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ABSTRACT

Ribonucleoprotein (RNP) granules are membrane-
less organelles (MLOs), which majorly consist of
RNA and RNA-binding proteins and are formed via
liquid-liquid phase separation (LLPS). Experimental
studies investigating the drivers of LLPS have shown
that intrinsically disordered proteins (IDPs) and nu-
cleic acids like RNA and other polynucleotides play
a key role in modulating protein phase separation.
There is currently a dearth of modelling techniques
which allow one to delve deeper into how polynu-
cleotides play the role of a modulator/promoter of
LLPS in cells using computational methods. Here,
we present a coarse-grained polynucleotide model
developed to fill this gap, which together with our
recently developed HPS model for protein LLPS,
allows us to capture the factors driving protein-
polynucleotide phase separation. We explore the ca-
pabilities of the modelling framework with the LAF-1
RGG system which has been well studied in experi-
ments and also with the HPS model previously. Fur-
ther taking advantage of the fact that the HPS model
maintains sequence specificity we explore the role
of charge patterning on controlling polynucleotide in-
corporation into condensates. With increased charge
patterning we observe formation of structured or
patterned condensates which suggests the possible
roles of polynucleotides in not only shifting the phase
boundaries but also introducing microscopic organi-
zation in MLOs.

INTRODUCTION

Membraneless organelles (MLOs) are compartments
formed in the cell, which consist of a concentrated set of
biomolecules without an enclosing membrane separating
them from the surrounding cytosol (1-3). Many of these
MLOs are assemblies consisting of RNA-binding proteins
and RNA and are commonly referred to as Ribonucle-
oprotein (RNP) granules (4). Prominent RNP granules
include P bodies, stress granules, germ cell P granules, and
neuronal granules which perform diverse functions that are
essential for the survival of the cell. P bodies are mRNA
and protein containing cytoplasmic processing bodies
associated with RNA metabolism (5). Stress granules
are formed when cells respond to stress by selectively
including specific mRNA transcripts into granules and
regulating/arresting translation (6). Germ cell P granules
form during germ cell development (7), whereas neuronal
granules transport mRINAs in response to specific exoge-
nous stimuli (8). Despite the highly diverse functions, these
RNP granules share a common process through which they
localize their constituent proteins and nucleic acids, that is,
through liquid-liquid phase separation (LLPS). Therefore,
investigating the molecular mechanism underlying LLPS
of biomolecules is essential to understanding how RNP
granules store, process and control the activities of their
constituents.

It is now well acknowledged that these MLOs are formed
when a homogeneous mixture of biomolecules undergoes
the physical process of LLPS to form coexisting condensed
and dilute phases stabilized by a balance between entropic
and enthalpic interaction (9,10). These biomolecular con-
densates may appear as liquid-like droplets and allow a
rapid exchange of components with the environment in a
dynamic manner (11). Investigations into the drivers of pro-
tein LLPS have also shown that the disordered domains
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of certain proteins such as the DEAD-box helicase LAF-1
and the RNA-binding protein Fused in Sarcoma (FUS) are
able to create phase separated condensates in vitro (11,12),
thus suggesting the importance of intrinsically disordered
regions (IDRs) in facilitating the formation of RNP gran-
ules (13). Incorporation of RNA into condensed phases
has been further shown to perturb the physical and chem-
ical properties of these condensates (11,12,14-18). For in-
stance, incorporating RINA into the condensed phase of the
DEAD-box helicase LAF-1 protein, which is a major com-
ponent of P bodies, can shift the thermodynamic phase di-
agram for the LAF-1 protein and its disordered RGG rich
domain and change both the saturation concentration and
LAF-1 diffusion inside the liquid droplets in in vitro experi-
ments (11). In another experimental study varying the con-
centration of RNA in a multicomponent phase separating
mixture of RNA and FUS shows re-entrant protein phase
separation behavior where RNA acts as a facilitator of FUS
phase separation at low concentration but on increasing the
RNA concentration beyond a certain point we see RNA
acting as a disruptor of protein LLPS (12,19). These stud-
ies have brought forth how RNA plays an essential role
as a modulator of protein phase separation and conden-
sate properties once it is incorporated into the protein-rich
phase.

Despite these advances in establishing the role RNA plays
in the formation and function of RNP granules, there cur-
rently exists a lack of understanding about the fundamental
molecular driving forces behind RNA-protein phase sepa-
ration and its more nuanced aspects like the microstructural
organization of different components within the conden-
sates formed. Although remarkable progress has been re-
cently made in providing insights into the role of a protein’s
sequence in controlling its LLPS (20-22), how the protein
sequence plays a role in modulating LLPS of protein-RNA
mixtures and the material properties of the condensates
formed is not well established (19,23,24). Part of this stems
from the lack of techniques that can provide in-depth infor-
mation about the RNA-protein interactions driving RNP
granule formation and high spatiotemporal resolution on
the molecular organization of protein and RNA within the
condensate (12,25,26). One can attempt to obtain such in-
depth information from in silico atomic resolution simula-
tion techniques (20,27,28) but studying a macroscopic phe-
nomenon like phase separation would require considerable
computational resources making this method quite expen-
sive and prohibitive. This prompts us to look into compu-
tational approaches based on coarse-grained (CG) models
which allow investigations into the formation of biomolec-
ular condensates and provide molecular-level details nec-
essary to develop theories of phase separation making CG
models an integral part of the biophysical toolkit to study
phase separation (29-32). We have previously developed a
CG modeling framework based on amino acid hydropa-
thy (HPS model) to study sequence determinants of pro-
tein phase separation that does not require input from ex-
perimental data (33,34). The HPS model is based on defin-
ing nonbonded interactions between amino acid pairs us-
ing the hydropathy values of the naturally occurring twenty
amino acids (33,35). This model was recently extended to
post-translationally modified amino acids as well (36).

