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Abstract

Multivalent polymers are a key structural component of many biocondensates. When inter-
acting with their cognate binding proteins, multivalent polymers such as RNA and modular
proteins have been shown to influence the liquid-liquid phase separation (LLPS) boundary
to both control condensate formation and to influence condensate dynamics after phase
separation. Much is still unknown about the function and formation of these condensed
droplets, but changes in their dynamics or phase separation are associated with neurode-
generative diseases such as amyotrophic lateral sclerosis (ALS) and Alzheimer’s Disease.
Therefore, investigation into how the structure of multivalent polymers relates to changes in
biocondensate formation and maturation is essential to understanding and treating these
diseases. Here, we use a coarse-grain, Brownian Dynamics simulation with reactive binding
that mimics specific interactions in order to investigate the difference between non-specific
and specific multivalent binding polymers. We show that non-specific binding interactions
can lead to much larger changes in droplet formation at lower protein-polymer interaction
energies than their specific, valence-limited counterparts. We also demonstrate the effects
of solvent conditions and polymer length on phase separation, and we present how modulat-
ing binding energy to the polymer can change the organization of a droplet in a three compo-
nent system of polymer, binding protein, and solvent. Finally, we compare the effects of
surface tension and polymer binding on the condensed phase dynamics, and show that
both lower protein solubilities and higher attraction/affinity of the protein to the polymer result
in slower droplet dynamics. This research will help to better understand experimental sys-
tems and provides additional insight into how multivalent polymers can control LLPS.

Introduction

Multivalency is employed throughout biology for numerous reasons including building confor-
mal interfaces, increasing specificity of bonds using a limited number of ligand types, and creat-
ing much stronger bonds by using many low affinity bonds simultaneously [1]. Multivalent
binding is defined as when multiple binding sites on both interacting species bind
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simultaneously to create a much stronger bond than the sum of the constituent monovalent
binding affinities [1]. Multivalent species can come in many architectures, but here, we focus
on multivalent polymers and their role in biocondensates or membraneless organelles. Multiva-
lent proteins and nucleic acids have been found in many membraneless organelles, which are
membraneless, liquid-like droplets found inside cells which concentrate and organize specific
sets of molecules [2]. Although these biocondensates can have tens to hundreds of components,
studies have shown that multivalent polymers are key directors of the phase separation of con-
densates and multivalent polymers can undergo phase separation with just their target binding
species in vivo, in vitro, and in simulation [2-6]. Some multivalent proteins such as RNA-bind-
ing proteins can phase separate alone, while others co-condense with a second species of multi-
valent protein or multivalent nucleic acids such as RNA or DNA [7, 8]. Studies suggests that
controlling the features of multivalent polymers can modulate the formation of biocondensates
and the recruitment of other important components after the initial phase separation [6, 9-13].

Because aberrant phase separation of these biocondensates is associated with neurodegenera-
tive diseases such as amyotrophic lateral sclerosis (ALS), Parkinson’s, and Alzheimer’s disease,
understanding their formation is an important area of research [2, 4, 14-16]. Changes in dynam-
ics of globules and a liquid-to-solid transition in biocondensates has also been associated with dis-
ease [17]. Since multivalent polymers control these biocondensates, exploring how multivalent
polymer properties can change both the kinetics and thermodynamics of liquid-liquid phase
separation (LLPS) is essential. Theoretical and experimental studies of these systems have
shown that increasing valency and individual binding site affinities can lower the phase separa-
tion boundary to more dilute species concentrations [3, 5, 6, 9]. Another theoretical study
found that the solvation of polymeric linkers between binding sites controls whether polymers
form a cross-linked gel with or without phase separation [6]. In previous work, we showed that
polymer flexibility or persistence length can change the effective valency and consequently, the
phase boundary of multivalent polymers [18]. In this paper, we further build on the understand-
ing that multivalent polymer characteristics can control the thermodynamics of biocondensates
by exploring the effect of non-specific versus specific polymer binding interactions, condensed
phase nucleation in smaller systems, and the dynamics of the resulting condensed polymer
droplets.

Biocondensates often contain many components that can interact through both specific
and non-specific interactions [10]. Explorations of many-component (>4 components) mix-
tures exist, although research has primarily focused on colloids and does not explicitly con-
sider the influence of mismatched sizes or polymeric behavior [19-22]. There are also several
studies comparing the effects of specific and non-specific binding on phase separation, but
they concentrate on patchy particles or colloids and do not consider the effects of polymer
dynamics [23-25]. The majority of previous theoretical studies that explicitly consider multi-
valent polymers and phase separation have focused primarily on the phase separation of self-
interacting polymers, where polymers bind to themselves or to other chains of the same species
through sticky sites [26-30]. Systems that have included multiple types of polymeric compo-
nents did not explore the contributions of modulating non-specific and specific interactions
between the two species [6, 31, 32]. Similarly, our previous research studied how the binding
affinity changed between two species, a polymer and a colloid target, based on altering polymer
characteristics (length, binding site patterns, and chain stiffness), but our previous studies did
not explore the effects of combining specific and non-specific attraction to control the phase
separation of the system [18, 33, 34].

In this work, we consider mixtures of two components, a colloid representing a multivalent
protein or a nanoparticle, which we refer to as the “target,” and a longer, multivalent polymer
such as a nucleic acid. This system represents a polymer binding to a smaller, mismatched-
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valence target, such as RNA interacting with RNA-binding proteins in ribonucleicprotein
(RNP) granules [35, 36]. In contrast to previous studies, our research captures both the effects
of polymer dynamics and several types of binding interactions. Unlike earlier studies, our poly-
mers and colloids experience non-specific self-interactions, as well as non-specific and specific
binding between the two species. We use a coarse-grain Brownian Dynamics simulation to cap-
ture both the thermodynamics and dynamics of phase separated polymer-target systems, pro-
viding insight on how polymers can change both the initial formation and subsequent dynamic
properties of biocondensates. In this work, we show that nucleating a condensed phase using
non-specific interactions, such as hydrophobicity or charge, occurs at lower attraction energies
than using valence-limited lock-and-key type binding such as those between a ligand and a
folded protein pocket. Therefore, non-specific and specific interactions can be combined to
carefully adjust phase transition boundaries. Our results suggest that even small changes in
non-specific multivalent polymer-protein interactions can cause aberrant phase separation,
whereas the systems are more robust to mutations in specific binding sites or valency. Also, by
looking at the internal arrangement of the resulting condensates, we explain how changing
polymer interactions can control the spatial organization of the condensed phase. Finally, we
demonstrate how polymer properties can alter the dynamics inside condensed droplets.

