solvent.

https://doi.org/10.1371/journal.pcbi.1009328.9001

include their transferability and their ability to compute phase diagrams of large proteins (i.e.
up to ~ 500 residues per protein) at residue resolution.

Here, we develop a genetic-algorithm approach coupled to the sequence-dependent coarse-
grained model of proteins with amino-acid resolution of the Mittal and Best groups [35] [Fig
1A(i)] to design protein mutations that can enhance or inhibit LLPS, and use the all-atom
implicit solvent ABSINTH framework [49, 50] to verify the validity of our predictions. Our
method takes advantage of the computational efficiency of the residue-resolution coarse-
grained models to search sequence space, and the higher accuracy of ABSINTH to predict
experimentally-consistent critical temperature of proteins. Genetic algorithms have been used
since the early 1990s with considerable success in a variety of fields, from reaction dynamics
[60, 61] to crystal and cluster structure prediction [62, 63], protein evolution [64-66] and drug
design [67], including when coupled with computer simulations [68-73]. In the past year, the
integration of genetic algorithms and coarse-grained models applied to biological questions
seems to be gaining traction [73, 74]; indeed, very recently, a genetic-algorithm approach has
been used to design sequences of proteins that exhibit lower critical solution temperatures
[74]. In our implementation, we anchor a genetic algorithm to a fitness function that is fast
enough to be evolved and that represents a good proxy for the critical solution temperature,
which measures the ability of a protein to phase-separate. With this approach, we systemati-
cally evolve the amino-acid sequences of the IDRs of three naturally occurring proteins that
are known to phase-separate in vitro via homotypic interactions, and we show that we can
drive the genetic algorithm either to enhance or to inhibit their LLPS. By shuffling the amino-
acid sequences in chunks of varying lengths, we also identify the binding domains of the IDRs
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that are essential to drive LLPS (the ‘stickers’) and the connecting regions (the ‘spacers’) [22,
36, 55]. By investigating LLPS in the vicinity of known phase-separating sequences, we can
infer which features of a sequence drive phase separation in biological systems. While previ-
ously, artificial sequences have been probed in a systematic way, for instance in the context of
charge patterning [45], our work also complements very recent results obtained on LAF1-IDR
[39] and Ddx4-IDR [58]. Although some of the fine features of our findings may be model-
specific, we validate the robustness of our genetic algorithm by repeating core runs using an
alternative parameterisation of the protein coarse-grained model [58]. We also benchmark the
model’s capacity to predict critical solution temperatures against experimental data [23] and
the ABSINTH implicit solvation model and all-atom force-field paradigm [49, 50].

Results
Protein phase behaviour can be guided by a genetic algorithm

A free choice from amongst the 20 canonical amino acids in a protein with 7 residues amounts
to an n-dimensional vector with 20" possible sequences, where for each sequence one might
attempt to compute some property that characterises the sequence’s LLPS behaviour. One pos-
sible quantity that can serve this purpose is the upper critical solution temperature T, above
which no de-mixing occurs. However, an exhaustive search of sequence space would be pro-
hibitively expensive. Moreover, finding the ‘optimal’ critical temperature, however we might
choose to define it, is not itself the aim. For example, a poly-F chain has a particularly high T,
(see S1 Text (Sec. S2)) in the protein model we have used, but studying it in detail is not partic-
ularly helpful in understanding what drives biological phase separation. We instead focus on
biologically occurring proteins and evolve their amino-acid sequences with the aim of finding
individual examples of sequences that either extend or narrow (as opposed to maximise or
minimise) the range of thermodynamic conditions where homotypic LLPS occurs; in other
words, our goal is to use the genetic algorithm to perform only local optimisation. In particu-
lar, we are interested in the effect of relatively small changes to the amino-acid sequence on
phase separation, as these are instrumental to understanding how modifications can be
designed to control the phase behaviour of proteins in vivo. Moreover, such modified
sequences might more easily be introduced into cells.

To determine sets of mutations that shift the phase behaviour of a protein in the desired
direction, we start from a reference amino-acid sequence and perform direct-coexistence
molecular dynamics (MD) simulations of a sufficiently large number of copies of that protein
(see Fig 1A(ii) and S1 Text (Sec. S1-b)). In direct-coexistence simulations, we explicitly simu-
late two different phases—a protein-enriched solution and a protein-depleted solution—in
contact with each other in the same simulation box. By performing such simulations at several
temperatures, we can approximate the compositional phase diagram, which indicates which
phase is thermodynamically stable as a function of temperature and protein density. We then
seek to evolve the protein towards enhanced or inhibited LLPS by developing a genetic algo-
rithm (see Methods) that iteratively proposes stochastic amino-acid sequence mutations,
selecting a few at each iteration amongst those that induce the strongest effect amongst the set
in the protein LLPS, and mutating again. For a given protein model, whether such a genetic-
algorithm approach can succeed in evolving protein phase behaviour depends on the quality
and efficiency of the fitness function used to control it. Our genetic algorithm uses the differ-
ence in composition densities of the protein-poor and protein-rich phases at constant volume
as its fitness function. As we show below, our fitness function is both computationally inexpen-
sive and a good metric to determine whether a set of mutations would result in enhanced or
inhibited LLPS. Although the critical solution temperature of a protein mixture may seem like
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an obvious order parameter to determine whether a specific set of mutations promotes or
inhibits LLPS—by raising and lowering the critical solution temperature, respectively—com-
puting it in every round of the evolution process when using a residue-resolution coarse-
grained protein model is computationally infeasible. This is because estimating the critical
solution temperature requires an evaluation of a full phase diagram of the protein solution,
which in turn requires either the use of very expensive free-energy methods [75], or perform-
ing direct-coexistence simulations at a number of different temperatures, each involving long
MD simulations of a large number of copies of the same protein, and analysing the results to
extrapolate the data and estimate the critical temperature. By contrast, evaluating the differ-
ence in composition densities requires only one set of direct-coexistence simulations to be run
at a fixed sub-critical temperature (i.e. below T).

The case of the PLD of FUS

The range of stability of LLPS can be evolved. As an initial model system, we investigate
the behaviour of the prion-like domain (PLD) of the FUS protein, an IDR rich in tyrosines and
mostly devoid of charged residues. Although the PLD of FUS only phase-separates in vitro at
somewhat extreme conditions with respect to the physiological ones (namely low salt concen-
trations of 37.5 mm NaCl and high protein concentrations of 6 um to 33 um) [76], PLD-PLD
interactions and PLD-arginine-rich domain interactions drive LLPS of the full FUS protein
under physiological conditions, both in vitro and in cells [77]. We first use direct-coexistence
molecular dynamics simulations to approximate the compositional phase diagram (i.e. in the
temperature versus protein-density space) of the PLD of FUS. We then seek to evolve the sys-
tem’s critical solution temperature by introducing our genetic algorithm (see Methods), which
allows us to mimic, broadly speaking, the evolutionary pathways that might drive phase sepa-
ration in nature. Starting from the reference amino-acid sequence of FUS PLD (‘WT-FUS’)
given in S1 Text (Sec. S6), we use our genetic algorithm to attempt separately to increase and
to reduce the width of the binodal curve of the compositional phase diagram. We show the
population fitness [Eq (2)] and the diversity of the population as functions of the genetic-algo-
rithm round in Fig 1B for the case of increasing the phase diagram width; analogous results for
the case of reducing it are shown in S4 Fig. The genetic algorithm is effective in increasing the
population fitness in each case, and in both cases the population diversity remains high, indi-
cating that no premature convergence occurs. We also confirm the effectiveness of the driven
evolution in our genetic algorithm by contrasting the results to a dummy variant with all the
mutagenesis steps intact, but the selection pressure abolished [S1 Text (Sec. S3)]. Furthermore,
over the three repeats of the genetic-algorithm runs we performed to increase the phase dia-
gram width, mutation of all but two residues (27 and 155) was attempted by the genetic algo-
rithm at least once, which indicates a sufficient mutation rate to probe the entire sequence
over 20 rounds. In Fig 1C, we show that the phase diagram of the evolved FUS PLD in the for-
mer case exhibits a large increase in the range of temperatures and densities at which LLPS
occurs, with the critical temperature increasing by ~65% compared to the WT-FUS PLD.
Although we have used the width of the phase diagram as a proxy for the critical solution tem-
perature, Fig 1C confirms not only that the critical solution temperature behaves in the
expected way, but also that genetic algorithms with simple fitness functions can significantly
perturb the LLPS behaviour, leading to an effective gradient in sequence space. These results
suggest that a genetic algorithm can be used to search the sequence space of proteins efficiently
and can help propose sequence mutations that yield meaningful changes in the proteins’ com-
positional phase diagrams. Importantly, as mentioned earlier, our approach is computationally
tractable because our goal is to find candidate mutations that can purposely increase or narrow
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Fig 2. Properties of evolved FUS PLD. (A) Amino-acid composition before and after applying the genetic algorithm to increase and reduce the
phase diagram width, and hence the critical temperature, starting from WT-FUS. Amino acids are plotted in order of increasing hydrophobicity [see
Table A in S1 Text]. Positively charged amino acids are indicated in light orange and negatively ones in light blue. In genetic-algorithm runs which
increase T, hydrophobic amino acids become favoured, whilst the converse holds for genetic-algorithm runs which decrease T.. (B) Map of (i) the
per-residue hydrophobicity along the sequence, (ii) the change from the wild type to the evolved protein after evolution towards higher T and (iii)
the change of the per-residue amino-acid size (0). The data for the evolved protein are averaged over the entire population at the end of 3
independent genetic-algorithm runs. No larger-scale regional preference for modification is readily apparent. Trends in hydrophobicity and o are
largely correlated. (C) Comparison of the pair correlation function g(r) before and after evolving FUS with a genetic algorithm towards a larger phase
diagram width. The data were computed at the same bead number density N/V = 7.0 nm™ and temperature T = 0.8T"". In both cases, this
temperature is below the critical point and the density corresponds to the protein-rich (liquid-like) phase, i.e. a point that lies above the binodal line
on the phase diagram. We compute g(r) by finding for each bead i in the system the number of all non-harmonically bonded other beads within a
distance r + 3r of the each other for bins of width 8, averaging over each bead i in the system, and normalising the result by the volume element and
the (common) number density. The symbol size is larger than the standard deviation of the average across 4 independent simulations. In the case of
the evolved system, the more pronounced nearest-neighbour maximum indicates the local environment is more structured than in the case of
WT-FUS. (D) The average o value of the amino acids in the population increases over the course of the genetic-algorithm run. Error bars are
standard deviations of the averaged o value of individual sequences with respect to the pooled population from the three genetic-algorithm runs.

https://doi.org/10.1371/journal.pcbi.1009328.9002

the range of stability of LLPS, rather than to identify the specific amino-acid sequences that
give rise to a true maximum or minimum critical solution temperatures, and hence, perform-
ing just a few iterations of the algorithm is sufficient.

LLPS evolution can be driven by changes in hydrophobic and aromatic residue compo-
sition. We analyse the extent to which all interactions other than direct charge—charge inter-
actions, which here we term collectively as ‘hydrophobicity’, govern the evolution of the phase
behaviour of proteins by estimating each amino acid’s relative degree of hydrophobicity. We
use the hydrophobicity scale proposed in [78], which is quantified as the A parameter in the
coarse-grained model of [35], and which can be used to scale the well depth of the modified
Lennard-Jones potential in an amino-acid-specific way (see S1 Text (Sec. S1-a)). In Fig 2A, we
show the amino-acid compositions of the populations resulting from genetic-algorithm runs
in which T, is increased and runs in which it is decreased, broken down by amino acid and
ordered by the extent of hydrophobicity, alongside the reference WT sequence. The amino-
acid sequences of the WT of the FUS PLD and examples of its evolved analogues are given in
S1 Text (Sec. S7). In the case of runs targeting an increase in T, there is a general shift towards
higher hydrophobicity, whilst the case where T. is targeted to decrease shows a trend towards

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 7128


https://doi.org/10.1371/journal.pcbi.1009328.g002
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY Targeted modulation of protein LLPS by evolution of amino-acid sequence

highly polar and charged amino acids. These trends in amino-acid composition confirm that,
even though there are more strongly hydrophobic than weakly hydrophobic amino acids avail-
able for insertion, evolution of the FUS PLD is able to be driven in both the hydrophobic and
hydrophilic directions. [One specific limitation of using a coarse-grained potential on results
from a genetic-algorithm framework is its broadening effect on amino-acid composition:
physically more important amino acids can stochastically be replaced by less important ones
simply because their force-field parameters are similar. As a result, when we describe the
strength of ‘hydrophobic’ interactions, we refer to the interactions in general between non-
charged amino acids. However, a more accurate model to describe residue-residue interac-
tions could in the future be coupled to our genetic algorithm to resolve such interactions in
more detail. |

In addition to the attractiveness of the hydrophobic interactions, a further factor determin-
ing the strength of hydrophobic interactions is the size of each amino acid. We quantify this by
0, the Van der Waals radius of each amino acid (see Table A in S1 Text). In Fig 2D, we show
that the average size of the amino acids in the sequence population increases as a function of
the genetic-algorithm round, implying that the average size of the amino acids increases
through evolution. Furthermore, as shown in Fig 2B(iii), although the effects on hydrophobic
attractiveness and o values largely correlate at most residues of the protein sequence (with a
Pearson coefficient of 0.42), this is not invariably the case, giving us the first indication that the
size of the amino acids could play an independent role in determining LLPS properties.
Although the overall increase in amino-acid size might be explained at least in part by the
amino-acid size defining the range of the hydrophobic attractions, we hypothesise that the
main physical driving force explaining the increase of both hydrophobicity and size is the abil-
ity of larger and more hydrophobic amino acids to form a more densely connected, and in
turn more stable, condensed liquid-like protein-rich phase [26]. To test this hypothesis, we
compute the pair correlation function of the protein-rich phase for both FUS-WT and one of
the evolved sequences at a common number density [Fig 2C]. The nearest-neighbour maxi-
mum is 13% higher than in the wild type, indicating a greater degree of local structure and an
increase in the number of nearest-neighbour beads compared to the WT, which has previously
been shown [26] to correspond to a greater protein valency.