Here, we present a simplistic polynucleotide model which
can capture electrostatic interactions between RNA and
protein that has been shown to be important for phase sep-
arating RNA-protein mixtures in recent experimental stud-
ies (1-3). The model can also account for non-electrostatic
interactions with amino acids based on their calculated hy-
dropathy values. The effects of RNA secondary structure
such as the formation of G quadruplexes on protein phase
separation, which is non-trivial to capture in an all-atom or
coarse-grained models (40), can also be important in many
cases (41-44). To capture such effects, more rigorous devel-
opment of detailed RNA models that are compatible with
our coarse-grained protein model will be necessary. Here,
we instead focus on issues that can be resolved within the
limitations of our current CG model.

We first define parameters for RNA nucleotides within
the HPS modeling framework using a one bead per nu-
cleotide CG representation. We then test the new model
to study the phase separation of the N-terminal disordered
RGG domain of the LAF-1 protein (hereafter referred to
as LAF-1 RGG) and RNA molecules with the most recent
experimental data available (11). The model provides rea-
sonable agreement with the experiment regarding the effects
of RNA on modulating LAF-1 RGG phase separation. We
then utilize this new CG model to study the phase sepa-
ration of polynucleotides and LAF-1 RGG protein vari-
ants with the same sequence composition but different ar-
rangement of charged amino acids used in our previous
work (45). Consistent with the expectations from previous
work (31,45), we find that the phase behavior can be signif-
icantly perturbed by changes in the protein sequence, and
this change in behavior also alters phase separation of the
protein-polynucleotide mixture. Most importantly, we ob-
serve a significant change in terms of the co-localization
of protein and polynucleotide molecules within the conden-
sate. For the charge segregated variants of the LAF-1 RGG
protein, polynucleotides adsorb on the protein condensate
surface rather than mixing evenly throughout as in the con-
densate of the wild type (WT) LAF-1 RGG and polynu-
cleotide mixture. We bring forth an interpretation for the
observed behavior based on the potential of mean force be-
tween pairs of protein and polynucleotide molecules which
provides us with detailed information about heterotypic and
homotypic interactions in the mixture. Our work here pro-
vides evidence linking this microscopic information about
the intermolecular heterotypic and homotypic interactions
to the formation of multicomponent condensates, allowing
us to better understand what determines selectivity in the in-
corporation of biomolecules and the morphology of MLOs.

MATERIALS AND METHODS
HPS model for proteins

Our CG modeling approach for proteins uses a one bead per
amino acid level of resolution, and the 20 naturally occur-
ring amino acids are identified in the model by the following
characteristics: the mass, charge, diameter (o) (46) and hy-
dropathy (1) of the amino acid. The A value is derived from
the partial charges of atoms belonging to an amino acid in
an all-atom force field and scaled to range from 0 (Argi-
nine) to 1 (Phenylalanine), which is based on the approach

0202 Joquieosq /| uo isenb Aq $G¢/ L09/S65Z 1/22/8P/3I0Ie/1eu/woo dno-o1Wspeoe//:sd)y WOl pepeojumod



proposed by Kapcha and Rossky (35). In the CG energy
function, we have three types of interactions: bonded, elec-
trostatic, and short-range pairwise interactions. The bonds
between consecutive amino acids in the protein sequence are
modeled using a harmonic potential with a spring constant
of 10kJ/A? and a bond length of 3.8 A. The electrostatic in-
teractions are modeled using the Debye—Hiickel (DH) elec-
trostatic screening term (47),

qiq ( r )
E ;= —— 1
Y 4x Dr xp K M
in which « is the Debye screening length, and D = 80 is the
dielectric constant of the solvent. We set k = 10 A, corre-
sponding to solution conditions at 100 mM salt. The short-

range pairwise interactions are modeled by the Ashbaugh—
Hatch functional form (48) as

Dry4(1—Aij)e
d(r) = LJ ij) €
) { AP Ly,

ifr < 2%0,'/'
otherwise 2)

where @ ; is the standard 12-6 Lennard—Jones potential,

= ae[(2)" - (%)) G
r r

Both the hydropathy (A;;) and the diameter (o) are set to
be the arithmetic average of the values for the interacting
pair of amino acids (i,j). A value of A; close to 1 represents
strong attractive interactions whereas a value of 0 represents
weak repulsive interactions between the two amino acids.
The interaction parameter (¢) in (Equation 3) is a free pa-
rameter and was adjusted to reproduce the experimentally

measured radii of gyration of IDPs as 0.2 kcal/mol (33).