Materials and methods

To study the condensed phase nucleation of multivalent polymers, we use coarse-grain Brown-
ian dynamics simulations with a bead-spring polymer and a spherical binding protein or
nanoparticle target represented as a single bead of the same size as the polymer beads as shown
in Fig 1 [33]. This scenario represents a general model of the protein-protein or nucleic acid-
protein binding found in the formation of membraneless organelles. It most closely resembles
a piece of RNA binding to an RNA binding protein such as hnRNPA1 found in stress granules,
and whose solidification of the condensed phase is associated with ALS and fronto-temporal
dementia [35-37]. We applied Brownian dynamics to each bead governed by the equation:

r(t + At) = r,(t) + (—?)At+R\/2DAt (1)

Where r; is the position of the bead at time ¢ in the direction i = x, y, or z, R is a random num-
ber drawn from a normal distribution with a mean of 0 and a standard deviation of 1, { is the
drag coefficient, and D = kgT/( is the diffusion coefficient. The forces each bead experiences
due to interactions with the surrounding polymer or target are captured in VU where U'is a
potential energy that combines contributions from connectivity, excluded volume, and bind-
ing. These are added together as U = Uy, + Uy + Uging.

Connectivity along the polymer chain is controlled by harmonic springs with the equation:

Np—1

K
U, = §kBTZ(rHL,. — 2a)* (2)
i=1

where r;; is the distance between polymer beads, Np is the degree of polymerization of the poly-
mer in beads, a is the radius of a simulation bead, and x was chosen to be %9, a value sufficiently
large enough to prevent the polymer from stretching apart under normal Brownian forces.
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Fig 1. Depiction of simulation scheme. Polymers are represented by spherical beads (light blue) connected by harmonic springs. These polymers could represent
either nucleic acids or long modular binding proteins found in biocondensates. Each polymer bead has a single binding ligand. Target binding proteins are represented
as spherical beads (red) and can have multiple binding sites (BS) depicted as green blocks. These protein beads also encompass an intrinsically disordered region (IDR)
that modulates their non-specific attraction to the polymer and between the proteins themselves. When the polymers and binding proteins are mixed together, they
can undergo a phase transition into a condensed droplet.

https://doi.org/10.1371/journal.pone.0245405.g001

A generic Lennard-Jones potential was applied to control excluded volume and implicit sol-
vation according to:

12 6
2a 2a
U, = ek, T — | —2(— 3
L B Z]: rij rij ( )
Where i and j represent two different bead indices and the value of € can be adjusted to control
the solvent quality and non-specific interactions between beads. We also use this Lennard-
Jones potential to create non-specific attraction between target binding proteins and polymer
beads as shown in Fig 2A. This generic potential could represent attraction due to hydropho-
bicity or Van der Waals. The range of the non-bonded potential has been shown to change the
liquid-solid phase boundary in colloidal systems, but the gas-liquid boundary was not qualita-
tively changed [38]. Therefore, because this work focuses on the gas-liquid boundary in rela-
tively dilute systems, we could add a screened electrostatic potential (a shorter range
interaction) but do not expect this to qualitatively change our results. Unless otherwise speci-
fied, we chose epp = 0.41 to mimic polymer configurations in a theta solvent [39] as shown in
Fig 3A. For protein targets binding with valence-limited lock and key bonds, we used polymer
target potential epr = 0.1 to mimic a good solvent and separate non-specific and specific bind-
ing interactions. Between the targets themselves, epr was varied from 0.5 to 3.0 to capture a
range of target protein solubilities. The specific values of et are specified in later requisite
sections.
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Fig 2. Two types types of protein-polymer interactions explored in this work. (A) Non-specific excluded volume interactions controlled by a Lennard-Jones
potential. These potentials are not valence limited and are felt by any target or polymer bead in accordance with their distance apart r. (B) Specific, valence-limited,
lock-and-key type binding. Polymer ligands and target protein binding sites interact when they are within a reaction radius that is dependent on the timestep. Within
this reaction radius, they have a probability of binding Py that depends on the depicted free-energy landscape. Once bound, the target and polymer bead are connected
by a harmonic spring, and with some probability, Pyp, can return to being unbound and interacting solely through a Lennard-Jones potential. This figure is adapted
from Zumbro et al. with permission from Elsevier [33].

https://doi.org/10.1371/journal.pone.0245405.9002

The last type of interaction included is a reactive lock and key bond shown in Fig 2B, which
represents our specific, valence-limited binding interaction between polymers and targets. To
simulate this reactive binding, harmonic springs were turned on and off between the polymer
beads and the targets to dynamically represent bonded and unbonded states. This was imple-
mented using the prefactor Q(3, j) multiplied by a harmonic potential as follows:

M an

Usina = ngTZZQ(iJ) (rij - 2“)2 (4)

i=1 j=1

Where M is the valency of the target protein, and 7 is the number of polymers in the simula-
tion. Q(i, j) = 1 when the ith binding site on the target is bound to the jth bead of the polymer,
and Q(4, j) = 0 when the target binding site or polymer bead is unbound. To control the proba-
bility of binding and unbinding, we use a piecewise function based on the energy barriers for
the binding reaction from Sing and Alexander-Katz [30].

1 < e

[1]

it Q,j,t—1)=0Nr,<r,
E > e

Q(i7j> t) = (5)
0 E < e s

)
1]

if Qij,t—1)=1

1 E>ehhs
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Fig 3. Properties of a single species alone, before mixing them together. (A) Average end-to-end distance of a 64mer polymer under various Lennard-Jones
attractions epp. The polymer behaves as it would in 6 conditions, as a perfect random walk, when epp = 0.41. epp = 0.71 is highlighted with an arrow to denote the
attraction at which four 16mer polymers aggregate into a single condensate. From this, we can see there is a region of poor solvent where polymers are collapsed
but still soluble. (B) Phase diagram showing solubilities of binding proteins alone. When targets form a condensed phase without polymer, it is denoted with a
purple “Y”, and when they do not form a condensed phase, it is denoted with a red “N”. From this chart, we see that all target concentrations tested are phase
separated when ery = 3.0, no target concentrations nucleate a condensed phase at e = 1.7, and only high target concentrations 96 and 128 targets phase separate at
err = 2.0. This phase diagram will serve as a control for the effects of mixing polymers and target proteins. This figure is adapted from Zumbro et al. with
permission from Elsevier [18].