Because the sequence of the WT PLD of FUS only contains two (negatively) charged amino
acids, its LLPS must be driven by hydrophobicity. However, our results show that the FUS
sequence lies on a hydrophobic gradient in sequence space: an increase in hydrophobicity
effects an increase in the critical solution temperature. It has been proposed [79, 80] that the
driving force for the LLPS of this FUS IDR is specifically the interactions between tyrosine resi-
dues dispersed through the sequence. Although such interactions are only implicitly captured
in the coarse-grained protein model we use through its hydrophobicity parameter, and thus
the distribution of amino acids obtained follows broad trends rather than converging to a dis-
tinct amino acid or motif, our results are consistent with previous work [79, 81, 82], and mean-
ingful trends in composition and sequence can be observed from our simulations. Our results
thus suggest that evolving a protein sequence which is dominated by hydrophobic residues, as
is the case for the PLD of FUS, towards enhancing its propensity for LLPS is efficiently
achieved by protein mutations that increase the average attractiveness and size of the protein’s
uncharged residues.

Hydrophobic patterning has a minimum length scale. In Fig 2B, we show how the accu-
mulated changes in sequence, represented as the hydrophobicity of a residue, map onto the
WT-FUS sequence. There are no larger-scale regions along the sequence where modifications
occur preferentially; instead, there appears to be a stochastic increase in hydrophobicity, with
less hydrophobic residues being replaced by more hydrophobic ones. However, since short
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Fig 3. Determining the characteristic length scale. (A) (i) The fitness of the system as a function of the chunk length following
the shuffling of approximately 100 amino acids. Error bars show the standard deviation across several shuffling runs. There is a
significant difference in the fitness and the error bars for small chunks of 1 and 2 amino acids, whereas the error bars for the
larger chunk sizes are considerably smaller. (ii) Analogous results for shuffling runs with a hydrophobicity bias, where exchanges
were allowed only amongst the top 30% of chunks by hydrophobicity. Representative fitness functions as a function of the
number of amino-acid pairs shuffled are shown in S5 Fig. (B) The value of the fitness function (relative to the WT fitness) when
chunks of 6 amino acids of FUS-WT are separately replaced with glycine, and the average hydrophobicity of these same 6-residue
chunks of FUS-WT relative to the hydrophobicity parameter of glycine, 84 = (1) chunk—A(G), where A(G) = 0.649. Where glycine
represents a gain in hydrophobicity, the fitness change is largely positive, and vice versa.

https://doi.org/10.1371/journal.pchi.1009328.9003

runs of the genetic algorithm cannot result in perfectly uniform replacement attempt probabil-
ities, we cannot expect to be able to resolve small-scale features in amino-acid sequence space.
In order to investigate such small-scale features, we therefore first ‘shuffle’ the sequence with-
out changing its overall amino-acid make-up. We choose chunks of varying lengths by ran-
domly choosing two positions along the sequence and exchanging chunks of l amino acids
starting from those two positions. The ends of the sequence are treated periodically to ensure
no positional selection bias against the ends. The swapped amino acids may be of the same
type. We record the fitness function of the protein sequences as a function of the total number
of amino-acid pairs changed, i.e. the number of exchange steps multiplied by . In Fig 3A, we
show the variation of the fitness with chunk length after ~100 amino acids have been shuffled.
The error bar, which shows the standard deviation across several independent runs, is a useful
measure of the sensitivity of the fitness function to amino-acid sequence. Very small chunk
lengths, particularly of 1 or 2 amino acids, are highly disruptive to phase separation, while
larger chunk lengths only cause smaller modulations. From these results, we can conclude that
segments of 2-3 successive amino acids are crucial in driving LLPS in the PLD of FUS, repre-
senting the length scale of some sequence feature. To investigate the nature of this feature, we
repeated the shuffling analysis with a hydrophobicity bias, where only the most hydrophobic
of all possible contiguous chunks are exchanged. The dependence on chunk size largely disap-
pears, implying that it was small hydrophobic patches that were previously disrupted by shuf-
fling [Fig 3A(ii)]. The phase separation therefore appears to be governed by a hydrophobic
patterning of a minimum length scale of 2-3 amino acids. This is consistent with the ‘stickers-
and-spacers’ paradigm of phase-separating proteins, in which proteins are considered to com-
prise stickers—corresponding to the attractive protein regions that drive LLPS, in our case the
small chunks of 2-3 amino-acid residues—that are connected by less attractive regions termed
spacers [22, 36, 55].

Once we know this minimum length scale, we can investigate the effect of hydrophobicity
by replacing successive chunks of the amino-acid sequence with a fixed amino acid. The con-
ventional approach to probe the function of specific residues is alanine scanning [83-85]. As
we are interested in how hydrophobicity affects phase behaviour, in this case, we mutate
amino acids to glycine rather than alanine, as the former has the median hydrophobicity in the
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coarse-grained protein model (see Table A in SI Text). Although in experiments or all-atom
simulations, such a replacement may be less appropriate, as glycine disrupts protein secondary
structure by its dihedral angle preferences [86], in the CG model this effect is immaterial, as no
conformational terms are considered. We replace successive chunks of 6 amino acids in each
case; this chunk size is about 2-3 times the characteristic length scale of hydrophobic pattern-
ing, ensuring that differences observed most likely arise from the overall difference in hydro-
phobicity rather than a disruption of localised ‘stickers’. Fig 3B shows the results of a glycine
scan projected onto the chunk-averaged hydrophobicities of the WT-FUS sequence. The
curves anti-correlate for most of the sequence (with a Pearson coefficient of —0.5), reflecting
that in hydrophobic stretches, mutating to glycine decreases hydrophobicity and thus
decreases fitness, while the converse holds for hydrophilic stretches, confirming the domi-
nance of hydrophobicity as a driving force for LLPS in this case.

Charge patterning may be an alternative driving force for evolution of
protein phase behaviour

Not all proteins that exhibit LLPS are expected to be governed by the same driving force. For
example, the patterning of charges has been suggested to contribute to LLPS in charge-rich
proteins [44, 45], while the phase separation of the intrinsically disordered region of the pro-
tein hnRNPA1, which belongs to the family of heterogeneous nuclear ribonucleoproteins, has
been shown to be driven by the interaction between linearly dispersed aromatic residues
within the polar sequence [22, 23, 34].

Here, we will use the hnRNPA1 IDR as a test case to complement the behaviour observed
for FUS PLD. We define the IDR of hnRNPAL1 as its first 135 residues, 11.9% of which carry a
formal charge, and which has been shown to phase-separate in vitro [76]. We used a genetic-
algorithm-driven evolution of the same fitness function as in the case of FUS; the genetic-algo-
rithm approach results in an increase of fitness whilst maintaining the population diversity
[Fig 4A], and the increased fitness function is again a successful proxy for the upper critical
solution temperature [Fig 4B]. We also note that in this case, over the three repeats of the
genetic-algorithm runs, mutation of all residues was attempted at least once by the genetic
algorithm, giving us good coverage of the entire sequence.

The change in amino-acid composition upon applying the genetic algorithm to hnRNPA1
is qualitatively different from the hydrophobicity-driven case of FUS, as hydrophilic/charged
residues are not lost and hydrophobic residues appear, statistically replacing some of the highly
abundant amino acids of intermediate hydrophobicity [Fig 4C], indicating that the driving
force for phase separation may be different from the case of FUS-PLD.

To investigate this further, we have analysed the initial and final populations in the genetic-
algorithm runs. As in the case of the PLD of FUS, the hydrophobic attractiveness and the aver-
age size of amino acids of the IDR of hnRNPAI increase to raise the propensity for LLPS [Fig
4D(i)-4D(iii)], and as in the case of FUS, the per-residue effects of hydrophobic attractiveness
and amino-acid size are largely, but not fully, correlated.

Charge patterning and hydrophobicity can co-evolve ... Additionally, there is a sub-
stantial difference in terms of charge patterning over the course of the genetic-algorithm run
[Fig 4D(iv) and 4D(v)]. Charges are both created and lost across the sequence, but not uni-
formly so. We show in Fig 4E(i) two measures of the charge patterning, the net charge of a pro-
tein chain, and the sequence charge decoration (SCD), defined as [87]

N m—1

Qo = DD dnts(m — )", (1)

m=2 n=1
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Fig 4. Evolution of hnRNPA1 IDR. (A) Typical GA progression for hnRNPA1. The fitness function [Eq (2)] was evaluated at T = 0.57 T, and
increases by ~20% over 20 rounds, while maintaining population diversity. The shaded area corresponds to the range of values of the mean fitness
obtained from 3 independent genetic-algorithm runs. (B) Comparison of representative phase diagrams before and after genetic-algorithm runs, showing
a ~50% increase in critical temperature. Dotted lines are fits, and greyed-out points lie above the critical point, as detailed in Section S1 Text (Sec. S1-b).
(C) Amino-acid composition before and after using a genetic algorithm to increase the phase diagram width for hnRNPA1, revealing the appearance of
hydrophobic amino acids, while no bias against charged or polar amino acids is observed. Amino acids are plotted in order of increasing hydrophobicity
[see Table A in S1 Text]. Positively charged amino acids are indicated in light orange and negatively ones in light blue. (D) Map of (i) the per-residue
hydrophobicity along the sequence, (ii) the change from WT hnRNPA1 to the evolved protein, (iii) the per-residue change o value and (iv), (v) analogous
maps for the charge. The data for the evolved protein are averaged over the entire population at the end of 3 independent genetic-algorithm runs. Partial
charges reflect only partial carriage in the population. Some charges have appeared and some have disappeared; the overall balance is towards charge
neutralisation. (E) (i) The sequence charge decoration (SCD) and the charge number (g/e) of the population decrease over the course of the genetic-
algorithm run, indicating an evolutionary charge neutralisation. (ii) The average o value of the amino acids in the population increases over the course of
the genetic-algorithm run. Error bars are standard deviations of the averaged o value of individual sequences with respect to the population.

https://doi.org/10.1371/journal.pcbi.1009328.9004

where g; is the formal charge number of residue i and N is the length of the amino-acid
sequence. Qscp has been shown to anti-correlate with the upper critical solution temperature
of an IDR [45]. These two parameters show a virtually identical evolution through the genetic-
algorithm run, which indicates that, in this case, the decrease in charge separation as measured
by Qscp results from a net decrease in the overall charge of the protein. Specifically, this arises
from the creation of a larger number of negative than positive charges.
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A considerable amount of work has already been done in the context of the role of charge
patterning [39, 44, 88-91]. Although it is perhaps not overly surprising that a more even distri-
bution of positive and negative charges allows for the largest number of attractive interactions,
which in turn drives the formation of liquid-like phases, we show below that the precise nature
in which sequences evolve depends on the medium in which the proteins of interest exist.