HPS model for polynucleotides

Our purpose for building a new polynucleotide model, as
opposed to using an existing model (49-51), is to capture
the qualitative features of the protein-polynucleotide phase
separation behavior with the simplest possible CG repre-
sentation that is also consistent with our protein model.
Hence, we decided to model polynucleotides with each nu-
cleotide represented as a single particle (Figure 1A). The
potential energy consists of the bonded, electrostatic and
short-range pairwise interaction terms, the same as that of
the disordered protein but with different parameters (Table
1). A spring constant of 10 kJ /A2 and a bond length of 5
A is used for the bonded term, in which the bond length is
derived using the average backbone—backbone distance for
single- and double-stranded DNA (52).

The primary mode of interactions between RNA and
proteins is expected to be via electrostatics (24) due to
the negatively charged backbone which is captured in our
model by placing a negative charge on each of the nucleotide
beads. In addition, nucleotides can interact with all other
components via non-electrostatic interactions that are cap-
tured by the short-range potential (Equation 2). The hy-
dropathy value of each nucleotide is assigned in a similar
fashion as the amino acids using the atomic scale partial
charges from the OPLS all-atom RNA force field (53). The
RNA nucleotide hydropathy values on a normalized scale
(based on amino acids) are found to be negative (A < 0),
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Table 1. Polynucleotide model parameters for CG beads, each represent-
ing a single nucleotide

Mass Charge Diameter, Hydropathy,
Nucleotide (amu) (1) o (A) N (1, 35)
Adenosine 329.2 -1.0 8.44 —0.054
Cytidine 305.2 -1.0 8.22 —0.027
Guanosine 345.2 -1.0 8.51 —0.189
Uridine 306.2 -1.0 8.17 —0.027

which reflects repulsive short-range interactions. The arith-
metic average between a pair of CG particles (i.e. 20 amino
acids or four RNA nucleotides) is used for characterizing
the short-range pairwise interactions. Most of the protein—
polynucleotide short range interactions are weakly attrac-
tive with the most significant attraction between positively
charged amino acids and nucleotides (Supplementary Ta-
bles S1 and S2).

Simulation strategy for sampling protein—polynucleotide
multicomponent phase separation

Even with the current advances in simulation methodol-
ogy and the CG nature of the models being used, it is
nearly impossible to apply standard free-energy based tech-
niques to sample the phase behavior of long-chain off-
lattice polymers (20,28-31). We and others have been us-
ing co-existence simulation methodology (58) to sample the
phase behavior of proteins undergoing LLPS successfully
and efficiently (20,32). Here, we use the same strategy, as
shown in Figure 1A, wherein a cuboid shaped periodic box,
or a ‘slab’ is simulated with the shorter x and y dimensions
of equal length while the z dimension is extended to create a
low-density phase (Figure 1A). The use of planar interfaces
in a slab configuration as opposed to a spherical droplet ge-
ometry is effective in reducing the system-size effects in cal-
culating the densities of co-existing phases (30,57,58). By
conducting such simulations for several temperatures, we
can use the co-existing densities (Figure 1B) to map the
binodal (limits of thermodynamic stability) and the criti-
cal temperature of the phase separating component (Fig-
ure 1D). As mentioned in our previous work, we conduct
an initial equilibration of our system in a cubic simulation
box consisting of all components in the NPT ensemble to
reach a box size of about 15 nm in each dimension (33).
We then extend the box z-dimension to 280 nm, and con-
duct coexistence simulations in the NVT ensemble for 5 ps.
We have shown previously that starting the system from
a configuration where all chains are dispersed throughout
the box converges to the same results as when starting with
a condensed phase initially (33). The temperature is con-
trolled using the Langevin thermostat in the low friction
limit. All the simulations are conducted with the HOOMD-
Blue package to take advantage of its capabilities to speed-
up calculations using the graphics processing units (GPUs)
(59). For more details about the methodology and the anal-
ysis, we refer the readers to our previous work (33,60). We
provide pertinent details of the simulated systems in Sup-
plementary Table S3. We also provide a python code (https:
/Ibitbucket.org/rom218/polynucleotide_protein_sim), which
can be used to setup a protein-polynucleotide simulation
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Figure 1. Slab simulation methodology for protein—polynucleotide mixtures. (A) Slab configuration for CG simulations of protein (green)-polynucleotide
(red, zoomed inset). (B) Density profiles of LAF-1 RGG and polyA sampled over the course of a slab simulation centered on the largest cluster formed.
(C) Amino acid composition of the LAF-1 RGG WT sequence. (D) Binodal phase diagram showing temperature regime under which LAF-1 RGG phase

separation is possible.

with a user provided protein sequence, length of polyA and
with the interactions parametrized according to the HPS
model described in this work.