https://doi.org/10.1371/journal.pone.0245405.9003

Here, 2 is a random number between 0 and 1, AEy is the energy barrier to bind normalized by
kpT, and AEy3 is the energy barrier to unbind normalized by kg T as depicted in Fig 2B [30].
Without loss of generality, these energies are considered to be always positive, and the kinetics
of binding are held constant by keeping AEp at 0.5kpT so that binding is an accessibly frequent
event. Increasing or decreasing the energy barrier AEg without changing AE, will respectively
slow or accelerate the kinetics of binding and unbinding equally as depicted in Fig 2B, but only
changing this barrier height will not change the system’s thermodynamics. The thermody-
namic drive of binding is controlled by varying AE, = AEg — AEyg. Binding becomes more
favorable as AE, is made more and more negative. This method is based directly on Sing et al.
as well as others [30, 40-42]. Binding reactions are evaluated every time interval 7, = 100A¢,
where At is the length of one timestep and ¢ is the current time. The reaction radius ,y, = 1.1
bead diameters (2a), which is the distance apart two beads would be if their surfaces were
touching plus 0.1. Choosing 0.1 < (6D7y)"'* allows time for a target that unbinds to diffuse out
of the polymer radius of influence in 7, and makes binding events independent [30]. We have
applied the constraint that at any time, a polymer bead can only bind to one target binding site
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Z; Q(i, j, t) < 1, and a target protein site can only be bound to one polymer bead ¥; Q(i, j, t) <
1. Competing reactions are sampled randomly. Note that we do not include the effect of forces
in the breaking of the bonds; this is due to the fact that for forces on the order of kyT/a, this
effect is negligible if the characteristic bond length is less than 1 nm. For reference, a discussion
of the subject is given by Sing and Alexander-Katz [43]. The binding sites are isotropic to
avoid unnecessary assumptions about binding site orientation and geometry in this coarse-
grain model and to make the model more generally applicable. This means that binding is
attempted and can be successful whenever the centers of an unoccupied polymer bead and
unoccupied target bead are within a distance of r,,,, = 1.1.

This reactive binding scheme is applied with a free energy of binding per site of AE, = -2,
—4, and —6kgT. Each polymer bead contained a single binding site, and each target bead was
given M = 1, 2, or 3 binding sites in order to capture the effects of changing binding valency.
The simulation box had periodic boundaries with side length /., = 41a. Because the box size is
dependent on the size of the bead, we can convert the target concentration from beads per
box to Molar by assuming a binding protein radius. Assuming the target bead radius to be
a = 2.5 nm results in a target concentration of approximately 1.6 uM per bead (e.g., 64 targets
per box is approximately 102 yM, 96 targets ~ 154 uM). These are similar concentrations as
seen for phase separation in experimental protein systems [35]. Similarly, by assuming the size
of a target bead radius to be approximately a = 2.5 nm, and using Langmuir adsorption theory,
we can convert this AEy = -2, —4, and —6kp T binding energy into a dissociation constant in
Molar, resulting in a monovalent binding affinity of approximately Kp = 0.8, 0.1, and 0.02
mM, respectively. Details of this conversion are shown in the S1 File. This monovalent binding
affinity is well within the weakly binding mM to yM affinity range of some monovalent pro-
tein-protein and RNA-protein binding found in biocondensates [5, 44, 45].

The potentials are applied over the timestep At = ()kL’;} At where % is the characteristic
B B
monomer diffusion time or the time that it takes a bead to diffuse its radius a and the dimen-

sionless timestep is Af = 10~*. These equations are all made dimensionless by scaling energies
by thermal energy kT, lengths by bead radius g, and times by the characteristic diffusion time

6m7a3
kgT *

different runs, with a typical system energy profile over time shown in S2 Fig in S1 File. Note
that simulations equilibrated well-within the first half of the simulation time, and results were
found to be qualitatively the same using sampling from the second half and last quarter of the
simulations.

Results are averaged over the last quarter of the total simulation time and over at least 10

The simulation code is available on github at: https://github.com/e-zumbro/
PLOS-ONE-Polymer-Phase-Separation.

Results and discussion

In biocondensates, components can often phase separate by themselves, but interactions with
another species can cause phase separation at different energies or concentrations [3, 16, 17,
46]. Previous research has also shown that altering stoichiometry and the mismatch in concen-
trations between receptors and ligands can lead to switchlike control of biocondensate forma-
tion [10]. Therefore, we wanted to explore the how the phase boundary of our system changes
with the ratio of polymer to target, and subsequently how this dependence is modulated by the
multivalent polymer properties. As a control, we first ran simulations of a single species, only
targets and only polymers, to understand their solubility before mixing at different inter-poly-
mer and inter-target attractions. Results for simulations with polymers only and targets only
are plotted in Fig 3A and 3B, respectively. Polymers with a degree of polymerization of 64
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beads, behaved as freely-jointed random walks, characteristic of 8 solvent conditions at epp =
0.41, and consistent with previous literature [39]. For shorter polymers, the free volume of the
chain ends represent a higher ratio of the volume of the polymer and can cause small devia-
tions from ideal behavior. 16mer polymers were shown in our previous research to also behave
within 10% of the characteristic size of a freely-jointed random walk at epp = 0.41 [18]. Four
16mer polymers were seen to condense into a single droplet at epp > 0.71. This means that, at
the polymer concentrations used throughout our simulations, there is a region of epp where
polymers can experience poor solvent quality but not phase separate on their own. Throughout
this work, we will consider polymers with epp < 0.58, meaning that in all results discussed
below, the polymers do not phase separate on their own.

We also consider the potentials necessary to phase separate the targets alone at our simula-
tion concentrations (32, 64, 96, and 128 targets). By themselves, target concentrations of 96
and 128 formed a condensed phase at epr = 2.0, all target concentrations nucleated a con-
densed droplet at e = 3.0, and no targets phase separated at ey = 1.7. These inter-target
energies bounded the parameter space for our simulations where polymers and target proteins
were mixed together. In later phase diagrams, energy and concentration regions where targets
can phase separate on their own are shaded with a purple background.