The local gradient in sequence space around hnRNPA1-WT has components in both
hydrophobicity and charge redistribution. However, in the literature, hnRNPA1 LLPS is not
commonly associated with charges [22, 34]. This prompts the question of how important the
factors are in absolute terms. A crude estimate can be obtained from an analysis of the compo-
nents of the pairwise energy in our simulations, shown in Table 1. In particular, we split up the
energy into a ‘hydrophobic’ (L]) contribution and a Coulomb (electrostatic) contribution.
Both components become more favourable over the course of a genetic-algorithm run, indicat-
ing that the sequence-space gradient towards higher T. encompasses both charge rearrange-
ment and hydrophobicity. These effects operate in parallel, but the hydrophobicity component
contributes considerably more to the attractive energy in absolute terms.

... but need not necessarily, even in charge-rich sequences. To check the applicability of
the two mechanisms driving the evolution of the capacity to undergo LLPS that we have identi-
fied to other protein sequences, we have also investigated an IDR of the protein LAF1, which is
a DDX3-family RNA-helicase found enriched in C. elegans P-granules, in which it drives
phase separation. The IDR we have focussed on has been shown to be both necessary and suffi-
cient for LLPS [92]. It contains a significant proportion of charged amino acids, with 22.4% of
its 168 residues carrying a formal charge. This IDR has also been shown to phase-separate in
simulations of the CG model used here [35], and a recent study [39] combining CG simula-
tions, all-atom simulations and turbidity assays has identified a sticky hydrophobic stretch as
well as tyrosine and arginine residues to be involved in LAF1 LLPS. Additionally, it has been
suggested [39] that the even distribution of charges across the sequence may suggest that
charge patterning is a controlling determinant of LLPS. Simulations and in vivo experiments
have been carried out in corroboration of this hypothesis [39].

In order to compare the behaviour of LAF1 to the two cases already considered, we have
evolved its sequence using the same genetic algorithm. As before, we have computed the phase
diagram at the end of the genetic-algorithm run [Fig 5B]. Although the simulations are slower
with this system and finite-size effects are more pronounced, the genetic algorithm with this
fitness function can successfully increase the critical solution temperature [Fig 5A and 5B].
Since the higher computational cost restricted us to only one shorter run of the genetic

Table 1. Changes in contributions to the average pairwise energy per bead between the WT and an evolved
sequence of FUS, hnRNPA1 and LAF1. Standard deviations for the simulation averages are given in brackets and
apply to the least significant figure. For LAF1, the evolved population is diverse in terms of these changes, and two rep-
resentative examples are shown, labelled [a] (fitness 1.34) and [b] (fitness 1.28). For FUS, sequence evolution results in
a change almost exclusively to the hydrophobic part of the pairwise energy. For hnRNPA1 and LAF1/a], both Coulomb
and hydrophobic interactions are more favourable in the evolved sequences, but hydrophobic interactions contribute
more in absolute terms. For LAF1/b], the Coulomb energy is less favourable in the evolved sequence. All data presented
here are obtained at a simulation temperature of 200 K, corresponding to 0.8 T.(FUS). While the overall average ener-
gies themselves depend significantly on temperature, the differences between WT and evolved sequence energies are
largely independent of temperature in the range of interest.

System 10°AE o /kcal mol ™ 10AE; j/kcal mol ™
FUS 22(2) ~4.69(1)
hnRNPA1 ~34(1) ~6.1(1)
LAF1/a] ~11.5(5) ~2.11(3)
LAF1/b] 3.4(4) —-1.04(3)

https://doi.org/10.1371/journal.pchi.1009328.t001
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Fig 5. Evolution of LAF1 IDR. (A) Typical GA progression for LAF1. The fitness function [Eq (2)] was evaluated at T = 0.85 T, and increases by
~30% over 9 rounds, while maintaining population diversity. To account for thick interfaces, the simulation box was doubled in all directions compared
to simulations of FUS and hnRNPAI. (B) Comparison of representative phase diagrams before and after genetic-algorithm runs. Although the phase
diagram close to the critical point is especially difficult to equilibrate because of interfacial effects in this system, data points at lower temperatures suggest
that the critical temperature increases by ~30% by the end of the GA optimisation. (C) Amino-acid composition before and after genetic-algorithm runs
targeting an increase in T, for LAF1. There is a slight general increase in hydrophobicity, whilst hydrophilic and charged residues are largely conserved.
Amino acids are plotted in order of increasing hydrophobicity [see Table A in S1 Text]. Positively charged amino acids are indicated in light orange and
negatively ones in light blue. (D) Map of (i) the per-residue hydrophobicity along the sequence, (ii) the change from WT LAF1 to the evolved protein,
(iii) the per-residue change o value and (iv), (v) analogous maps for the charge. Data are shown for one genetic-algorithm run, and those residues where
no change was attempted by the genetic algorithm are shown in light grey. Partial charges reflect only partial carriage in the population. There is a slight
overall increase in hydrophobicity across the sequence, and there are more charges lost than created during the course of the genetic-algorithm runs. As
opposed to the hydrophobicity, the o values increase for almost all those residues that were changed by the genetic algorithm. More charges are lost than
created during the course of the genetic-algorithm runs. (E) (i) The sequence charge decoration (SCD) and the charge number (g/e) of the population
decrease slightly over the course of the genetic-algorithm run. (ii) The average o value of the amino acids in the population increases over the course of

the genetic-algorithm run. Error bars are standard deviations of the averaged o value of individual sequences with respect to the population.

https://doi.org/10.1371/journal.pchi.1009328.9005

algorithm, there was incomplete coverage of the sequence with mutations, in contrast to FUS
and hnRNPA1. While this is not an issue for interpreting our results, since complete coverage
is not essential to observe the trends we look for, we highlight those residues which were not
touched by the genetic algorithm for clarity [Fig 5D]. Compared to both FUS and hnRNPAL,
the composition of the resulting evolved sequence population is less significantly changed [Fig
5C], although this is consistent with the fact that the fitness function increases more slowly
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and the overall critical solution temperature is only ~ 30% higher than the wild type in the
simulations considered (compared to 65% and 50% for FUS and hnRNPA1, respectively).
Nevertheless, there is a limited increase in hydrophobicity [Fig 5D and 5E], with no region
particularly favoured in terms of increased hydrophobicity, even though the amino acids early
in the sequence (i.e. nearer the N-terminus) are on average more hydrophobic than later ones.
The change in the range of hydrophobic interactions, however, as quantified by the average o
values [Fig 5E], is more significant (Ao = 0.0396 A over 10 rounds). This is comparable to the
level of change we observed in FUS (Ag = 0.0322 A after the first 10 rounds). In particular,
almost all changes made to the sequence by the genetic algorithm lead to larger amino-acid
sizes, even though in terms of hydrophobic attractiveness their effects are much more varied.
This leads us to speculate that the extended range of attractive interactions may be the domi-
nant factor in driving the evolution of hydrophobic interactions in this case, rather than the 4
values, which change less.

The change in charge [Fig 5D(v)] is also relatively modest, and mainly entails the loss of
existing net charge [Fig 5E(i)]. This is consistent with charge segregation, as quantified by the
sequence charge decoration parameter, also shown in Fig 5E(i), which similarly decreases over
the course of the genetic-algorithm run, but whose decrease is significantly less pronounced
than in the case of hnRNPA1.

Similarly to the case of hnRNPA1, we show in Table 1 the change in the components of the
average interaction energy for LAF1 before and after running the genetic algorithm. However,
in the case of LAF1, within the final evolved population, different sequences score rather dif-
ferently in this analysis. Values for two representative evolved variants, termed LAF1/a] and
LAF1/b], are shown in the table. We have chosen these specific variants as examples of
sequences with similar (high) fitness values, but very different contributions to the energy. In
particular, LAF1[a] behaves similarly to hnRNPA1, with both hydrophobic and Coulomb
interactions interactions more favourable in the evolved sequence than in the wild-type, whilst
in LAF1/b], the Coulomb energy actually becomes less favourable. Since the genetic algorithm
produces sequences in which the Coulomb attractions are enhanced as well as sequences in
which they are weakened, charge patterning does not appear to act as an evolutionary driving
force in LAF1. Based on these data we conclude that the evolution of the phase behaviour of
the LAF1-IDR is primarily driven by hydrophobicity, and in particular by the size of the
amino acids in the sequence. Moreover, this result illustrates a useful advantage of the use of
genetic algorithms: when phase behaviour can be enhanced in different ways, this can readily
be observed, illustrating that the potential energy surface in sequence space in cases such as
this has a number of seemingly degenerate or nearly degenerate states.

Sequence evolution depends on the composition of the medium

Inside cells, proteins are never isolated, and LLPS in multi-component systems can be signifi-
cantly different from that in single-component ones [26, 93-95]. It is therefore instructive to
examine how genetic-algorithm driving behaviour changes upon the addition of a second
component to the medium. To this end, we replace one eighth of the chains in the system with
a poly-U RNA chain of the same length as the respective protein of interest. Since cation-n
interactions are known to be important for RNA-protein interactions [96], we employ the cat-
ion-n model [58], a reparameterised version of the coarse-grained model we have used so far,
alongside RNA-protein interaction parameters from Regy and co-workers [59]. We discuss
this model further in S1 Text (Sec. S4). The goal of these tests is simply to determine if our
genetic algorithm is sensitive enough to evolve the amino-acid sequence of a given protein so
as intentionally to modulate its phase-separating behaviour while taking into account the
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https://doi.org/10.1371/journal.pcbi.1009328.9006

condensate composition. A poly-U RNA molecule has a high negative charge density and sig-
nificant scope for non-bonded interactions, which gives it biophysical properties significantly
different from the protein it is replacing, making this a good initial test case for more complex
multi-component systems.

We show in Fig 6A the change in amino-acid composition at the end of the genetic-algo-
rithm run in systems with and without the additional RNA component, contrasted for (i) FUS
and (ii) hnRNPAL. For both proteins, the amino-acid composition change in the presence of a
RNA component is different from the single-component case. While the precise changes
incurred are likely dependent on the particular model parameters, it is noteworthy that the
genetic algorithm can fine-tune composition to enhance phase separation in different ways,
depending on the composition of the medium. This applies beyond changes to compensate
simply for the introduced charge: in the case of FUS, the overall sequence charge is not drasti-
cally affected by the presence of RNA [Fig 6B(i)]; indeed, as can be seen from Fig 6A(i), the
creation of more lysine (K) residues is largely offset by creating fewer arginine (R) residues,
which have the same charge, and so the net charge increases to a broadly similar extent both
with and without RNA present. By contrast, we can observe in Fig 6B(ii) that in the case of
hnRNPAI, the addition of RNA affects the evolution in a very different way from that of FUS;
namely, the presence of RNA leads to the increase in net positive charge, as opposed to its
reduction by the genetic-algorithm run in the absence of RNA. These results illustrate that
with the genetic-algorithm approach, we can not only probe the evolutionary driving forces
resulting from changing the composition of the medium in which LLPS occurs, but we can
also gain insight into how such driving forces depend on the sequence of the protein of inter-
est. In other words, evolutionary driving forces due to the starting sequence and the medium
are coupled and evolved together by the genetic algorithm.