RESULTS AND DISCUSSION

Polynucleotides perturb LAF-1 RGG phase separation in a
concentration-dependent manner

We conducted coexistence simulations of the disordered
LAF-1RGG protein sequence with 15 nucleotide long poly-
adenosine (As) at a range of temperatures and concen-
trations of Ajs while keeping the total number of LAF-
1 RGG molecules fixed. In our coexistence simulations,
LAF-1 RGG forms a protein-rich condensed phase in equi-
librium with the dilute vapor-like (aqueous) phase (45),
whereas the polynucleotide alone is not able to phase sep-
arate, even at relatively high concentrations (~36mg/ml)
due to electrostatic repulsion. However, upon phase sepa-
ration of a binary mixture of LAF-1 RGG and A5, Ajs
molecules are preferentially found inside the LAF-1 RGG-
rich phase rather than the dilute region of the simulation

box (Figure 2B). We therefore quantify the preference of
molecules by calculating the partition coefficient of the
A5 molecules - the ratio of the concentration of a com-
ponent in the dense phase to that in the dilute phase. A
high partition coefficient suggests the As molecule prefers
to partition into the protein condensate whereas a small
value suggests the A5 molecule tends to stay dispersed
in the protein-deficient phase, and a value of 1 would in-
dicate that A;s molecules disperse evenly inside and out-
side the condensate. The partitioning of the A;s molecule
into the LAF-1 RGG condensed phase can lead to con-
densed phase A5 concentrations up to two orders of mag-
nitude higher than its vapor phase concentration (Figure
2C). This is likely due to the presence of a relatively large
number of cationic Arginine residues in the LAF-1 RGG
sequence (Figure 1C) which can form favorable interactions
with the anionic adenosine nucleotides. We also confirmed
that the simulation run lengths are long enough to obtain
converged data with respect to the densities of both com-
ponents in the dense and dilute phases (see Movies M1,
M2).
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Figure 2. A5 and LAF-1 RGG phase separate together to form A5 modulated protein condensates: (A) LAF-1 RGG binodal phase diagram shifts with
increasing A;s solution concentration. (B) Binary phase diagram from simulations with varying solution A|s concentrations (colored (dashed) tie lines)
joining the coexistence concentrations of As and protein at different temperatures (colored (solid lines) phase envelopes). Red X’s indicate total concentra-
tions of simulation systems. Tie lines will always pass through these as long as the system separates into two phases. (C) Partition coefficients quantifying
incorporation of Ajs into the LAF-1 RGG condensed phase from the dilute phase at different temperatures and increasing solution concentrations of As.

To observe the effect of Ajs on the thermodynamics of
LAF-1 RGG phase separation, we calculated the coexis-
tence densities of the protein at different temperatures and
Ajs solution concentrations (Figure 2A). With increasing
Ajs solution concentration, the right arm of the binodal
that represents protein density in the condensed phase shifts
to the left. This suggests that the protein concentration in-
side this dense phase decreases which is presumably due
to the increasing A|s concentration inside. This reduction
in protein concentration with increasing A;s in the case of
LAF-1 RGG is also consistent with previous experimental
work on the same system by Elbaum-Garfinkle ef al. (23).

It is interesting to note that the total biomolecular con-
centration (protein and polynucleotide) in the condensed
phase is mostly unchanged in our simulations at a set tem-
perature (Supplementary Figure S2). There is significant in-
terest in understanding the physicochemical characteristics
of biomolecular condensates as their function is expected
to be perturbed by changes in the underlying microstruc-
tural features and dynamics. At this point, it is unclear if
the lack of significant changes in the condensed phase con-
centration due to polynucleotide incorporation is due to the
simplicity of our CG model in which excluded volume inter-
actions are relatively similar between different components
or a more general consequence of the liquid-like nature of
biomolecular condensates.

Next, we determined the degree to which A;s is incorpo-
rated into the condensates by using the A5 and protein con-
centrations from both the high- and low-density coexisting
phases to construct the binary thermodynamic phase dia-
gram (Figure 2B). The region enclosed by these two lines
is the two-phase coexistence region. If the state point as
a function of LAF-1 RGG and A;s concentrations falls
within the coexistence region, the system will phase sepa-
rate into two phases with relative concentrations of protein
and Ajs dictated by the tie lines joining this point to both
dense and dilute phase arms of the multicomponent phase
diagram (61). Based on the computed phase diagram in Fig-
ure 2B, we observe a phase separation behavior which is re-
ferred to as scaffold-client type in the recent LLPS literature
(10,31), in which the scaffold can undergo phase separation
on its own and recruit client molecules (which cannot phase

separate alone) into the dense phase. At the given condi-
tions, the ‘scaffold’, LAF-1 RGG can phase separate on its
own into a protein-rich phase due to sufficiently strong ho-
motypic attractions. This condensed protein phase then re-
cruits the ‘client” As molecules for which homotypic inter-
actions are either too weak or repulsive, but the heterotypic
interactions between the scaffold and client molecules are
sufficiently attractive (10,62). The qualitative shape of the
binary phase diagram remains unchanged with increasing
temperature and reflects a shrinking coexisting region when
approaching the critical temperature for LAF-1 RGG with
an upper critical solution temperature (UCST) (34).