Valency and affinity of specific lock and key bonding

To validate and compare our system to previous computational and experimental studies, we
first investigated the effects of valency and binding site affinity on the LLPS of multivalent
polymers and targets with specific, valence limited binding interactions [3, 5, 6, 9, 33]. To do
so, we placed four polymers with a degree of polymerization Np = 16 beads in 0 solvent with
32, 64, 96, and 128 binding protein targets. Monovalent, divalent, and trivalent targets were
simulated with 3 different binding site affinities (AE, = —2, —4, and —6kgT), and the resulting
phase diagrams are shown in Fig 4. In order to determine if a system nucleated a stable con-
densed phase, we used a combination of visual inspection, the Binder cumulant, and a collapse
in the R as described in previous work [18]. We used visual inspection to look for the propor-
tion of 10 runs in which a condensed droplet of targets and polymers persisted for the last
quarter of the simulation time. Simulations in which a stable droplet formed more than 70% of
the time are marked with a green “Y”, systems that formed a droplet in 60% of runs are marked
with a yellow “Y”, and systems where less than 50% of runs formed a droplet are marked with
ared “N” for no phase separation. Visually inspecting our simulations for dense droplets is
very similar to the method used in Choi et al. where the authors determined phase separation
by looking for the onset of density inhomogeneity [32]. We quantitatively confirmed phase
separation by calculating the average energy of the last quarter of run time and using it to com-
pute the Binder cumulant ;ﬁ—:; This quantity compares the ratio of the energy variance,
which is equivalent to the specific heat of the system, to the average energy, and reaches a max-
imum at the phase transition [47]. Fig 5 shows an example of average energy and cumulant
plots for a divalent protein at various concentrations with lock and key binding affinity of AE,
= —6kpT. By comparing the Binder cumulant along lines of constant target concentration, we
confirmed the majority of our initial phase diagrams created through visual inspection for
density inhomogeneity. Areas where the cumulant predicts phase separation are shaded with a
blue background in Fig 4 and later phase diagrams.

We found that the Binder cumulant did not fully predict conditions in which we saw con-
densed droplets during visual inspection, so we also calculated the radius of gyration Ry of the
polymers individually and all together to capture when the polymers themselves showed aggre-
gation and collapse. For the average R, of individual polymers, we calculated the R of each
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Fig 4. Phase diagram resulting from specific lock-and-key binding to four 16mer polymers. Results are shown for mono, di, and trivalent binding proteins with
AE, = -2, -4, and -6kgT. Letters and letter coloring were determined by visual inspection, with example renderings shown on the left for “Mixed” states (top
rendering) labeled as a red “N” for no phase separation, fully phase separated systems with both polymers and proteins found in the condensed phase are labeled with a
green “Y” for yes phase separated (middle rendering), and purple “Y”s denote systems in which a single species phase separated without the other such as the proteins
condensing on their own (bottom rendering). Yellow “Y”s denote systems in a the crossover region between the phase separated and mixed states where 60% of
simulations showed a stable condensed droplet. The “crossover region” can be thought of as very close to the phase boundary where the system is crossing over from
the mixed to phase separated state and fluctuations are the highest. Purple background shading denotes regions where pure protein simulations phase separated on
their own without the help of the polymer. Blue background shading denotes the regions where phase separation was also indicated by Binder cumulant of the system
energy. Yellow background shading denotes that aggregation of polymers into a droplet was indicated by a significant drop in the total R, of the polymer system
accompanied by a reduction in the R of individual polymers. In the renderings, polymer beads are shown in blue, bound protein beads are shown in orange, and
unbound protein beads are shown in yellow. Phase separation occurs at lower protein target concentrations and lower ery as valency and binding affinity are
increased.

https://doi.org/10.1371/journal.pone.0245405.9004

polymer individually and averaged across all polymer chains in the simulation. To calculate
the “total polymer R;” or the R, of all the polymer beads in the simulation, we treated all of the
polymer beads as if they were on a single long polymer chain and found the average distance
of all polymer beads from their collective center of mass. Methods of measuring aggregation
through R, and density inhomogeneity have been used in previous computational work on
phase separation of biocondensates [6, 27, 32]. When four 16mer (N, = 16) polymers come
together in 0 conditions to form a liquid droplet, without considering any swelling from bind-
ing proteins, they should have a similar Ry to a polymer with N, = 64. In the ideal case, the size

of a random coil polymer with N, = 64 is N%Z = 3.27 where [ is the diameter of a bead 2a

[48, 49]. In the example shown in Fig 5C, all target concentrations show clear polymer aggre-
gation with Ry < 3.27 at epr = 1.5 and show a reduction in the individual polymer sizes around
err = 1.25 in Fig 5D. This aligned well with our observation of condensed droplets at energies
slightly lower than shown by the Binder cumulant. Values that showed system-wide polymer
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Fig 5. Example simulation properties. Examples of simulation properties for divalent protein targets with four 16mer polymers in theta solvent and AE, = —6kgT,
shown with lines of constant protein concentration. (A) Total average energy of simulation. (B) Binder cumulant comparing average energy fluctuations to average
system energy. A maximum in the Binder cumulant corresponds to a phase boundary. (C) R, of all polymers in the system. A large reduction in system Ry signifies that
all four polymers aggregated into a single body. (D) Average Ry of individual polymers across the simulation time. A reduction in individual polymer R, signifies a
change in effective solvent conditions for the polymer as a result of complexation with binding proteins. After a critical concentration of protein binding is achieved,
the polymers swell if the simulation isn’t protein concentration-limited. (E) Number of polymer sites bound with a maximum of 64. A plateau in sites bound occurs
when a protein-polymer droplet is formed because the local concentration of protein targets reaches a maximum. (F) Variance in polymer binding sites occupied
normalized by the average number of sites bound. The variance also plateaus when a condensed droplet is formed due to the smaller fluctuations in local concentration
of proteins near the polymer in a liquid droplet.

https://doi.org/10.1371/journal.pone.0245405.9005

aggregation and individual polymer R, reduction but not a phase transition using the variance
in system energy are shaded with yellow in Fig 4 and subsequent phase diagrams. For addi-
tional insight, we have also included plots of the average and variance in the number of poly-
mer sites occupied by binding proteins in Fig 5E and 5F, respectively. There is an increase in
average sites bound and a decrease in the variance of polymer sites occupied with increasing
err. The number of sites bound and the variance start to plateau upon polymer/target conden-
sation because the local concentration of proteins within reach of the polymer reaches a maxi-
mum in a the condensed phase. Note that even for the highest target concentration, the
polymer sites are, on average, slightly less than fully occupied. We expect this is because the
binding energies are relatively weak and so bonds are breaking and forming quickly, making it
unlikely that every single polymer site would be occupied simultaneously for long periods of
time.