Interestingly, all IDRs studied in this work are derived from proteins which in their full-
length variants bind to RNA. RNA has widely been studied in the context of LLPS, and can,
depending on its concentration, both promote and inhibit protein phase separation [76],
potentially even resulting in re-entrant phase behaviour [97, 98]. Therefore, we suggest that
extending these preliminary trials on multi-component systems with genetic algorithms could
provide insights into the mechanisms by which IDR-containing proteins and RNA might
recruit each other.
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Experimental validation

In order to probe the validity of the trends seen in our genetic-algorithm calculations, and
hence the interpretation of the genetic-algorithm predictions, we have computed a series of
phase diagrams corresponding to experimental modifications of the IDP of hnRNPA1 as stud-
ied in [23], whose sequences are given in S1 Text (Sec. S8). We computed these with two
coarse-grained potentials, namely the Kim-Hummer-style parameterisation of the coarse-
grained potential of [35], and the cation-m reparameterisation of the ‘HPS’ potential intro-
duced by [58] We show the phase diagrams for these sequences in Fig 7A. From the simulation
data points, we fit the data to Eqns (S6) and (S7) of S1 Text, with low-density predictions trun-
cated to zero. From these, we obtain an estimate of the critical temperature in each case. Due
to coarse-graining, the absolute temperature scale is of course not directly comparable to
experiment; however, if the models are good, one might expect the temperature relative to the
critical point to be meaningful. For each sequence, we have therefore estimated the experimen-
tal critical temperature from the experimental phase diagrams of [23], and we show a correla-
tion plot of simulation and experimental data in Fig 7B. The linear fits have very reasonable
adjusted squared sums of residuals and Pearson correlation coefficients [see Fig 7], and the
coefficient of the linear term has p values of 0.0007 and 0.012, respectively, indicating the sta-
tistical significance of the predictor (relative to the null hypothesis of a constant line). The
Pearson coefficient for the predictions of the two models against each other is 0.74, and
although the majority of data points agree rather well, there are some outliers, particularly for
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Fig 7. Comparison of model predictions with experiment. In (A), we show phase diagrams obtained with two coarse-grained models for a
variety of modifications of the hnRNPA1 sequence. Symbols correspond to simulation results. Solid lines are obtained by the fitting procedure
described in S1 Text (Sec. S1-b). In (B), we show the correlation plot between simulation and experimental data, alongside a linear fit to the data
points. The adjusted squared sum of residuals is R* = 0.96 for the KH model and R* = 0.99 for the cation-n model, with p values of 0.0007 and
0.012, respectively. The Pearson correlation coefficients are 0.66 (KH) and 0.64 (cation-m). The point labelled ‘M’, which was not included when
computing the linear fit or the correlation coefficients, corresponds to the sequence with the largest critical point obtained in our genetic-
algorithm run (see S1 Text (Sec. S7)); since there are no experimental data available for this specific sequence, we have estimated the
experimental critical temperature using the ABSINTH model.

https://doi.org/10.1371/journal.pchi.1009328.g007
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those amino-acid sequences with significant lysine (K) or tyrosine (Y) content. The good posi-
tive correlation between the predictions of the sequence-dependent coarse-grained models we
have used and the experimental results suggests that we can use these models with success to
study broad trends. However, the agreement is by no means perfect for either of these simpli-
fied models, demonstrating that there is scope for improving coarse-grained potentials to
describe LLPS more accurately.

Next, we probe our final predictions for FUS, hnRNPA1 and LAF1 further by using the
more realistic ABSINTH model [49] to estimate the 0 temperature of these proteins. The 6
temperature of single-molecule coil-to-globule transitions is a well-established proxy for the
critical solution temperature of IDR solutions [38, 74, 99]. It is defined as the temperature at
which, for a single protein, there is a coiling transition as evidenced by a sudden change in its
radius of gyration as a function of temperature [51]. Linking the single-molecule 6 tempera-
ture to the critical solution temperature is possible for homotypic LLPS when the driving
forces for the single-molecule coil-to-globule transitions are similar to those stabilising the
phase transition. Therefore, to validate our results, we calculate the 8 temperature firstly for
WT-FUS and two of our evolved FUS PLD variants by performing all-atom Monte Carlo sim-
ulations in implicit solvent using the ABSINTH framework [36, 49], as implemented in the
CAMPARI code [50]. The advantage of doing this is that ABSINTH is currently one of the
most reliable modelling approaches to produce experimentally consistent conformational
ensembles of IDRs [100-103] and to predict IDR critical solution parameters in agreement
with experiment [22, 51]. The success of ABSINTH is anchored in its extensive experimental
validation and refinement, and use of experimentally derived reference solvation free energies.
Reassuringly, ABSINTH ranks both our FUS variants and our LAF1 variants from low to high
0 temperatures in the same order as the coarse-grained models.

For hnRNPA1, we can not only compute the relative ordering of 0 temperatures with
ABSINTH, but we can also compute approximate critical points for the wild-type hnRNPA1
and some of its analogues for which experimental results are available [23]. We have computed
these for the wild type and the +7R and +7F-7Y analogue, and these estimates agree very well
with the experimental critical points determined in [23]: for WT-hnRNPA1, the experimental
critical temperature is ~ 348 K and the ABSINTH estimate is ~ 345 K; for the +7R analogue,
they are ~280 K and ~275K, and for the +7F-7Y analogue, they are ~328 K and ~325K.
We have also determined the analogous result for the sequence with the largest critical point
obtained in the genetic-algorithm run (see S1 Text (Sec. S7)), and we show it alongside the
experimental results in Fig 7B. For both coarse-grained potentials we compare, this point falls
very close indeed to the prediction of the linear fit from experimental results, suggesting that
the simple coarse-grained potentials are sufficiently powerful to obtain qualitative insight into
the phase behaviour of intrinsically disordered proteins.

Discussion

In this work, we have proposed an efficient computational method to evolve naturally occur-
ring phase-separating protein sequences. Evolving such sequences can provide insight into
which sequence features drive LLPS, both when the proteins are in pure form and when they
form part of a multi-component mixture; moreover, our approach could also be extended to
design experimentally testable amino-acid sequence mutations which either inhibit or pro-
mote the LLPS of protein solutions. Our approach combines state-of-the-art molecular simula-
tions of protein condensates, where each protein is described at the single-amino-acid
resolution, with a genetic algorithm grounded in a new fitness function—the difference in
composition densities of the protein-poor and protein-rich phases at constant volume—which
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is both a good proxy for the critical solution temperature and computationally far more tracta-
ble to obtain than the critical temperature itself. We have shown that such a simple and com-
putationally inexpensive fitness function is sufficient to evolve the amino-acid sequences of
naturally occurring proteins and to shift their phase behaviour in the direction we choose.
Moreover, by analysing the effects of small changes to naturally occurring amino-acid
sequences, we can draw conclusions about the molecular origins of the local gradient in
amino-acid sequence space, adding to conventional analyses of driving forces which usually
focus on binding energies. Indeed, an important finding of our work is that we have demon-
strated how a genetic-algorithm framework that can alter the LLPS behaviour of proteins also
enables us to probe the gradient in amino-acid sequence space directly. This can help us both
to extend interpretations of why proteins that drive the formation of condensates might have
evolved as they have and to gain greater control over intracellular LLPS.

We have coupled our genetic-algorithm approach to the coarse-grained model of [35],
which is one of the best simple models currently available for probing the phase behaviour of
protein solutions. This model has been validated against the single-molecule experimental
radii of gyration of a wide range of IDRs [35], is residue-specific, has been shown to reproduce
well the experimental phase behaviour of various proteins under different conditions [21, 39,
47,104, 105], and is computationally sufficiently inexpensive that it affords the determination
of bulk LLPS properties for many sequences. Furthermore, the model accounts for key physi-
cochemical aspects that determine the phase behaviour of proteins, such as the charge, size, rel-
ative hydrophobicity and flexibility of amino acids. However, as is the case with any coarse-
grained model, it is still approximate and averages out other effects, in this case especially the
specific contribution of - interactions, polarisation effects that give rise to cation—m interac-
tions and the explicit role of water and ions in solution. To benchmark the robustness of the
protein model, we have therefore repeated our simulations with another coarse-grained poten-
tial that can account for cation-m interactions [58] and protein-RNA interactions [59]. The
two models predict the same behaviour on evolution, as we discuss in S1 Text (Sec. S4), which
suggests that the trends we have outlined are not especially sensitive to the choice of model.
The evolution of protein amino-acid sequences is a computationally expensive process, and is
only made feasible by the choice of a suitably coarse-grained potential. However, it is not
immediately clear that such simplified models, which were largely validated against single-
molecule experiments, are predictive in the context of LLPS. We have therefore validated the
model predictions against experimental results [23] and an all-atom potential [49, 50]. Despite
the fact that the models’ predictions are not quantitative, the trends in critical temperature pre-
dicted by the models we have used correlate well with experimental results, suggesting that
such simple coarse-grained potentials are sufficiently powerful to obtain qualitative insight
into the physical driving forces governing the phase behaviour of intrinsically disordered pro-
teins. Moreover, the genetic algorithm we have introduced can of course straightforwardly be
used with protein models of higher resolution and accuracy as they are developed, provided
that sufficient computational resources are available.

Although the fine details of the phase behaviour we have observed may be model-specific,
we have nevertheless shown two distinct driving regimes for enhancing or inhibiting LLPS
to exist, namely hydrophobicity—including both the strength and range of relevant interac-
tions—and charge patterning. In sequences such as the PLD of FUS, only one may be in opera-
tion, whilst in others, such as hnRNPA1-IDR, they may co-evolve, implying that both driving
forces can contribute to LLPS simultaneously. Furthermore, in the hydrophobic driving
regime in the case of the PLD of FUS, we have shown that there is a patterning length scale of
2-3 amino acids, which one can interpret in the context of the stickers-and-spacers model of
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proteins. Intriguingly, we have shown that although LAF1-IDR is charge-rich, charge pattern-
ing does not appear to co-evolve with hydrophobicity. In all cases studied, LLPS is facilitated
by an increase in the mean size of the amino-acid residues of the proteins, which results in a
more structured protein-rich phase, which in turn can favour condensate formation. It would
be especially interesting to investigate in future work whether such a driving force for phase
separation is more universal than might previously have been thought. Finally, we have dem-
onstrated that the genetic-algorithm approach is successful at evolving sequences in the pres-
ence of other species in the medium; here, we have focussed on simple RNA molecules as a
proof of concept. Significant changes to the gradient in sequence space are observed when
another species is introduced into the system, indicating that our method is also suitable for
investigating the co-evolution of proteins and for studying biologically relevant mixtures of
different species. Since the effect of sequence modifications on the phase behaviour of many-
component mixtures is much less intuitive to predict manually than it is in one-component
systems, the ability to guide phase behaviour algorithmically is especially attractive.

In summary, we have presented a powerful framework for systematically modulating the
LLPS of proteins by evolving their amino-acid sequences. We have shown that the approach is
able to provide direct insight into the nature of LLPS in protein solutions, demonstrating both
which fundamental driving forces are in operation as well as providing specific guidance into
the kinds of mutation that may help promote or inhibit LLPS in practical applications.
Recently, several databases of proteins exhibiting LLPS have been assembled [106-108], pro-
viding an excellent starting point for determining and contrasting the driving forces governing
phase separation in very different systems. We have already drawn useful conclusions from the
application of our approach to specific cases, contributing a significant piece of the puzzle
towards a fuller understanding of the physical driving forces behind LLPS. As ever more accu-
rate force fields of proteins in solution are developed, this approach promises to be particularly
fruitful in furthering our understanding of the regulation of LLPS in biology, as well as repre-
senting a first step towards future engineering of phase-separating sequences.

Methods

In S1 Text, we describe the coarse-grained potential, provide further details about the compu-
tational methods used, provide further analysis and additional supporting results, and provide
the sequences of the proteins studied.

Simulation methods

We performed molecular dynamics simulations of a coarse-grained implicit-solvent model of
proteins [35] in which each amino acid is represented as a bead. Neighbouring amino acids in
a protein chain are connected by harmonic springs, while other beads interact with one
another with a hydrophobicity-scaled Lennard-Jones (L]) potential and a Debye-Hiickel elec-
trostatic potential. The model is discussed in more detail in S1 Text (Sec. S1-a), and the simula-
tion methods in S1 Text (Sec. S1-b). We have also used a further coarse-grained model for
validation [58] and for protein-RNA simulations [59].

Genetic algorithms

Genetic algorithms optimise properties of a system in ways inspired by biological adaptation
of populations [109-111]. All numerical parameters listed below were chosen to balance the
need for high evolution speed due to an expensive fitness function and that sufficient diversity
in the population be maintained to avoid premature convergence.
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1. We define a chromosome of length 7, x; = (x;, Xi2, - - -, Xiu), where in our case x;; is an
amino acid. A set of N chromosomes defines an initial population Uy = {xy, x5, . . ., Xn},
where U, denotes the population of a given round ¢. The starting population in our case cor-
responds to mutated versions of the WT xyr with a certain mutation rate, i.e. the frequency
at which an amino acid is exchanged for a random one picked from the natural set of 20.
We use a rate of 0.01 in this work. A scalar fitness function f(x) denotes the property being
optimised. We use the width of the phase diagram at a fixed temperature as a proxy for the
critical solution temperature, and define the fitness function as

- n®
&) = ) = P @

where pi(x) is the average density of the ‘liquid-like’ protein-rich phase of sequence x and
pv(x) is the analogue for the ‘vapour-like’ protein-poor phase. We refer to individuals with
high fitness value as ‘strong’ and to those with low fitness value as ‘weak’. In our case,

N = 20. For genetic-algorithm runs in which the target is to reduce the critical solution tem-
perature, we use as the fitness function the reciprocal of f (x).

2. In each round ¢, we choose N, = 8 parents P from the population, P C U,. To achieve this,
we use tournament selection [111]: We first define Ny, tournaments T;. Each tournament
is a randomly drawn subset of Ny, elements from U,. The fittest sequence from each tour-
nament becomes one of the parents. The tournament size Ny, is therefore a direct scaling
parameter governing the selection pressure. For our purposes, we have found that Ny, = 5
works well.