So far, we have mostly focused on the condensed phase
arm of the phase diagram. From a biological standpoint,
it is also important to quantify the changes in the scaffold
(LAF-1 RGGQG) concentration of the low-density phase, also
referred to as the saturation concentration (Cgy), with the
changes in client (A}s) solution concentration. The signif-
icance of Cyy is that this is the minimum protein concen-
tration required to undergo LLPS, so it is important to un-
derstand how the presence of polynucleotides can be used
to modulate this at a fixed temperature. Multivalency of the
two components in our system is also an aspect which re-
quires investigation as multivalent interactions have been
shown to be responsible (20,45,62,63) for imparting in-
creased phase separation propensity to biomolecules and
one would like to see if this also applies to phase separation
of protein-polynucleotide mixtures. To observe the effects
of perturbing the multivalency of protein-polynucleotide in-
teractions, we also simulated various lengths of polyA, i.e.
As, Ajp and Ajy apart from the A;s case (which we dis-
cuss throughout this work) at the same nucleotide ‘bead’
solution concentration by changing the number of chains
in the mixture to account for the change in length and at a
fixed protein solution concentration and temperature (Sup-
plementary Table S4). In Figure 3, we show how the LAF-1
RGG (g, changes with increasing polynucleotide solution
concentration for different lengths of the polynucleotide.
At low polynucleotide solution concentrations, there is an
initial decrease in the Cgy values (by as much as a factor
of two for the longer Ais, Az polynucleotides) highlight-
ing LAF-1 RGG’s enhanced propensity to phase separate
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Figure 3. Polynucleotides show concentration dependent protein LLPS
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polyA solution concentration on LAF-1 RGG saturation concentration
shows switching between polyA LLPS promoter/disruptor roles (non-
monotonic curve) for different chain lengths at a temperature of 240 K.
Vertical dashed line represents a net charge = 0 system.

in the presence of polynucleotides. This effect is less pro-
nounced for shorter polynucleotides (As, Ajg), hinting to-
wards the important role multivalency plays in modulating
protein—polynucleotide interactions which can affect LAF-
1 RGG’s phase separation propensity. Similar LLPS behav-
ior has also been observed previously in many other cases
(19,37,64).

Upon a further increase in the polynucleotide concentra-
tion beyond a certain threshold value, we observe an in-
crease in Cgy for all lengths of the polynucleotide, highlight-
ing LAF-1 RGG’s reduced propensity to phase separate be-
yond an optimum polynucleotide solution concentration.
In fact, at much greater polynucleotide solution concentra-
tions, the LAF-1 RGG Cgy can be higher than in the ab-
sence of polynucleotides. The concentration at which the
polynucleotide switches its role as a promoter to a disruptor
of protein LLPS may be expected to be near the net neu-
tral state of the solution. However, we find that it is usually
shifted away from this point, possibly due to added contri-
butions from the non-electrostatic, multivalent hydropho-
bic interactions between nucleotides and amino acids (Sup-
plementary Tables S1 and S2). Previous experimental stud-
ies by the Banerjee group have provided remarkable insights
into this type of non-monotonic change in Cg,; with increas-
ing RNA concentration (38). They showed that in the cases
of the FUS/RNA, protamine/RNA mixtures, the system
displays a reentrant phase separation behavior, similar to
what is observed in the case of LAF-1 RGG. This reentrant
behavior emerges from a competition between the attrac-
tive and repulsive electrostatic interactions between unlike
and like charges, respectively, and depends on the net system

charge. Banerjee et al. also developed a theoretical approach
to explain the observed behavior in terms of a charge inver-
sion mechanism which suggests increasing instability of the
condensate as more RNA is added to a mixture beyond a
certain point due to charge over screening (19). Their the-
ory predicts a switch in the surface charge of the conden-
sates after the critical point which was confirmed with elec-
trophoretic mobility measurements in experiments (38).

Effect of protein sequence charge patterning on polynu-
cleotide partitioning inside the condensed phase

In the previous section, we showed how presence of polynu-
cleotides could modulate the LLPS of the LAF-1 RGG
sequence. As our CG modelling strategy can be used to
study sequence-dependent effects, our next goal was to in-
vestigate the role of the protein sequence in modulating
protein—polynucleotide LLPS. In our recent work on deter-
mining the sequence determinants of LAF-1 RGG phase
separation, we showed that the patterning of the charged
amino acids can play a critical role in controlling the LLPS
properties (45). Based on earlier work highlighting the role
of charged amino acid patterning on the conformational
properties of IDPs (65), Sawle and Ghosh proposed a se-
quence charge decoration (SCD) parameter (66) to quan-
tify the distribution of charged amino acids in a protein se-
quence. SCD is calculated based solely on the amino acid