We expect that the discrepancy of the polymer-target binding system showing aggregation
and individual polymer R, reduction at lower energies than the Binder cumulant predicts a
phase transition is the manifestation of two different transitions. As we increase the target-tar-
get attraction, bound targets create an effective interaction between polymers so that the poly-
mers behave as if they are in poor solvent. This leads to a first transition where the polymers
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aggregate and a condensed polymer droplet or small polymer gel forms. This is similar to
results reported by Harmon et al. where a wider set of species concentrations resulted in gels
than phase separated condensates [6]. This polymer aggregation does not manifest in the
Binder cumulant because intra-target interactions are stronger than intra-polymer interactions
and dominate the mean energy and specific heat of the system. Although the polymers have
aggregated during the first transition, the targets are still relatively disperse, overwhelming the
energy variance and the Binder cumulant arising from polymer aggregation. As the intra-tar-
get attraction ey is further increased, we see a second transition captured in the energy and
cumulant because the polymer clusters nucleate a condensed target phase. If we imagine the
polymer as RNA, this result is consistent with the idea presented by Maharana et al. that con-
densed RNA can act as scaffolds for nucleating condensates [17].

By returning to explore our phase diagram in Fig 4, we now see that the addition of the
binding polymer leads to lower target solubilities for all target valencies studied for both AE, =
—4kpT and —6kgT. The targets phase separate more easily when binding to a multivalent poly-
mer. The boundary for target phase separation in the absence of polymer is highlighted with a
purple background. As the affinity of the specific binding sites increase, the phase boundary
shifts down to weaker epr and lower target concentration. Although less dramatic, a similar
shift is seen with target valency. As target valency increases, phase separation occurs at lower
target attraction err and target concentration. This result matches well with previous simula-
tions and experiments [5, 6, 50, 51] and our results demonstrate that condensed droplets and
similar behavior can be seen in much smaller systems than previously reported. This suggests
that condensates can from droplets much smaller than can be seen through a microscope, and
large condensates might grow through coalescence of these smaller droplets.

We also explored phase diagrams through the lens of polymer valency or length. Fig 6
shows phase diagrams for divalent targets binding through reactive specific binding with mul-
tivalent polymers. In these simulations, the number of polymer beads was kept at a constant
concentration, but the connectivity of the polymers was changed to measure the affect of poly-
mer valency and degree of polymerization. Simulations contained sixteen 4mer polymers, four
16mer polymers, or one 64mer polymer. Consistent with previous results on increasing
valency leading to droplet formation at lower concentrations and binding affinities, we also
saw phase separation at lower energies for polymers with higher degrees of polymerization [5,
6, 50, 51]. The lowering of the phase separation boundary is more drastic for AEy = —6kpT
when the polymer length is increased from N, = 4 to N, = 16 than when the polymer length is
increased from N, = 16 to N}, = 64, even though both scenarios reflect a 4X increase in length.
As explored in our previous work, binding affinity of a linear multivalent polymer to a smaller
protein target is significantly affected by the entropic cost of forming polymer loops when
binding to the target divalently [33]. As degree of polymerization increases, longer loops are
able to form, adding combinatorial entropy and increasing binding affinity. However, at some
critical loop size, the maximum possible loop length is limited by the configurational entropy
loss of forming the loop and not limited by the polymer length. Polymers longer than the criti-
cal loop length see limited increases in avidity with longer degrees of polymerization. In these
phase separation simulations, this results in a relatively small increase in binding avidity when
Np is increased from 16 to 64 (and a correspondingly smaller change in the phase boundary)
than when Np is increased from 4 to 16.

These results are in contrast with Semenov and Rubinstein’s work on self-associating poly-
mers, where polymers bind to themselves through specific binding beads connected by “link-
ers” [29]. That work was extensively explored using our same simulation methods in Sing et al.
[29, 30]. Here, our polymers do not directly bind each other or themselves, and instead, the
polymers interact through a second species, the target proteins. Semenov et al. finds that
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stickers bind within chains, forming loops out of the linkers within the polymer. This produces
a flower-like, phase separated formation with the linkers forming outer petals and the stickers
forming a center globule. Semenov et al. found that phase separation and association of these
self-interacting polymers is driven by the association of stickers as opposed to the solvent qual-
ity. In this work, we show that for our system, the proteins binding to the polymer is not
enough to cause a phase transition or this floral configuration described by Semenov. When
the proteins are not attracted to themselves, the polymers do not phase separate through the
protein-polymer binding alone. There must be protein-protein attraction to nucleate phase
separated droplets.

One could imagine that protein-protein attraction is not necessary for phase separation if
the proteins are multivalent and bind across two polymers simultaneously. Previous results on
wormlike chains indicate that rigid polymers encourage a higher percentage of cross-polymer
bonds because the bending penalty prevents multiple simultaneous bonds within a single poly-
mer [18, 52]. With our flexible polymers, cross-polymer binding is not encouraged because the
cost of bringing two polymers together is much higher than the entropic cost of constraining a
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single polymer’s configuration. In the case of flexible polymers, we see that phase separation is
now dependent on protein-protein self-interactions.

Our model can also be compared to Semenov et al. by thinking of the polymers as purely
“linkers” until a target protein binds [29]. A bound protein creates a non-specific “sticker” to
any other protein. This system behaves differently from the self-interacting polymer because,
instead of statically positioned stickers along the polymer chain, the bound proteins create
effectively translatable or dynamic stickers. Proteins can adjust themselves along the chain by
binding and rebinding to cluster “sticker” sites close together and minimize polymer/linker
loops. The system attempts to minimize linker loops because they cost configurational entropy
or bending enthalpy, as described in earlier work by Zumbro et al. for highly flexible and
wormlike polymers, respectively [18, 33]. Therefore, it is not enough for the polymers to bind
to the proteins, the proteins must be attracted to themselves (such as via poor solvent quality)
in order to trigger phase separation.

In summary, we showed in this section that our results match previous studies showing that
increased valency of binding species and increased binding site affinity results in phase separa-
tion at lower protein concentrations and protein solubilities. Because our system is relatively
small, this suggests that previous results can be captured in very minimal systems, and that
protein-rich droplets may be nucleated at smaller scales than previously examined before coa-
lescing into larger droplets. We also show that in contrast to previous theoretical studies on
self-associating polymers, binding alone is not sufficient for phase separation in our system of
two species. Instead, the proteins must have some moderate attraction to themselves (err) in
order to create cross-polymer interactions and result in phase separation. Our simulation
results align well with previous experimental research showing that phase separation occurs
when proteins are attracted to themselves, but this phase separation boundary is modulated by
additional multivalent polymers such as nucleic acids [22].