3. The parents are randomly divided into pairs (a, b) (where a € P and b € P), and crossed
over. Here, we swap sequences after a randomly chosen position k € [1, n] in the sequences,
such that

(a, b) if i<k,
(aw bi) = {

(b, a,) otherwise.

4. Another round of random mutations with the same mutation rate is then performed to
cover previously unrepresented areas of sequence space.

5. The result from steps 3 and 4 is a set of children C, whose fitness is then evaluated. Children
replace some chromosomes in the population. As fitness functions are relatively expensive
to compute for our system, we use weak-population replacement [109], a greedy algorithm
that can achieve rapid population evolution. Sequentially, each child ¢; € C is compared to
the weakest individual in the population, Xy, € Uy. If f(c;) > f(Xyear)> then ¢; replaces xyear.
The weakest individual may also be a previously inserted child.

Parallelisation can speed up genetic-algorithm progression [112]. We use a simple master—
slave approach since asynchronous schemes are not well suited to small populations; because
all simulations are run for the same amount of wall-clock time, the overhead of the simple
genetic-algorithm parallelisation employed is small compared to the duration of individual
simulations.
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Supporting information

S1 Text. Computational details, ancillary discussion and listings of amino-acid sequences.
Includes Table A. Table A: Table of amino acids. The 20 naturally occurring amino acids
with their one- and three-letter codes, alongside their charges. Amino acids marked with a ¥’
are aromatic. The last columns give the A- and o-parameters which define the hydrophobicity
scale.

(PDF)

S1 Fig. Direct-coexistence simulations. (A) Orthographic projections of simulation boxes of
FUS at two temperatures below T, as indicated, where different colours represent different
protein chains. The box is periodic in all directions. (B) Example of a fitted density profile for
FUS at T'= 0.8 T.. The simulation box along the z direction is split into 25 bins and the average
density is computed within each bin, indicated by blue crosses. Points from the regions where
solid lines are shown were used to compute a fit to a constant for each of the high- and the
low-density phases, taking into account an interface of finite thickness.

(EPS)

S2 Fig. Hydrophobic sequence optimum. Phase diagram of the (Phe),s; sequence, the same
length as FUS-WT. The critical temperature is approximately nine times that of FUS-WT. The
dotted line is a fit, and greyed-out points lie above the critical point, as detailed in S1 Text (Sec.
S1-b).

(EPS)

$3 Fig. Dummy genetic algorithm. A dummy genetic-algorithm progression (orange), con-
trasted with the driven evolution (blue) of FUS phase separation. We remove any driving force
by randomising the selection of parents and replacement in the population, but keeping all
mutation steps.

(EPS)

S4 Fig. Reducing the critical temperature. (A) Typical GA progression for FUS where the fit-
ness function reduces the upper critical solution temperature. The fitness function [defined as
the reciprocal of Eq (2) of the main manuscript] increases by ~90% over 20 rounds. The fittest
individual can be considerably fitter than the mean. The population diversity, i.e. the number
of distinct sequences present in the overall population of 20, is generally very high. (B) Com-
parison of representative phase diagrams before and after genetic-algorithm runs, confirming
that the fitness function choice was suitable. Dotted lines are fits, and greyed-out points lie
above the critical point, as detailed in S1 Text (Sec. S1-b).

(EPS)

S5 Fig. Chunk-shuffling example runs. (A) Chunk shuffling at chunk lengths 1, 5, 10 and 15.
Chunk length 1 lies significantly below the other curves. Shaded areas are standard deviations
from 3 (6 for chunk length 1 and 5) shuffling runs. (B) Chunk shuffling with focus on chunk
lengths around a length scale of 2-3 amino acids. Shaded areas are standard deviations from 3
(6 for chunk lengths 2 and 5) shuffling runs. (C) Hydrophobicity-biassed chunk shuffling, only
allowing exchanges between the top 30% chunks by hydrophobicity. Shaded areas are standard
deviations from 3 shuffling runs.

(EPS)

S6 Fig. Evolution with the cation-n model. Results from the application of the genetic
algorithm to (A) FUS and (B) hnRNPA1 using the cation—-nt model. In each case, panel
(i) shows the change in fitness function and the population diversity as a function of the
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genetic-algorithm round, while panel (ii) shows a comparison of the evolved amino-acid pro-
pensities for the two sequences when evolved with the model used elsewhere (‘KH’) and the
cation-m reparameterisation, with the wild type shown for reference. Amino acids are plotted
in order of increasing hydrophobicity [see Table A in S1 Text]. Positively charged amino acids
are indicated in light orange and negatively ones in light blue.

(EPS)

S7 Fig. Liquid character of phases. Phase diagram of wild-type hnRNPA1 (in blue) and of the
hnRNPA1 analogue obtained at the end of the genetic-algorithm run (in red), alongside diffu-
sion coefficients for the liquid-like phase (green circles for the wild type, green crosses for the
evolved sequence, measured along the green abscissa). The densities of the coexisting phases
were first determined in direct-coexistence simulations at a range of temperatures. The diffu-
sion coefficient was then computed in a canonical-ensemble simulation at the density corre-
sponding to the liquid-like (high-density) phase. A non-linear relationship exists between the
diffusion coefficient and temperature, but there is no indication of a discontinuous change
that might indicate a glass transition.

(EPS)

S1 Data. Raw data, Lamwmps scripts, analysis scripts and sequence listings along genetic-
algorithm runs. The supporting data archive contains the raw data used in the figures; a series
of Lammps scripts that can be used to generate the simulation data; analysis scripts used to
post-process the data; and a full listing of all sequences across all genetic-algorithm runs
reported alongside their phase-diagram widths.

(Z1P)

Acknowledgments

We thank Jeetain Mittal and Gregory L. Dignon for their invaluable help with implementing
their sequence-dependent coarse-grained protein model in Lammes.

Author Contributions

Conceptualization: Simon M. Lichtinger, Rosana Collepardo-Guevara, Aleks Reinhardt.
Investigation: Simon M. Lichtinger, Aleks Reinhardt.

Methodology: Simon M. Lichtinger, Rosana Collepardo-Guevara, Aleks Reinhardt.

Software: Simon M. Lichtinger, Adiran Garaizar.

Supervision: Rosana Collepardo-Guevara, Aleks Reinhardt.

Visualization: Simon M. Lichtinger, Aleks Reinhardt.

Writing - original draft: Simon M. Lichtinger, Rosana Collepardo-Guevara, Aleks Reinhardt.

Writing - review & editing: Simon M. Lichtinger, Rosana Collepardo-Guevara, Aleks
Reinhardt.

References

1. ShinY, Brangwynne CP. Liquid phase condensation in cell physiology and disease. Science. 2017;
357(6357):eaaf4382. hitps://doi.org/10.1126/science.aaf4382 PMID: 28935776

2. Boeynaems S, Alberti S, Fawzi NL, Mittag T, Polymenidou M, Rousseau F, et al. Protein phase sepa-
ration: A new phase in cell biology. Trends Cell Biol. 2018; 28(6):420—435. https://doi.org/10.1016/j.
tcb.2018.02.004 PMID: 29602697

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 22/28


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009328.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009328.s009
https://doi.org/10.1126/science.aaf4382
http://www.ncbi.nlm.nih.gov/pubmed/28935776
https://doi.org/10.1016/j.tcb.2018.02.004
https://doi.org/10.1016/j.tcb.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29602697
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

Molliex A, Temirov J, Lee J, Coughlin M, Kanagaraj AP, Kim HJ, et al. Phase separation by low com-
plexity domains promotes stress granule assembly and drives pathological fibrillization. Cell. 2015;
163(1):123-133. https://doi.org/10.1016/j.cell.2015.09.015 PMID: 26406374

Brangwynne CP, Eckmann CR, Courson DS, Rybarska A, Hoege C, Gharakhani J, et al. Germline P
granules are liquid droplets that localize by controlled dissolution/condensation. Science. 2009; 324
(5935):1729-1732. https://doi.org/10.1126/science.1172046 PMID: 19460965

Putnam A, Cassani M, Smith J, Seydoux G. A gel phase promotes condensation of liquid P granules in
Caenorhabditis elegans embryos. Nat Struct Mol Biol. 2019; 26(3):220-226. https://doi.org/10.1038/
$41594-019-0193-2 PMID: 30833787

Li P, Banjade S, Cheng HC, Kim S, Chen B, Guo L, et al. Phase transitions in the assembly of multiva-
lent signalling proteins. Nature. 2012; 483(7389):336—340. https://doi.org/10.1038/nature10879
PMID: 22398450

Brangwynne CP, Mitchison TJ, Hyman AA. Active liquid-like behavior of nucleoli determines their size
and shape in Xenopus laevis oocytes. Proc Natl Acad Sci U S A. 2011; 108(11):4334—-4339. https://
doi.org/10.1073/pnas.1017150108 PMID: 21368180

Larson AG, Elnatan D, Keenen MM, Trnka MJ, Johnston JB, Burlingame AL, et al. Liquid droplet for-
mation by HP1a suggests a role for phase separation in heterochromatin. Nature. 2017; 547
(7662):236—240. https://doi.org/10.1038/nature22822 PMID: 28636604

Strom AR, Emelyanov AV, Mir M, Fyodorov DV, Darzacq X, Karpen GH. Phase separation drives het-
erochromatin domain formation. Nature. 2017; 547(7662):241-245. https://doi.org/10.1038/
nature22989 PMID: 28636597

Sanulli S, Trnka MJ, Dharmarajan V, Tibble RW, Pascal BD, Burlingame AL, et al. HP1 reshapes
nucleosome core to promote phase separation of heterochromatin. Nature. 2019; 575(7782):390—
394. https://doi.org/10.1038/s41586-019-1669-2 PMID: 31618757

Hnisz D, Shrinivas K, Young RA, Chakraborty AK, Sharp PA. A phase separation model for transcrip-
tional control. Cell. 2017; 169(1):13-23. https://doi.org/10.1016/j.cell.2017.02.007 PMID: 28340338

Klosin A, Oltsch F, Harmon T, Honigmann A, Jilicher F, Hyman AA, et al. Phase separation provides
a mechanism to reduce noise in cells. Science. 2020; 367(6476):464—468. https://doi.org/10.1126/
science.aav6691 PMID: 31974256

Saleh OA, Jeon Bj, Liedl T. Enzymatic degradation of liquid droplets of DNA is modulated near the
phase boundary. Proc Natl Acad Sci U S A. 2020; 117(28):16160—-16166. https://doi.org/10.1073/
pnas.2001654117 PMID: 32601183

Quiroz FG, Fiore VF, Levorse J, Polak L, Wong E, Pasolli HA, et al. Liquid-liquid phase separation
drives skin barrier formation. Science. 2020; 367(6483):eaax9554. https://doi.org/10.1126/science.
aax9554 PMID: 32165560

Alberti S, Dormann D. Liquid—liquid phase separation in disease. Annu Rev Genet. 2019; 53(1):171—
194. https://doi.org/10.1146/annurev-genet-112618-043527 PMID: 31430179

Klein IA, Boija A, Afeyan LK, Hawken SW, Fan M, Dall’Agnese A, et al. Partitioning of cancer therapeu-
tics in nuclear condensates. Science. 2020; 368(6497):1386—1392. https://doi.org/10.1126/science.
aaz4427 PMID: 32554597

Flory PJ. Principles of Polymer Chemistry. Cornell University Press; 1953.