N-1 N
sequence as SCD = iN > Y qiqj/j — i where ¢; and
i=1j=2

g; are the charges of residues i and j. Highly negative SCD
values for a protein sequence indicate segregation of pos-
itive and negative charges within the sequence and can be
observed in sequences having patches of similarly charged
amino acids. This generally enhances electrostatic intra and
inter-molecular interactions because of the cooperativity
of interactions between oppositely charged patches (31).
This will result in an enhanced phase separation propen-
sity for sequences with lower SCD values, which was tested
successfully by a combination of in silico, in vitro, and in
vivo techniques for the LAF-1 RGG sequence in our re-
cent work (45). Smaller negative values of SCD indicate
a sequence with evenly distributed positive and negative
charges, and positive values indicate a significant net charge,
which would be the case for an unstructured RNA chain.
To study the effects of SCD on a binary mixture of
protein and polynucleotide molecules, we use a variant of
LAF-1 RGG from our previous work (45) called LAF-
1 RGGcghyr or RGGegpyr where we had shuffled the se-
quence and selected an instance where positive and neg-
ative charges were highly segregated, having a large neg-
ative SCD (Figure 4A). We conducted coexistence simu-
lations at the same temperature and solution concentra-
tions of RGG/A s and RGGggpye/Ajs to isolate the effect
of changing the protein sequence and charge distribution.
We observe that in the case of LAF-1 RGGcghyr, there is
significant accumulation of A;s molecules at the interface
between the dense and dilute phases as opposed to a rela-
tively well-mixed LAF-1 RGG WT/A s condensate (Fig-
ure 4B, C). This phenomenon was consistently observed
for different polynucleotide solution concentrations (Sup-
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Figure 4. Shuffling protein sequence shows sequence dependence of
protein-polynucleotide phase separation: (A) Increased charge patterning
(lowering SCD) on LAF-1 RGG WT sequence to create LAF-1 RGGcghyr
where vertical lines represent anions (red) and cations (blue) (B) Slab snap-
shots show Ajs with preferential localization to the interface for LAF-1
RGGghyr in contrast to the well mixed Ajs5/LAF-1 RGG case (C) Density
profiles from MD simulations at the same simulation temperature (230 K)
and bulk concentrations (protein: 33.33 mg/mland Ajs: 13.1 mg/ml) show
sharp interfacial peaks for Ajs in LAF-1 RGGcgpyf whereas Ajs in LAF-1
RGG has a central flat peak.

plementary Figure S6) at different temperatures and dif-
ferent chain lengths of the nucleotide (Supplementary Fig-
ures S4 and S5). We then conducted additional simula-
tions in a cubic simulation box of a spherical condensed
phase at a fixed temperature for both sequences in or-
der to ascertain whether the observed microstructural fea-
tures were may be an artefact of the simulation geome-
try (Figure 5 A, B). We calculated the protein and polynu-
cleotide radial distribution functions (RDFs) with respect
to the center of mass of the condensed phase as a spher-
ical density profile (Figure 5C, D). As we found previ-
ously, the WT LAF-1 RGG condensate formed a well-
mixed protein-polynucleotide droplet (Figure 5A,C), and
the LAF-1 RGG¢gpyr condensate formed a core-shell struc-
ture, where A5 mostly forms a ‘shell” around the ‘core’ con-
sisting of LAF-1 RGGggpye protein (Figure 5SB,D). This is
reminiscent of other examples where sub compartmental-
ization has been observed (67-69), including ones that show
similarly structured organization of different components
in a mixture to create sub compartments within a conden-
sate (37,64). This prompted us to investigate further into the
driving forces which make these distinct condensate archi-
tectures possible.

Our initial hypothesis was that the observed core-shell
architecture emerges from a complex interplay of homo-
typic protein-protein and heterotypic protein-A;s interac-
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Figure 5. Protein sequence dependent protein—polynucleotide phase sep-
aration persists in a droplet simulation: (A) Snapshot of the A;5/LAF-1
RGG condensate and (B) snapshot of the Ajs/LAF-1 RGG¢gpyr conden-
sate. Radial distribution functions (RDF) from droplet simulations also
show a well-mixed condensate for the (C) A;s/LAF-1 RGG mixture and
interfacial peaks for the (D) A|s/LAF-1 RGGcgpyr mixture at 220K.

tions. Looking into the protein—A s interactions based on
the proximity of beads during the simulation we see that the
positively charged Arginine residues seem to be making the
most contacts (Figure 6A) with the negatively charged nu-
cleotides and this is even more pronounced with the LAF-
1 RGGcghyr sequence as was expected due to the presence
of higher charge patterning. Since Ajs—A s interactions are
always repulsive within our model, they would not be ex-
pected to contribute to the stabilization of the condensed
phase.

To delve further into investigating the role of homotypic
and heterotypic interactions in our protein—polynucleotide
mixtures we also quantified interactions between a pair
of protein-protein or protein-polynucleotide molecules us-
ing umbrella sampling Monte Carlo simulations similar to
our previous work (30). We thus calculated the potential
of mean force (PMF) between the two molecules (protein-
protein and protein—A;s) as a function of the distance be-
tween their centers of mass (Figure 6 B, C) at 230 K.

In all four cases, we see net attractive interactions be-
tween the two components. There are significant differ-
ences in the PMF profiles though, both in terms of the
minimum well-depth and the location of this minimum.
Homotypic protein-protein interactions are considerably
stronger in the case of RGGcghyr compared to RGG (Fig-
ure 6B, C; black). The stronger homotypic interactions are
expected for LAF-1 RGGcgpyr due to the greater segrega-
tion of similarly charged residues in this sequence that leads
to stronger intra- and intermolecular attractions in polyam-
pholytic proteins composed of cationic and anionic residues
(66,70). This behavior is also consistent with the changes
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Figure 6. Intermolecular homotypic and heterotypic interactions play a role in modulating protein-polynucleotide phase separation: (A) Intermolecular
contacts calculated on the basis of proximity of beads in the coexistence simulation at 230 K show electrostatic interactions play a major role (B) Potentials
of Mean Force for homotypic LAF-1 RGG and heterotypic LAF-1 RGG-polynucleotide interactions at 230 K and (C) for homotypic LAF-1 RGGcghup
and heterotypic LAF-1 RGGcghyr—polynucleotide interactions at 230 K show the formation of a second minima away from zero center of mass distance
for LAF-1 RGGcgpyr— polynucleotide interactions linking intermolecular interactions to the observed structure in the LAF-1 RGGcgpyr—polynucleotide

condensate.