Solvent quality

Previous research showed that native intrinsically disordered protein (IDP) linkers on multiva-
lent polymers can be swollen, theta condition freely random walk, or collapsed chains [6]. This
same study showed that highly solvated or swollen polymers initiated gelation without phase
separation and theta polymers led to phase separation with gelation [6]. Although not explored
in prevously, LLPS in poor solvent quality is interesting because 30% of IDPs in the aforemen-
tioned study were found to have negative solvation volume. The effects of multivalent poly-
mers in poor solvent are not immediately obvious because a condensed polymer’s binding
sites may be less available for target binding, or the polymer could phase separate on its own
without the targets. Also, unlike good and theta solvent, polymers in poor solvent effectively
have multivalent binding interactions with both themselves and their binding protein targets.
Using a Lennard-Jones potential and Brownian Dynamics, we show that there is a window of
poor solvent conditions where polymers are soluble on their own, but can nucleate condensed
droplets in the presence of binding targets.

Here, we again placed four 16mer polymers in a box with divalent targets with increasing
target concentration and epr. If four 16mer polymers are simulated in a box by themselves,
they precipitate out of solution at approximately epp = 0.75, so we tested energies between epp
=0.41 and 0.67 where the 16mer polymers were collapsed but still soluble. Resultant phase dia-
grams for theta and poor solvents with epp = 0.50 and 0.58 are shown in Fig 7.

In the case of poor solvent, even though collapsed polymers have less available volume for
targets to bind in, polymers phase separate at lower target-target attraction and target concen-
trations than polymers in theta solvent. Results from our general collapsed polymer model
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Fig 7. Phase diagrams comparing theta and poor solvent. Phase diagram of simulations comparing the behavior of four 16mer polymers with lock and key binding
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https://doi.org/10.1371/journal.pone.0245405.9007

demonstrate that a slight decrease in solvation of the polymer may trigger phase separation
when the polymer is mixed with a corresponding binding target. This phenomenon can still
happen when the decrease in solvent quality is not enough for the polymer to precipitate on its
own. For example, changes in polymer sequence, post-translational modifications, or binding
to a protein or small molecule that lowers the effective solvent quality for a multivalent poly-
mer could all cause phase separation at lower binding energies, concentrations, and target-tar-
get attractions. Our results demonstrate how decreasing solvent quality lowers the phase
boundary for systems with multiple components, building on recent work from Martin et al.
that showed pure multivalent polymers phase separate at higher temperatures when they have
more attractive self-interactions [53].

Non-specific binding interactions

In addition to multivalency through valence-limited specific binding sites, we wanted to con-
sider any differences in phase separation behavior associated with non-specific interactions
such as charge or hydrophobicity. Non-specific interactions are commonly believed to add
additional valency to lock-and-key binding through the promiscuous interactions of IDRs on
binding proteins such as FUS, TDP43, and hnRNPAL1 [15, 54]. To isolate the effects of non-
specific interactions on nucleating a condensed phase, we turned off our reactive binding
scheme and exclusively applied a more attractive Lennard-Jones attraction between the
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polymer (Bottom).

https://doi.org/10.1371/journal.pone.0245405.9008

polymers and the targets erp as shown in Fig 2A. We again placed four 16mer polymers in
theta solvent with various target concentrations and erps. The phase behavior for erp = 0.75,
1.0, 1.25, and 1.5k T is shown in Fig 8. Results for a single longer polymer with degree of poly-
merization Np = 64 are also included for comparison.

With a generic Lennard-Jones attraction between target proteins and the polymer, phase
separation occurs at much lower potential energies than with specific, reactive binding. For
example, all target concentrations and solubilities as low as ert = 0.5kpT showed droplet for-
mation at non-specific attraction erp = 1.5kg T, but with the highest reactive binding energy
AE, = —6kgT, only targets with epr > 1.5ksT formed droplets. This huge shift in the phase
boundary toward lower energies as we change from specific lock-and-key to non-specific
bonding is likely because the non-specific interaction has a much higher valency that is only
limited by the maximum number of neighbors. The limited valence of lock-and-key type
bonds creates competition for sites between bound and unbound target neighbors, reducing
the influence of the polymer on the targets. This reduction in binding due to competition for
high affinity sites is discussed further in our previous work on multivalent binding site patterns
[34]. The promiscuous nature and high effective valency of non-specific attraction reduces
competition and allows polymers to interact with more targets simultaneously. This results in
polymer-target phase separation occurring at much lower attractions and concentrations.
Therefore, non-specific interaction energies are a very sensitive dial for controlling phase sepa-
ration and polymer modifications that change the non-specific interactions such as
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https://doi.org/10.1371/journal.pone.0245405.9009

hydrophobicity or charge between the polymer and targets will have a more significant impact
on the phase boundary than alterations to specific binding sites.

Still, valency and affinity of specific bonds can also change the phase boundary, although
relatively large changes in these characteristics correspond to small changes in the LLPS
boundary. Consequently, with a combination of non-specific and lock and key binding, the
LLPS of multivalent polymers and targets can be precisely controlled. An example of using
both non-specific and specific binding is shown in Fig 9. A small non-specific attraction erp =
0.4kpT was applied in addition to specific divalent binding with AE, = -2, —4, and —6kpT. The
addition of the non-specific attraction provides access to phase separation at lower intra-target
attractions, previously inaccessible through purely lock-and-key binding or at such a low spe-
cific polymer attraction. The non-specific binding makes the phase separation energy barrier
accessible, and the specific, valency limited bonds can be used to tune the exact boundary. As
an example, cells could control the balance between these two forces by controlling the ion
concentration to modulate the charge on the RNA to primarily change the non-specific inter-
actions [8]. This dual-control is helpful because we showed above that the resultant phase
boundary from specific bonds is less sensitive to changes in binding affinity or valance than
the non-specific attraction. We speculate that some reliance on the insensitivity of specific
bonding could help biology to reduce the number of aberrant phase transitions caused by
unintentional changes in binding sites.