Lin YH, Forman-Kay JD, Chan HS. Theories for sequence-dependent phase behaviors of biomolecu-
lar condensates. Biochemistry. 2018; 57(17):2499-2508. https://doi.org/10.1021/acs.biochem.
8b00058 PMID: 29509422

Hyman AA, Weber CA, Jilicher F. Liquid-liquid phase separation in biology. Annu Rev Cell
Develop Biol. 2014; 30(1):39-58. https://doi.org/10.1146/annurev-cellbio-100913-013325 PMID:
25288112

Brangwynne CP, Tompa P, Pappu RV. Polymer physics of intracellular phase transitions. Nat Phys.
2015; 11(11):899-904. https://doi.org/10.1038/nphys3532

Krainer G, Welsh TJ, Joseph JA, Espinosa JR, Csilléry Ed, Sridhar A, et al. Reentrant liquid conden-
sate phase of proteins is stabilized by hydrophobic and non-ionic interactions. Nat Commun. 2021;
12:1085. https://doi.org/10.1038/s41467-021-21181-9 PMID: 33597515

Martin EW, Holehouse AS, Peran |, Farag M, Incicco JJ, Bremer A, et al. Valence and patterning of
aromatic residues determine the phase behavior of prion-like domains. Science. 2020; 367
(6478):694—699. https://doi.org/10.1126/science.aaw8653 PMID: 32029630

Bremer A, Farag M, Borcherds WM, Peran |, Martin EW, Pappu RV, et al. Deciphering how naturally
occurring sequence features impact the phase behaviors of disordered prion-like domains. bioRxiv.
2021.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 23/28


https://doi.org/10.1016/j.cell.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26406374
https://doi.org/10.1126/science.1172046
http://www.ncbi.nlm.nih.gov/pubmed/19460965
https://doi.org/10.1038/s41594-019-0193-2
https://doi.org/10.1038/s41594-019-0193-2
http://www.ncbi.nlm.nih.gov/pubmed/30833787
https://doi.org/10.1038/nature10879
http://www.ncbi.nlm.nih.gov/pubmed/22398450
https://doi.org/10.1073/pnas.1017150108
https://doi.org/10.1073/pnas.1017150108
http://www.ncbi.nlm.nih.gov/pubmed/21368180
https://doi.org/10.1038/nature22822
http://www.ncbi.nlm.nih.gov/pubmed/28636604
https://doi.org/10.1038/nature22989
https://doi.org/10.1038/nature22989
http://www.ncbi.nlm.nih.gov/pubmed/28636597
https://doi.org/10.1038/s41586-019-1669-2
http://www.ncbi.nlm.nih.gov/pubmed/31618757
https://doi.org/10.1016/j.cell.2017.02.007
http://www.ncbi.nlm.nih.gov/pubmed/28340338
https://doi.org/10.1126/science.aav6691
https://doi.org/10.1126/science.aav6691
http://www.ncbi.nlm.nih.gov/pubmed/31974256
https://doi.org/10.1073/pnas.2001654117
https://doi.org/10.1073/pnas.2001654117
http://www.ncbi.nlm.nih.gov/pubmed/32601183
https://doi.org/10.1126/science.aax9554
https://doi.org/10.1126/science.aax9554
http://www.ncbi.nlm.nih.gov/pubmed/32165560
https://doi.org/10.1146/annurev-genet-112618-043527
http://www.ncbi.nlm.nih.gov/pubmed/31430179
https://doi.org/10.1126/science.aaz4427
https://doi.org/10.1126/science.aaz4427
http://www.ncbi.nlm.nih.gov/pubmed/32554597
https://doi.org/10.1021/acs.biochem.8b00058
https://doi.org/10.1021/acs.biochem.8b00058
http://www.ncbi.nlm.nih.gov/pubmed/29509422
https://doi.org/10.1146/annurev-cellbio-100913-013325
http://www.ncbi.nlm.nih.gov/pubmed/25288112
https://doi.org/10.1038/nphys3532
https://doi.org/10.1038/s41467-021-21181-9
http://www.ncbi.nlm.nih.gov/pubmed/33597515
https://doi.org/10.1126/science.aaw8653
http://www.ncbi.nlm.nih.gov/pubmed/32029630
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Banani SF, Rice AM, Peeples WB, Lin Y, Jain S, Parker R, et al. Compositional control of phase-sepa-
rated cellular bodies. Cell. 2016; 166(3):651-663. https://doi.org/10.1016/j.cell.2016.06.010 PMID:
27374333

Ditlev JA, Case LB, Rosen MK. Who'’s in and who’s out—Compositional control of biomolecular con-
densates. J Mol Biol. 2018; 430(23):4666—4684. https://doi.org/10.1016/j.jmb.2018.08.003 PMID:
30099028

Espinosa JR, Joseph JA, Sanchez-Burgos I, Garaizar A, Frenkel D, Collepardo-Guevara R. Liquid
network connectivity regulates the stability and composition of biomolecular condensates with many
components. Proc Natl Acad Sci U S A. 2020; 117(24):13238-13247. https://doi.org/10.1073/pnas.
1917569117 PMID: 32482873

Andersen JS, Lam YW, Leung AKL, Ong SE, Lyon CE, Lamond Al, et al. Nucleolar proteome dynam-
ics. Nature. 2005; 433(7021):77-83. https://doi.org/10.1038/nature03207 PMID: 15635413

Jain S, Wheeler JR, Walters RW, Agrawal A, Barsic A, Parker R. ATPase-modulated stress granules
contain a diverse proteome and substructure. Cell. 2016; 164(3):487-498. https://doi.org/10.1016/j.
cell.2015.12.038 PMID: 26777405

Darling AL, Liu Y, Oldfield CJ, Uversky VN. Intrinsically disordered proteome of human membrane-
less organelles. Proteomics. 2018; 18(5-6):1700193. https://doi.org/10.1002/pmic.201700193 PMID:
29068531

LiQ, Peng X, LiY, Tang W, Zhu J, Huang J, et al. LLPSDB: a database of proteins undergoing liquid—
liquid phase separation in vitro. Nucleic Acids Res. 2019; 48:D320-D327. https://doi.org/10.1093/nar/
gkz778

Espinosa JR, Garaizar A, Vega C, Frenkel D, Collepardo-Guevara R. Breakdown of the law of
rectilinear diameter and related surprises in the liquid-vapor coexistence in systems of patchy
particles. J Chem Phys. 2019; 150(22):224510. https://doi.org/10.1063/1.5098551 PMID:
31202247

Quiroz FG, Chilkoti A. Sequence heuristics to encode phase behaviour in intrinsically disordered pro-
tein polymers. Nat Mater. 2015; 14(11):1164—1171. https://doi.org/10.1038/nmat4418 PMID:
26390327

Wang J, Choi JM, Holehouse AS, Lee HO, Zhang X, Jahnel M, et al. A molecular grammar governing
the driving forces for phase separation of prion-like RNA binding proteins. Cell. 2018; 174(3):688—-699.
e16. https://doi.org/10.1016/j.cell.2018.06.006 PMID: 29961577

Martin EW, Mittag T. Relationship of sequence and phase separation in protein low-complexity
regions. Biochemistry. 2018; 57(17):2478—2487. https://doi.org/10.1021/acs.biochem.8b00008
PMID: 29517898

Dignon GL, Zheng W, Kim YC, Best RB, Mittal J. Sequence determinants of protein phase behavior
from a coarse-grained model. PLoS Comput Biol. 2018; 14(1):1-23. https://doi.org/10.1371/journal.
pcbi. 1005941 PMID: 29364893

Choi JM, Dar F, Pappu RV. LASSI: A lattice model for simulating phase transitions of multivalent pro-
teins. PLoS Comput Biol. 2019; 15(10):e1007028. https://doi.org/10.1371/journal.pcbi. 1007028
PMID: 31634364

Ruff KM, Pappu RV, Holehouse AS. Conformational preferences and phase behavior of intrinsically
disordered low complexity sequences: insights from multiscale simulations. Curr Opin Struct Biol.
2019; 56:1-10. https://doi.org/10.1016/j.sbi.2018.10.003 PMID: 30439585

Dignon GL, Zheng W, Kim YC, Mittal J. Temperature-controlled liquid—liquid phase separation of disor-
dered proteins. ACS Cent Sci. 2019; 5(5):821-830. https://doi.org/10.1021/acscentsci.9b00102
PMID: 31139718

Schuster BS, Dignon GL, Tang WS, Kelley FM, Ranganath AK, Jahnke CN, et al. Identifying sequence
perturbations to an intrinsically disordered protein that determine its phase-separation behavior. Proc
Natl Acad Sci U S A. 2020;. https://doi.org/10.1073/pnas.2000223117

Heidenreich M, Georgeson JM, Locatelli E, Rovigatti L, Nandi SK, Steinberg A, et al. Designer protein
assemblies with tunable phase diagrams in living cells. Nat Chem Biol. 2020; 16(9):939-945. https://
doi.org/10.1038/s41589-020-0576-z PMID: 32661377

Uversky VN. Intrinsically disordered proteins in overcrowded milieu: Membrane-less organelles,
phase separation, and intrinsic disorder. Curr Opin Struct Biol. 2017; 44:18-30. https://doi.org/10.
1016/j.sbi.2016.10.015 PMID: 27838525

Aumiller WM, Keating CD. Experimental models for dynamic compartmentalization of biomolecules in
liquid organelles: Reversible formation and partitioning in aqueous biphasic systems. Adv Colloid Inter-
face Sci. 2017; 239:75-87. https://doi.org/10.1016/j.cis.2016.06.011 PMID: 27401136

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 24/28


https://doi.org/10.1016/j.cell.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27374333
https://doi.org/10.1016/j.jmb.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30099028
https://doi.org/10.1073/pnas.1917569117
https://doi.org/10.1073/pnas.1917569117
http://www.ncbi.nlm.nih.gov/pubmed/32482873
https://doi.org/10.1038/nature03207
http://www.ncbi.nlm.nih.gov/pubmed/15635413
https://doi.org/10.1016/j.cell.2015.12.038
https://doi.org/10.1016/j.cell.2015.12.038
http://www.ncbi.nlm.nih.gov/pubmed/26777405
https://doi.org/10.1002/pmic.201700193
http://www.ncbi.nlm.nih.gov/pubmed/29068531
https://doi.org/10.1093/nar/gkz778
https://doi.org/10.1093/nar/gkz778
https://doi.org/10.1063/1.5098551
http://www.ncbi.nlm.nih.gov/pubmed/31202247
https://doi.org/10.1038/nmat4418
http://www.ncbi.nlm.nih.gov/pubmed/26390327
https://doi.org/10.1016/j.cell.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29961577
https://doi.org/10.1021/acs.biochem.8b00008
http://www.ncbi.nlm.nih.gov/pubmed/29517898
https://doi.org/10.1371/journal.pcbi.1005941
https://doi.org/10.1371/journal.pcbi.1005941
http://www.ncbi.nlm.nih.gov/pubmed/29364893
https://doi.org/10.1371/journal.pcbi.1007028
http://www.ncbi.nlm.nih.gov/pubmed/31634364
https://doi.org/10.1016/j.sbi.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30439585
https://doi.org/10.1021/acscentsci.9b00102
http://www.ncbi.nlm.nih.gov/pubmed/31139718
https://doi.org/10.1073/pnas.2000223117
https://doi.org/10.1038/s41589-020-0576-z
https://doi.org/10.1038/s41589-020-0576-z
http://www.ncbi.nlm.nih.gov/pubmed/32661377
https://doi.org/10.1016/j.sbi.2016.10.015
https://doi.org/10.1016/j.sbi.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27838525
https://doi.org/10.1016/j.cis.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27401136
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Lin YH, Song J, Forman-Kay JD, Chan HS. Random-phase-approximation theory for sequence-
dependent, biologically functional liquid-liquid phase separation of intrinsically disordered proteins. J
Mol Liqg. 2017; 228:176—193. https://doi.org/10.1016/j.molliq.2016.09.090

Lin YH, Chan HS. Phase separation and single-chain compactness of charged disordered proteins
are strongly correlated. Biophys J. 2017; 112(10):2043—2046. https://doi.org/10.1016/j.bpj.2017.04.
021 PMID: 28483149

Das S, Amin AN, Lin YH, Chan HS. Coarse-grained residue-based models of disordered protein con-
densates: Utility and limitations of simple charge pattern parameters. Phys Chem Chem Phys. 2018;
20(45):28558-28574. https://doi.org/10.1039/C8CP05095C PMID: 30397688

Paloni M, Bailly R, Ciandrini L, Barducci A. Unraveling molecular interactions in liquid-liquid phase-
separation of disordered proteins by atomistic simulations. J Phys Chem B. 2020; 124(41):9009—
9016. https://doi.org/10.1021/acs.jpcb.0c06288 PMID: 32936641

Welsh TJ, Krainer G, Espinosa JR, Joseph JA, Sridhar A, Jahnel M, et al. Surface electrostatics gov-
ern the emulsion stability of biomolecular condensates. bioRxiv. 2020.