in the phase diagram between the LAF-1 RGG and LAF-
1 RGGggshyr sequences (Figure 2 and Supplementary Fig-
ure S1), as would also be expected based on correlation be-
tween two-body interactions and LLPS (30). Notably, the
free energy minima for homotypic interactions are at zero
distance, which is possible due their disordered polymeric
nature (71,72).

For the heterotypic interactions of these proteins with
A5 we see a marked difference in the free energy profiles
(Figure 6B,C; red) which may provide clues toward the driv-
ing forces behind the observed polynucleotide patterning
behavior in Figures 4 and 5. In the case of LAF-1 RGG
WT(Figure 6B; red), the free energy minimum is a uniform
region from zero to about 20A distance between the pro-
tein and polynucleotide chain which agrees with the uni-
form incorporation of the polynucleotide into the LAF-1
RGG WT condensate seen in Figure 4B,C. In the case of
LAF-1 RGGcgpyy, the heterotypic interactions have a more
peculiar profile (Figure 6C; red) where we see a prominent
free energy minimum at ~20 A distance between the cen-
ters of mass of the two chains. This indicates the existence
of a more favorable configuration for these two components
where they are a certain distance away from each other. The
presence of this more favorable configuration away from
zero distance could be linked to why we observe a promi-
nent presence of polynucleotides on the outer surface or
shell, which has a lower concentration of protein, compared
to the protein-enriched core of the condensate. We find this
free energy minimum forming away from zero distance for
heterotypic interactions when we shuffled the residues on
the LAF-1 RGG WT to create patches of similarly charged
residues (Figure 4A) in LAF-1 RGGcghyr Which increased
segregation of charged residues and cooperative electro-
static interactions (Figure 6A). For heterotypic interactions
with negatively charged polynucleotides, this charge pat-
terning would imply both stronger attractive and repulsive
interactions with positive and negatively charged patches
respectively on the LAF-1 RGGcghyr sequence. Hence a

more favorable configuration for the LAF-1 RGGcghur—Ass
chains would be at a certain distance where the attractive
interaction contributions to the free energy are more promi-
nent (The net charge of LAF-1 RGG and hence LAF-1
RGGgpys being positive might also be playing a role here)
than repulsive interaction contributions which could be the
cause of the presence of the free energy minima forming at a
certain distance away from the zero distance point between
their centers of mass.

As multivalency of the polynucleotide is another fac-
tor which could potentially change these intermolecular
heterotypic interaction strengths and free energy profiles
we also performed two body interaction studies with dif-
ferent polynucleotide lengths we previously studied and
presented in Figure 3. Increasing the chain length and
hence multivalency of the polynucleotide while keeping nu-
cleotide solution concentration constant for different chain
lengths showed their increased incorporation into the LAF-
1 RGG condensate (Supplementary Figure S4A) with a
corresponding decrease in the heterotypic free energy min-
ima (Supplementary Figure S3A). On performing the same
study with the LAF-1 RGGcgpr condensate we observed
an enhanced presence of polynucleotides with increasing
length on the periphery or ‘shell’ of the LAF-1 RGG¢ghyr
rich core (Supplementary Figure S5A) while the displaced
free energy minimum decreases further (Supplementary
Figure S3B) without a significant change in its location.

This study into the microscopic peculiarities of inter-
molecular interactions between the entities present in a
multicomponent mixture provided us with significant in-
sight towards explaining the phase separation behavior of
the mixture highlighting the importance of studying in-
teractions at the molecular level to understand how these
molecules phase separate en masse. Inferences gained from
estimating two body interaction strengths and interaction
free energy profiles can be used to compare and rank LLPS-
promoting biomolecules in the mixture and also possibly al-
low one to predict or explain the formation of microscopic
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organization or sub-compartmentalization previously ob-
served in condensates or MLOs (73). Another aspect which
one must consider is that although one can use two body
interaction PMFs to gain a better understanding of how
two molecules would prefer to interact with each other, one
should be careful with the application of this information
as these two body interaction PMFs which are calculated
at infinite dilution might not reflect the thermodynamics of
molecules in the crowded condensed phase.

CONCLUSION

In this work, we have developed a novel coarse-
grained (CG) simulation model for capturing protein—
polynucleotide interactions and their phase separation. We
show how this simple polynucleotide model is sufficient to
reveal insights into the role polynucleotides like RNA play
in modulating protein phase separation. We demonstrate
this using the N-terminal disordered RGG domain of the
LAF-1 protein, which has been shown to phase separate
by itself, and in the presence of disordered RNA molecules
(23). Our coexistence simulations allow us to quantify
the degree to which polynucleotides are incorporated into
the condensed protein phase and also show effects of
polynucleotides on the phase separation propensity of the
protein in concordance with experiments (19).