Condensed phase organization

Biocondensates often show microphase separation within the condensed phase [2, 3, 31, 50,
55]. This disorder to order transition is a well known phenomenon in polymer physics with
block copolymers, where self-assembly can be controlled by the interaction (y) between the
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Fig 10. Renderings of droplet order with non-specific binding. Simulation renderings depicting ordered and mixed droplets with a cross section view through
the middle of the droplet and a perspective view showing the inside and outside of the droplet. Polymer beads are blue and protein target beads are yellow. Results
shown are for simulations with non-specific binding to four 16mer polymers in theta solvent and 96 target binding proteins. Note that the x-axis on this phase
diagram is now protein-polymer affinity erp in units of kT and the y-axis is still the intra-protein attraction err seen on previous phase diagrams also in kg T. By
moving vertically down the phase diagram from epr = 2.0 to 1.5 the droplet morphology goes from ordered to mixed due to changes in surface tension of the liquid
protein phase. The droplet also goes from ordered to mixed as we move from left to right across the phase diagram from erp = 1.0 to 2.0 due to increasingly
favorable protein-polymer interfacial energy y.

https://doi.org/10.1371/journal.pone.0245405.9010

two polymer block types [56]. We expected the same to be true for polymer-target assemblies
in LLPS. When attraction between binding proteins themselves is higher than attraction to the
polymer, condensates should undergo microphase separation where polymers surround a con-
densed target phase. When attraction between targets is similar to target-polymer attraction,
the condensed phase will remain mixed. If the targets are highly attracted to the polymer, and
not attracted to themselves, we might also see the case where the polymer is condensed in the
center of the droplet with targets decorating the outside of the condensed phase.

First, we explore inducing droplet order by changing the non-specific self-interactions of a
single species such as the binding proteins. Modulating self-interactions or solvation volume
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droplets with a cross section view through the middle of the droplet and a perspective view showing the inside and
outside of the droplet. Polymer beads are blue, unbound protein targets are yellow, and bound protein targets are
orange. Results shown are for simulations with specific binding to four 16mer polymers in theta solvent and 96
divalent target binding proteins. Note that the x-axis on this phase diagram is now protein-polymer affinity AE, in
units of kT and the y-axis is still the intra-protein attraction err in kgT. By moving vertically down the phase diagram
from er = 2.0 to 1.5 we also see the droplet morphology change from ordered to mixed due to changes in surface

tension of the liquid protein phase.

https://doi.org/10.1371/journal.pone.0245405.9011

can be thought of as changing the surface tension of the liquid target phase. Changes in droplet
organization due to surface tension or interactions of polymers with solvent were previously
explored in a 4 component system with 3 types of equal size polymers and solvent. They found
that swollen multivalent polymers could lower the surface tension of similar less-solvated poly-
mers and induce a shell-core structure seen in some RNP bodies [31, 55]. In Fig 10, we show
that a similar ordering can be induced through surface tension in our asymmetric valency/size
3 component system, where the 3 components in our system are multivalent polymer, smaller
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binding proteins, and implicit solvent. Using a non-specific target-polymer attraction and
holding the attraction e1p constant, the condensates go through a demixing transition as the
target-target attraction increases from err = 1.0k T to 2.0kgT (moving in the vertical direction
up the phase diagram in Fig 10). Similar changes in droplet organization controlled by the
excluded volume of the binding proteins is also seen for the specific lock-and-key binding
polymers in Fig 11.

In addition to ordering due to surface tension, which we control by modulating er, we also
see demixing caused by changes in non-specific binding affinity between the polymers and tar-
gets. Changing the non-specific binding affinity erp is more akin to inducing order/disorder
through modulating the y parameter. Looking at droplet order in Fig 10, while moving across
the phase diagram from left to right, it is clear in the simulation renderings that the system
goes through an order-to-disorder transition as the target-polymer attraction increases from
erp = 1.0kgT to 2.0kpT for constant epr = 1.7kpT. In this case, when the bonding energy or
attraction between the targets and polymers are very strong, the targets prefer to associate with
the polymer equal to or more than associating with themselves and subsequently decorate the
polymer as much as possible. This results in the polymer becoming fully mixed with the target
proteins. In contrast, when the target attraction to the polymer is less than the amount targets
like to associate with themselves, the targets prefer to surround themselves with only target
neighbors, and the polymer is pushed to the outside of the droplet. These results show that
protein mutations that impact binding sites or non-specific attraction to a multivalent poly-
mer, not just excluded volume/solvent interactions, can change droplet ordering. For example,
if the target is a protein and the polymer is RNA, a modification to the IDR region on the pro-
tein or a base pair on the RNA could lead to changes in droplet ordering, if the altered
sequence impacts the binding attraction between the protein and the RNA. Our results dem-
onstrate the minimum system necessary to see droplet ordering, and we add to previously
reported effects of solvent quality by showing how binding interactions between the two spe-
cies can also induce an order-disorder transition.

Kinetics inside the droplet

Our simulation methods also allow us to study the diffusion and dynamics of condensed phase
species which are important to understand biocondensate function and diseases associated
with altered droplet dynamics [7, 16, 35, 57]. To examine the mobility of binding proteins and
polymers in droplets, we looked at both the mean squared displacement (MSD) and the neigh-
bor persistence. We define neighbor persistence as the average number of neighbors that
remained the same over a time interval, where beads were considered neighbors when their
centers were within 2.5a [58]. The rate at which the neighbor persistence goes to zero provides
a measure of how quickly the targets are exchanging with the dilute supernatant phase. A high
neighbor persistence or slow decay rate means that a target in the droplet maintains many of
its neighbors over a long period of time, suggesting a more solid-like phase. A fast decay in
neighbors to zero signifies that, in a short amount of time, the target became surrounded by an
entirely new set of neighbors or completely left the droplet. This is indicative of a more liquid-
like droplet with a fast exchange rate with the outside environment. Details of this neighbor
persistence calculation can be found in the S1 File.

We compared the MSD and neighbor persistence of the target binding proteins across
increasing intra-protein attractions epr in Figs 12 and 13, respectively. Not phase separated
systems show normal three dimensional diffusion, while proteins in systems that formed con-
densed droplets have decreased MSD, consistent with transformation from a gas to liquid
phase. More interestingly, we see a significant slow down in the diffusion and longer neighbor
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https://doi.org/10.1371/journal.pone.0245405.9012

persistence time as epr increases from 2.0 to 3.0kgT. Shown in Fig 13A, at epy = 3.0kgT the sys-
tem with 128 targets appears to be almost solid-like, with some neighbors maintained longer
than the evaluated time interval. The characteristic shape of the curve also transitions from an
apparent single decay rate (straight line) at e = 2.0kpT to two neighbor persistence decay
rates at epp = 3.0kpT: a faster decay at short time scales, likely from some fluid-like proteins at
the droplet surface that exchange neighbors more quickly, and a slower decay in neighbor per-
sistence at long timescales likely due to a solid droplet core, where neighbors are maintained
longer than the evaluated time period.