Zheng W, Dignon GL, Jovic N, Xu X, Regy RM, Fawzi NL, et al. Molecular details of protein conden-
sates probed by microsecond long atomistic simulations. J Phys Chem B. 2020; 124(51):11671—
11679. https://doi.org/10.1021/acs.jpcb.0c10489 PMID: 33302617

Vitalis A, Pappu RV. ABSINTH: A new continuum solvation model for simulations of polypeptides in
aqueous solutions. J Comput Chem. 2009; 30(5):673-699. https://doi.org/10.1002/jcc.21005 PMID:
18506808

Vitalis A, Pappu RV. Methods for Monte Carlo simulations of biomacromolecules. Annu Rep Comput
Chem. 2009; 5:49-76. https://doi.org/10.1016/S1574-1400(09)00503-9 PMID: 20428473

Zeng X, Holehouse AS, Chilkoti A, Mittag T, Pappu RV. Connecting coil-to-globule transitions to full
phase diagrams for intrinsically disordered proteins. Biophys J. 2020; 119(2):402—418. https://doi.org/
10.1016/j.bpj.2020.06.014 PMID: 32619404

Nguemaha V, Zhou HX. Liquid-liquid phase separation of patchy particles illuminates diverse effects
of regulatory components on protein droplet formation. Sci Rep. 2018; 8(1):6728. https://doi.org/10.
1038/s41598-018-25132-1 PMID: 29712961

Reinhardt A, Williamson AJ, Doye JPK, Carrete J, Varela LM, Louis AA. Re-entrant phase behavior for
systems with competition between phase separation and self-assembly. J Chem Phys. 2011;
134(10):104905. https://doi.org/10.1063/1.3557059 PMID: 21405191

Liu H, Kumar SK, Sciortino F. Vapor-liquid coexistence of patchy models: Relevance to protein phase
behavior. J Chem Phys. 2007; 127(8):084902. https://doi.org/10.1063/1.2768056 PMID: 17764289

Harmon TS, Holehouse AS, Rosen MK, Pappu RV. Intrinsically disordered linkers determine the inter-
play between phase separation and gelation in multivalent proteins. eLife. 2017; 6:e30294. https://doi.
org/10.7554/eLife.30294 PMID: 29091028

Harmon TS, Holehouse AS, Pappu RV. Differential solvation of intrinsically disordered linkers drives
the formation of spatially organized droplets in ternary systems of linear multivalent proteins. New J
Phys. 2018; 20(4):045002. https://doi.org/10.1088/1367-2630/aab8d9

Ruff KM, Harmon TS, Pappu RV. CAMELOT: A machine learning approach for coarse-grained simula-
tions of aggregation of block-copolymeric protein sequences. J Chem Phys. 2015; 143(24):243123.
https://doi.org/10.1063/1.4935066 PMID: 26723608

Das S, Lin YH, Vernon RM, Forman-Kay JD, Chan HS. Comparative roles of charge, 1, and hydropho-
bic interactions in sequence-dependent phase separation of intrinsically disordered proteins. Proc Natl
Acad Sci U S A. 2020; 117(46):28795-28805. https://doi.org/10.1073/pnas.2008122117 PMID:
33139563

Regy RM, Dignon GL, Zheng W, Kim YC, Mittal J. Sequence dependent phase separation of protein-
polynucleotide mixtures elucidated using molecular simulations. Nucleic Acids Res. 2020;
48(22):12593-12603. https://doi.org/10.1093/nar/gkaa1099 PMID: 33264400

Judson RS, Rabitz H. Teaching lasers to control molecules. Phys Rev Lett. 1992; 68:1500—-1503.
https://doi.org/10.1103/PhysRevLett.68.1500 PMID: 10045147

Assion A, Baumert T, Bergt M, Brixner T, Kiefer B, Seyfried V, et al. Control of chemical reactions by
feedback-optimized phase-shaped femtosecond laser pulses. Science. 1998; 282(5390):919-922.
https://doi.org/10.1126/science.282.5390.919 PMID: 9794756

Deaven DM, Ho KM. Molecular geometry optimization with a genetic algorithm. Phys Rev Lett. 1995;
75:288-291. https://doi.org/10.1103/PhysRevLett.75.288 PMID: 10059656

Woodley SM, Battle PD, Gale JD, Catlow CRA. The prediction of inorganic crystal structures using a
genetic algorithm and energy minimisation. Phys Chem Chem Phys. 1999; 1:2535-2542. https://doi.
org/10.1039/a901227¢c

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 25/28


https://doi.org/10.1016/j.molliq.2016.09.090
https://doi.org/10.1016/j.bpj.2017.04.021
https://doi.org/10.1016/j.bpj.2017.04.021
http://www.ncbi.nlm.nih.gov/pubmed/28483149
https://doi.org/10.1039/C8CP05095C
http://www.ncbi.nlm.nih.gov/pubmed/30397688
https://doi.org/10.1021/acs.jpcb.0c06288
http://www.ncbi.nlm.nih.gov/pubmed/32936641
https://doi.org/10.1021/acs.jpcb.0c10489
http://www.ncbi.nlm.nih.gov/pubmed/33302617
https://doi.org/10.1002/jcc.21005
http://www.ncbi.nlm.nih.gov/pubmed/18506808
https://doi.org/10.1016/S1574-1400(09)00503-9
http://www.ncbi.nlm.nih.gov/pubmed/20428473
https://doi.org/10.1016/j.bpj.2020.06.014
https://doi.org/10.1016/j.bpj.2020.06.014
http://www.ncbi.nlm.nih.gov/pubmed/32619404
https://doi.org/10.1038/s41598-018-25132-1
https://doi.org/10.1038/s41598-018-25132-1
http://www.ncbi.nlm.nih.gov/pubmed/29712961
https://doi.org/10.1063/1.3557059
http://www.ncbi.nlm.nih.gov/pubmed/21405191
https://doi.org/10.1063/1.2768056
http://www.ncbi.nlm.nih.gov/pubmed/17764289
https://doi.org/10.7554/eLife.30294
https://doi.org/10.7554/eLife.30294
http://www.ncbi.nlm.nih.gov/pubmed/29091028
https://doi.org/10.1088/1367-2630/aab8d9
https://doi.org/10.1063/1.4935066
http://www.ncbi.nlm.nih.gov/pubmed/26723608
https://doi.org/10.1073/pnas.2008122117
http://www.ncbi.nlm.nih.gov/pubmed/33139563
https://doi.org/10.1093/nar/gkaa1099
http://www.ncbi.nlm.nih.gov/pubmed/33264400
https://doi.org/10.1103/PhysRevLett.68.1500
http://www.ncbi.nlm.nih.gov/pubmed/10045147
https://doi.org/10.1126/science.282.5390.919
http://www.ncbi.nlm.nih.gov/pubmed/9794756
https://doi.org/10.1103/PhysRevLett.75.288
http://www.ncbi.nlm.nih.gov/pubmed/10059656
https://doi.org/10.1039/a901227c
https://doi.org/10.1039/a901227c
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Dandekar T, Argos P. Potential of genetic algorithms in protein folding and protein engineering simula-
tions. Protein Eng Des Sel. 1992; 5(7):637—645. https://doi.org/10.1093/protein/5.7.637 PMID:
1480618

Unger R, Moult J. Genetic algorithms for protein folding simulations. J Molec Biol. 1993; 231(1):75-81.
https://doi.org/10.1006/jmbi.1993.1258 PMID: 8496967

Stemmer WPC. Rapid evolution of a protein in vitro by DNA shuffling. Nature. 1994; 370(6488):389—
391. https://doi.org/10.1038/370389a0 PMID: 8047147

Spiegel JO, Durrant JD. AutoGrow4: an open-source genetic algorithm for de novo drug design and
lead optimization. J Cheminformatics. 2020; 12(1). https://doi.org/10.1186/s13321-020-00429-4

Pauschenwein GJ, Kahl G. Clusters, columns, and lamellae—minimum energy configurations in core
softened potentials. Soft Matter. 2008; 4:1396—1399. https://doi.org/10.1039/b806147e PMID:
32907103

Fornleitner J, Kahl G. Lane formation vs. cluster formation in two-dimensional square-shoulder sys-
tems—A genetic algorithm approach. EPL. 2008; 82(1):18001. https://doi.org/10.1209/0295-5075/82/
18001

Filion L, Dijkstra M. Prediction of binary hard-sphere crystal structures. Phys Rev E. 2009; 79:046714.
https://doi.org/10.1103/PhysRevE.79.046714 PMID: 19518387

Johnston IG, Ahnert SE, Doye JPK, Louis AA. Evolutionary dynamics in a simple model of self-assem-
bly. Phys Rev E. 2011; 83:066105. https://doi.org/10.1103/PhysRevE.83.066105

Miskin MZ, Jaeger HM. Adapting granular materials through artificial evolution. Nat Mater. 2013;
12(4):326-331. https://doi.org/10.1038/nmat3543 PMID: 23334001

Forster JC, Krausser J, Vuyyuru MR, Baum B, Sari¢ A. Exploring the design rules for efficient mem-
brane-reshaping nanostructures. Phys Rev Lett. 2020; 125:228101. https://doi.org/10.1103/
PhysRevLett.125.228101 PMID: 33315453

Zeng X, Liu C, Fossat MJ, Ren P, Chilkoti A, Pappu RV. Design of intrinsically disordered proteins that
undergo phase transitions with lower critical solution temperatures. APL Mater. 2021; 9:021119.
https://doi.org/10.1063/5.0037438

Vega C, Sanz E, Abascal JLF, Noya EG. Determination of phase diagrams via computer simulation:
methodology and applications to water, electrolytes and proteins. J Phys: Condens Matter. 2008;
20(15):153101.

Lin'Y, Protter DSW, Rosen MK, Parker R. Formation and maturation of phase-separated liquid drop-
lets by RNA-binding proteins. Mol Cell. 2015; 60(2):208-219. https://doi.org/10.1016/j.molcel.2015.
08.018 PMID: 26412307

Kang J, Lim L, Lu Y, Song J. A unified mechanism for LLPS of ALS/FTLD-causing FUS as well as its
modulation by ATP and oligonucleic acids. PLOS Biology. 2019; 17(6):1-33. https://doi.org/10.1371/
journal.pbio.3000327

Kapcha LH, Rossky PJ. A simple atomic-level hydrophobicity scale reveals protein interfacial struc-
ture. J Molec Biol. 2014; 426(2):484—498. https://doi.org/10.1016/j.jmb.2013.09.039 PMID: 24120937

Lin Y, Currie SL, Rosen MK. Intrinsically disordered sequences enable modulation of protein phase
separation through distributed tyrosine motifs. J Biol Chem. 2017; 292(46):19110-19120. https://doi.
org/10.1074/jbc.M117.800466 PMID: 28924037

Dasmeh P, Wagner A. Natural selection on the phase-separation properties of FUS during 160 million
years of mammalian evolution. Mol Biol Evol. 2021; 38(3):msaa258. https://doi.org/10.1093/molbev/
msaa258

Kato M, Han TW, Xie S, Shi K, Du X, Wu LC, et al. Cell-free formation of RNA branules: Low complex-
ity sequence domains form dynamic fibers within hydrogels. Cell. 2012; 149(4):753-767. https://doi.
org/10.1016/j.cell.2012.04.017 PMID: 22579281

Monahan Z, Ryan VH, Janke AM, Burke KA, Rhoads SN, Zerze GH, et al. Phosphorylation of the FUS
low-complexity domain disrupts phase separation, aggregation, and toxicity. EMBO J. 2017; 36
(20):2951-2967. hitps://doi.org/10.15252/embj.201696394 PMID: 28790177

Morrison KL, Weiss GA. Combinatorial alanine-scanning. Curr Op Chem Biol. 2001; 5(3):302—-307.
https://doi.org/10.1016/S1367-5931(00)00206-4 PMID: 11479122

Cunningham B, Wells J. High-resolution epitope mapping of hGH-receptor interactions by alanine-
scanning mutagenesis. Science. 1989; 244(4908):1081-1085. https://doi.org/10.1126/science.
2471267 PMID: 2471267

Kortemme T, Kim DE, Baker D. Computational alanine scanning of protein-protein interfaces. Sci Sig-
naling. 2004; 2004(219):pl2. https://doi.org/10.1126/stke.2192004pl2 PMID: 14872095