A similar decrease in diffusion and increase in neighbor persistence with higher target-tar-
get attraction is also seen in the presence of binding polymers as shown in Figs 12B and 13B.
Although only non-specific binding polymers are shown in Fig 12B, trends are similar for
lock-and-key binding polymers. These results match well with experimental evidence that
when RNA-binding proteins are more attracted to themselves, it results in slower protein dif-
fusion times and more solid-like, viscous droplets [46, 59]. This also aligns well with evidence
that ALS-associated mutations in the FUS protein result in more solid-like, less dynamic drop-
lets as found experimentally in Patel et al. [7] From these results, we expect that any modifica-
tions that make these binding proteins more attractive to themselves, such as additional
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https://doi.org/10.1371/journal.pone.0245405.9013

hydrophobic residues in the IDRs of RNA-binding proteins, could lead to solidification of
droplets. The increase we see in neighbor persistence could also correspond to lower diffu-
sion-limited reaction rates because neighboring proteins exchange more slowly.

Li et al. showed experimentally that valency and binding affinity of molecules inside drop-
lets inversely correlate with fluorescence recovery after photobleaching (FRAP) kinetics, which
is exactly what we capture in our simulations [5]. Here, we provide further evidence of this
phenomenon through simulation where increasing the affinity of the targets to the polymer
decreased the MSD of targets and increased their neighbor persistence. This effect is demon-
strated with both non-specific attraction to the polymer and specific valence-limited binding.
A slow down in the MSD is shown in Fig 14 and longer neighbor persistence is shown in Fig
15. The slow down in dynamics caused by higher affinity binding to the polymer is concentra-
tion dependent. Unsurprisingly, a higher ratio of binding proteins to polymer results in the
polymer having less influence over the droplet dynamics. We also compared the diffusion time
of protein beads found within droplets, which we considered as any protein with at least 1
neighbor. By comparing the diffusion time and neighbor persistence of these condensed pro-
teins with and without polymers in Fig 16, we found that our simulations also match previous
experiments; dynamics of pure protein droplets are slowed upon the addition of a long poly-
mer as shown in experiments with RNA polymers [46]. While we did not see any increase in
protein diffusion upon the addition of binding polymers as seen in Maharana et al., this may
be because we were not deep enough into the attractive intra-protein energy regime where tar-
gets phase separate alone, such as our case where proteins formed a solid-like structure at ey
=3.0kgT. It is possible that this discrepancy is also because the polymers we simulated were rel-
atively long compared with experiments, resulting in slower dynamics for the polymers them-
selves [17, 46]. Exploring the conditions under which polymers can speed the diffusion of
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https://doi.org/10.1371/journal.pone.0245405.9014

proteins in condensed droplets would be an interesting avenue for future work. In addition, it
would be interesting to consider beads of mismatched sizes. Here, we consider beads of equal
sizes, but if we used different sizes to disrupt the packing, we might see more significant
changes in diffusion.

Conclusion

Understanding how multivalent polymers can alter and control the phase transitions of bio-
condensates and their dynamics is crucial to understanding pathological aggregation. Here, we
present simulations and explore the aggregation and diffusion kinetics of smaller species that
bind multivalently to longer polymers. Although our coarse-grain system is relatively simple,
we found that we captured the co-phase separation of multivalent polymers and binding pro-
teins found in biocondensates. When comparing to native biocondensates, our system most
closely resembles scenarios with two interacting asymmetrically-valent species such as a many-
valent polymer binding to a target with low valency. Although there are multiple scenarios that
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https://doi.org/10.1371/journal.pone.0245405.9015

could be represented as our coarse-grain system, one possible example includes RNA as the
multivalent polymer and RNA binding proteins (RBPs) such as FUS, hnRNPs, and TDP-43 as
the low valency protein target. These RBPs have 1, 2, and 3, RNA recognition motifs (RRMs),
and if we imagine the RRMs as specific binding sites, could represent our monovalent, diva-
lent, and trivalent targets with specific lock-and-key binding sites [36, 51].

Despite the different geometries and our minimal model, our results also align well with
systems of two similar size linear multivalent polymers and their phase transitions [5, 6]. In
agreement with these previous studies, we found that the addition of a multivalently binding
polymers can lower the phase boundary for a protein, and that increasing protein valency and
binding affinity also lower the phase boundary. Unlike previous research, we then consider
polymers that interact through non-specific binding that might come from IDRs as well as the
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Fig 16. Comparison of protein droplet dynamics with and without polymers. Average MSD (top) and neighbor persistence (bottom) of phase separated system with
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https://doi.org/10.1371/journal.pone.0245405.9016

specific valency limited binding that come from RRM:s in our example biocondensate. We
show that changes in the affinity of non-specific interactions can cause more drastic changes
in the phase boundary than valence-limited lock-and-key type bonds. Cells can use a combina-
tion of non-specific and specific interactions to carefully tune the phase boundary. Our results
suggest that even small changes in non-specific multivalent polymer-protein interactions can
cause aberrant phase separation, whereas the systems are more robust to mutations in specific
binding sites or valency. These changes include post translational modifications or lack
thereof, mutations, or binding to other small molecules that may regulate interactions. Note
that very small changes in biological systems can change completely the level of hydrophobic-
ity of an interface [60].

Next, we showed that both surface tension and binding affinity could be used to tune drop-
let order in a system of only three components. When proteins had higher attraction to multi-
valent polymers, droplets remained mixed with proteins and polymers distributed throughout.
When proteins had higher attraction to themselves than to the multivalent polymer, we were
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able to recreate systems of concentric droplets. Pure proteins formed a central core, while the
polymers were pushed into an outer shell. This could have implications for understanding
how changes in polymer-protein binding can impact biocondensate function.

Last, we showed that increasing attraction between targets themselves and between targets
and polymers can slow the diffusion of targets within condensates and make them more solid-
like, consistent with previous experimental results [5, 46, 61]. The attraction to the polymer
has a greater effect on target dynamics in droplets when the ratio of polymer beads to targets is
higher. After nucleation and growth of a condensed target phase where targets outnumber
polymer binding sites, target-target attraction dominates the droplet dynamics. This suggests
that, in addition to polymer-binding interactions, changes in the non-specific attraction
between binding proteins themselves induce droplets to be more liquid or more solid-like.
Changes in dynamics could have big implications for the reversibility of condensate formation
and for reaction rates inside condensates, leading to clear implications for neurodegenerative
diseases related to dysregulation of LLPS such as ALS.

While more research needs to be done on specific systems and systems with more than two
components we hope that the results presented contribute to the understanding and control of
biocondensates and their associated diseases.

Supporting information

S1 File. Supplemental information file containing text and two additional figures. This file
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