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 26/28


https://doi.org/10.1093/protein/5.7.637
http://www.ncbi.nlm.nih.gov/pubmed/1480618
https://doi.org/10.1006/jmbi.1993.1258
http://www.ncbi.nlm.nih.gov/pubmed/8496967
https://doi.org/10.1038/370389a0
http://www.ncbi.nlm.nih.gov/pubmed/8047147
https://doi.org/10.1186/s13321-020-00429-4
https://doi.org/10.1039/b806147e
http://www.ncbi.nlm.nih.gov/pubmed/32907103
https://doi.org/10.1209/0295-5075/82/18001
https://doi.org/10.1209/0295-5075/82/18001
https://doi.org/10.1103/PhysRevE.79.046714
http://www.ncbi.nlm.nih.gov/pubmed/19518387
https://doi.org/10.1103/PhysRevE.83.066105
https://doi.org/10.1038/nmat3543
http://www.ncbi.nlm.nih.gov/pubmed/23334001
https://doi.org/10.1103/PhysRevLett.125.228101
https://doi.org/10.1103/PhysRevLett.125.228101
http://www.ncbi.nlm.nih.gov/pubmed/33315453
https://doi.org/10.1063/5.0037438
https://doi.org/10.1016/j.molcel.2015.08.018
https://doi.org/10.1016/j.molcel.2015.08.018
http://www.ncbi.nlm.nih.gov/pubmed/26412307
https://doi.org/10.1371/journal.pbio.3000327
https://doi.org/10.1371/journal.pbio.3000327
https://doi.org/10.1016/j.jmb.2013.09.039
http://www.ncbi.nlm.nih.gov/pubmed/24120937
https://doi.org/10.1074/jbc.M117.800466
https://doi.org/10.1074/jbc.M117.800466
http://www.ncbi.nlm.nih.gov/pubmed/28924037
https://doi.org/10.1093/molbev/msaa258
https://doi.org/10.1093/molbev/msaa258
https://doi.org/10.1016/j.cell.2012.04.017
https://doi.org/10.1016/j.cell.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22579281
https://doi.org/10.15252/embj.201696394
http://www.ncbi.nlm.nih.gov/pubmed/28790177
https://doi.org/10.1016/S1367-5931(00)00206-4
http://www.ncbi.nlm.nih.gov/pubmed/11479122
https://doi.org/10.1126/science.2471267
https://doi.org/10.1126/science.2471267
http://www.ncbi.nlm.nih.gov/pubmed/2471267
https://doi.org/10.1126/stke.2192004pl2
http://www.ncbi.nlm.nih.gov/pubmed/14872095
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Scott KA, Alonso DOV, Sato S, Fersht AR, Daggett V. Conformational entropy of alanine versus gly-
cine in protein denatured states. Proc Natl Acad Sci U S A. 2007; 104(8):2661-2666. https://doi.org/
10.1073/pnas.0611182104 PMID: 17307875

Sawle L, Ghosh K. A theoretical method to compute sequence dependent configurational properties in
charged polymers and proteins. J Chem Phys. 2015; 143(8):085101. https://doi.org/10.1063/1.
4929391 PMID: 26328871

Pak CW, Kosno M, Holehouse AS, Padrick SB, Mittal A, Ali R, et al. Sequence determinants of intra-
cellular phase separation by complex coacervation of a disordered protein. Mol Cell. 2016; 63(1):72—
85. https://doi.org/10.1016/j.molcel.2016.05.042 PMID: 27392146

Nott TJ, Petsalaki E, Farber P, Jervis D, Fussner E, Plochowietz A, et al. Phase transition of a disor-
dered nuage protein generates environmentally responsive membraneless organelles. Mol Cell. 2015;
57(5):936-947. https://doi.org/10.1016/j.molcel.2015.01.013 PMID: 25747659

Lin YH, Brady JP, Forman-Kay JD, Chan HS. Charge pattern matching as a ‘fuzzy’ mode of molecular
recognition for the functional phase separations of intrinsically disordered proteins. New J Phys. 2017;
19(11):1150083. https://doi.org/10.1088/1367-2630/aa9369

McCarty J, Delaney KT, Danielsen SPO, Fredrickson GH, Shea JE. Complete phase diagram for lig-
uid-liquid phase separation of intrinsically disordered proteins. J Phys Chem Lett. 2019; 10(8):1644—
1652. https://doi.org/10.1021/acs.jpclett.9b00099 PMID: 30873835

Elbaum-Garfinkle S, Kim Y, Szczepaniak K, Chen CCH, Eckmann CR, Myong S, et al. The disordered
P granule protein LAF-1 drives phase separation into droplets with tunable viscosity and dynamics.
Proc Natl Acad Sci U S A. 2015; 112(23):7189-7194. https://doi.org/10.1073/pnas. 1504822112
PMID: 26015579

Joseph JA, Espinosa JR, Sanchez-Burgos |, Garaizar A, Frenkel D, Collepardo-Guevara R. Thermo-
dynamics and kinetics of phase separation of protein-RNA mixtures by a minimal model. Biophys J.
2021; 120(7):1219-1230. https://doi.org/10.1016/j.bpj.2021.01.031 PMID: 33571491

Sanchez-Burgos |, Espinosa JR, Joseph JA, Collepardo-Guevara R. Valency and binding affinity vari-
ations can regulate the multilayered organization of protein condensates with many components. Bio-
molecules. 2021; 11(2):278. https://doi.org/10.3390/biom11020278 PMID: 33672806

Sanchez-Burgos |, Joseph JA, Collepardo-Guevara R, Espinosa JR. Size conservation emerges
spontaneously in biomolecular condensates formed by scaffolds and surfactant clients. Sci Rep.
2021; 11(1). https://doi.org/10.1038/s41598-021-94309-y PMID: 34315935

ZhangH, Li C, Yang F, Su J, Tan J, Zhang X, et al. Cation-pi interactions at non-redundant protein-
RNA interfaces. Biochemistry (Moscow). 2014; 79(7):643-652. https://doi.org/10.1134/
S0006297914070062 PMID: 25108327

Banerjee PR, Milin AN, Moosa MM, Onuchic PL, Deniz AA. Reentrant phase transition drives dynamic
substructure formation in ribonucleoprotein droplets. Angew Chem, Int Ed. 2017; 56(38):11354—
11359. https://doi.org/10.1002/anie.201703191 PMID: 28556382

Alshareedah I, Kaur T, Ngo J, Seppala H, Kounatse LAD, Wang W, et al. Interplay between short-
range attraction and long-range repulsion controls reentrant liquid condensation of ribonucleoprotein—
RNA complexes. J Am Chem Soc. 2019; 141(37):14593—-14602. https://doi.org/10.1021/jacs.9b03689
PMID: 31437398

Raos G, Allegra G. Chain collapse and phase separation in poor-solvent polymer solutions: A unified
molecular description. J Chem Phys. 1996; 104(4):1626—1645. https://doi.org/10.1063/1.470750

Mao AH, Crick SL, Vitalis A, Chicoine CL, Pappu RV. Net charge per residue modulates conforma-
tional ensembles of intrinsically disordered proteins. Proc Natl Acad Sci U S A. 2010; 107(18):8183—
8188. https://doi.org/10.1073/pnas.0911107107 PMID: 20404210

Das RK, Huang Y, Phillips AH, Kriwacki RW, Pappu RV. Cryptic sequence features within the disor-
dered protein p27Kip1 regulate cell cycle signaling. Proc Natl Acad Sci U S A. 2016; 113(20):5616—
5621. https://doi.org/10.1073/pnas.1516277113 PMID: 27140628

Martin EW, Holehouse AS, Grace CR, Hughes A, Pappu RV, Mittag T. Sequence determinants of the
conformational properties of an intrinsically disordered protein prior to and upon multisite phosphoryla-
tion. J Am Chem Soc. 2016; 138(47):15323-15335. https://doi.org/10.1021/jacs.6b10272 PMID:
27807972

Sherry KP, Das RK, Pappu RV, Barrick D. Control of transcriptional activity by design of charge pat-
terning in the intrinsically disordered RAM region of the Notch receptor. Proc Natl Acad Sci U S A.
2017; 114(44):E9243-E9252. https://doi.org/10.1073/pnas. 1706083114 PMID: 29078291

Conicella AE, Dignon GL, Zerze GH, Schmidt HB, D’Ordine AM, Kim YC, et al. TDP-43 a-helical struc-
ture tunes liquid-liquid phase separation and function. Proc Natl Acad Sci U S A. 2020; 117(11):5883—
5894. https://doi.org/10.1073/pnas.1912055117 PMID: 32132204

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 27/28


https://doi.org/10.1073/pnas.0611182104
https://doi.org/10.1073/pnas.0611182104
http://www.ncbi.nlm.nih.gov/pubmed/17307875
https://doi.org/10.1063/1.4929391
https://doi.org/10.1063/1.4929391
http://www.ncbi.nlm.nih.gov/pubmed/26328871
https://doi.org/10.1016/j.molcel.2016.05.042
http://www.ncbi.nlm.nih.gov/pubmed/27392146
https://doi.org/10.1016/j.molcel.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25747659
https://doi.org/10.1088/1367-2630/aa9369
https://doi.org/10.1021/acs.jpclett.9b00099
http://www.ncbi.nlm.nih.gov/pubmed/30873835
https://doi.org/10.1073/pnas.1504822112
http://www.ncbi.nlm.nih.gov/pubmed/26015579
https://doi.org/10.1016/j.bpj.2021.01.031
http://www.ncbi.nlm.nih.gov/pubmed/33571491
https://doi.org/10.3390/biom11020278
http://www.ncbi.nlm.nih.gov/pubmed/33672806
https://doi.org/10.1038/s41598-021-94309-y
http://www.ncbi.nlm.nih.gov/pubmed/34315935
https://doi.org/10.1134/S0006297914070062
https://doi.org/10.1134/S0006297914070062
http://www.ncbi.nlm.nih.gov/pubmed/25108327
https://doi.org/10.1002/anie.201703191
http://www.ncbi.nlm.nih.gov/pubmed/28556382
https://doi.org/10.1021/jacs.9b03689
http://www.ncbi.nlm.nih.gov/pubmed/31437398
https://doi.org/10.1063/1.470750
https://doi.org/10.1073/pnas.0911107107
http://www.ncbi.nlm.nih.gov/pubmed/20404210
https://doi.org/10.1073/pnas.1516277113
http://www.ncbi.nlm.nih.gov/pubmed/27140628
https://doi.org/10.1021/jacs.6b10272
http://www.ncbi.nlm.nih.gov/pubmed/27807972
https://doi.org/10.1073/pnas.1706083114
http://www.ncbi.nlm.nih.gov/pubmed/29078291
https://doi.org/10.1073/pnas.1912055117
http://www.ncbi.nlm.nih.gov/pubmed/32132204
https://doi.org/10.1371/journal.pcbi.1009328

PLOS COMPUTATIONAL BIOLOGY

Targeted modulation of protein LLPS by evolution of amino-acid sequence

105.

106.

107.

108.

109.
110.

111.

112,

Perdikari TM, Jovic N, Dignon GL, Kim YC, Fawzi NL, Mittal J. A predictive coarse-grained model for
position-specific effects of post-translational modifications. Biophys J. 2021; 120(7):1187-1197.
https://doi.org/10.1016/j.bpj.2021.01.034 PMID: 33582133

You K, Huang Q, Yu C, Shen B, Sevilla C, Shi M, et al. PhaSepDB: a database of liquid—-liquid phase
separation related proteins. Nucleic Acids Res. 2020; 48(D1):D354—D359. https://doi.org/10.1093/
nar/gkz847 PMID: 31584089

Mészaros B, Erdés G, Szab6 B, Schad E, Tantos A, Abukhairan R, et al. PhaSePro: the database of
proteins driving liquid—liquid phase separation. Nucleic Acids Res. 2020; 48(D1):D360-D367. https://
doi.org/10.1093/nar/gkz848 PMID: 31612960

Piovesan D, Necci M, Escobedo N, Monzon AM, Hatos A, Miceti¢ |, et al. MobiDB: intrinsically disor-
dered proteins in 2021. Nucleic Acids Res. 2021; 49(D1):D361-D367. https://doi.org/10.1093/nar/
gkaa1058 PMID: 33237329

Chambers L. Practical handbook of genetic algorithms: applications. vol. 1. CRC Press Inc.; 1995.

Srinivas M, Patnaik LM. Genetic algorithms: a survey. Computer. 1994; 27(6):17-26. https://doi.org/
10.1109/2.294849

Miller BL, Goldberg DE. Genetic Algorithms, Tournament Selection, and the Effects of Noise. Complex
Systems. 1995; 9(9):193-212.

Cantu-Paz E. Efficient and Accurate Parallel Genetic Algorithms. Springer; 2000.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009328  August 24, 2021 28/28


https://doi.org/10.1016/j.bpj.2021.01.034
http://www.ncbi.nlm.nih.gov/pubmed/33582133
https://doi.org/10.1093/nar/gkz847
https://doi.org/10.1093/nar/gkz847
http://www.ncbi.nlm.nih.gov/pubmed/31584089
https://doi.org/10.1093/nar/gkz848
https://doi.org/10.1093/nar/gkz848
http://www.ncbi.nlm.nih.gov/pubmed/31612960
https://doi.org/10.1093/nar/gkaa1058
https://doi.org/10.1093/nar/gkaa1058
http://www.ncbi.nlm.nih.gov/pubmed/33237329
https://doi.org/10.1109/2.294849
https://doi.org/10.1109/2.294849
https://doi.org/10.1371/journal.pcbi.1009328