In addition, as our protein model captures the sequence
level detail of the disordered protein, it allows us to iden-
tify the role that the protein sequence plays in modulat-
ing protein-polynucleotide phase separation. While keep-
ing the overall amino acid composition constant we shuf-
fled the LAF-1 RGG sequence to identify variants with en-
hanced electrostatic interactions by creating a more charge-
segregated protein sequence. We find that the enhanced elec-
trostatic interactions resulting from this shuffling causes
the protein to phase separate more strongly. Interestingly,
even though protein-polynucleotide interactions are also
enhanced by this charge segregation, we do not observe a
marked increase in polynucleotide incorporation into the
condensed phase. Instead, we see interfacial peaks indicat-
ing polynucleotides accumulating around the charge pat-
terned protein condensate forming a layer between the
molecule rich and molecule depleted vapor region in our
simulations.

To explain the occurrence of this phenomenon, we then
looked at two-body interactions by calculating the PMFs
between the different molecular pairs using which we pro-
pose that the interplay and peculiarity of homotypic and
heterotypic interactions controls phase separation of the
protein—polynucleotide mixture leading to the formation
of microstructure in condensates. The different architec-
tures of the condensates are explained by the difference in
heterotypic LAF-1 RGGcgpyr—polynucleotide and LAF-1
RGG-—polynucleotide interaction energy profiles which sug-
gests that the microstructure in the condensate stems from
the presence of a spaced configuration of LAF-1 RGGcgpyr—
polynucleotide chains which is more stable than the con-
figuration where the chains’ centers of mass are zero dis-
tance apart which is the favorable configuration for the
LAF-1 RGG-polynucleotide pair. Hence, our work here
suggests the possibility of using charge patterning of the
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protein sequence to not only modulate the phase separa-
tion of the protein-polynucleotide mixture but also intro-
duce nonhomogeneous microstructures within the multi-
component condensate and also suggest how one can ob-
tain a better grasp of the driving forces for this behavior by
closely studying interactions present in the mixture at the
molecular level.

Even though our simplistic unstructured CG representa-
tion of polynucleotides provides us with results in signif-
icant agreement with experimental data on RNA-protein
complexes, there are still some effects which one might not
be able to capture due to the complex nature of interaction
modes which can allow RNA to interact with proteins and
itself. Hence, further work on this CG representation is war-
ranted as we would like to capture the more nuanced RNA
interactions arising from the 7 character and secondary
structure of RNA molecules which would also play impor-
tant roles in modulating RNA-protein phase separation.
Other aspects like improving the charge representation in
the CG model can also be important as we show above that
electrostatic interactions are a crucial part of how polynu-
cleotides like RNA interact with proteins.
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Sequences used in simulations

LAF-1 RGG:

MESNQSNNGG SGNAALNRGG RYVPPHLRGG DGGAAAAASA GGDDRRGGAG GGGYRRGGGN
SGGGGGGGYD RGYNDNRDDR DNRGGSGGYG RDRNYEDRGY NGGGGGGGNR GYNNNRGGGG
GGYNRQDRGD GGSSNFSRGG YNNRDEGSDN RGSGRSYNND RRDNGGDG

LAF-1 RGGcshur:

MNNSGDNDRG SGNYGLRNSF GDDGYGDNGN DEGNSGYRNR GLGGDRADEY GNSGGNGDNE
AAPNASDRDD AHYYDSDDYD DGGGGRGSGG AGGGGARGPG SNRAGRYGGG GRRGRGRGNG
YNGNRSQRRR GGGRGRGNRG YRVGNGNGQS GGRNSRGGGG GNGGANYG
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Figure S1: Single and multicomponent phase behavior of RGGcshur With increasing As1s bulk solution
concentration: (A) Single component phase diagram of RGGcshut With varying initial bulk concentrations
of the polynucleotide A1s (B) Multicomponent phase diagram from coexistence simulations with varying
initial bulk concentrations of A1s(different markers) and different temperatures (different colors).
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Figure S2: Total concentration of the condensed phase remains largely unchanged with increasing
Ais in the mixture : The total concentration of the condensed phase in terms of the sum of RGG (A) or
RGGecshut (B) and their respective A1s densities in the condensate remain largely constant for most
temperatures below the critical temperatures for the protein sequences.
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Figure S3: Changing polynucleotide chain length modulates heterotypic interactions: (A) Potential

of mean force between LAF-1 RGG and different lengths of polynucleotide at 230K (B) Potential of mean
force between LAF-1 RGGcshur and different lengths of polynucleotide at 230K.
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Figure S4: Increasing polyA chain length enhances the partitioning of the polynucleotide in the RGG
condensate: (A) Density profiles of polynucleotides from coexistence simulations of different RGG, polyA
mixtures with each having a specific length for polyA at one fixed temperature (230K) and RGG bulk solution
concentration. The total number of nucleotides (1500) are kept constant in all of the mixtures and the
number of chains of polyA are changed to account for the change in length. (B) Density profile of RGG in
coexistence simulations with polyA with varying chain lengths as shown in (A).



A B LAF-1 RGGoygny

« ,:1‘ O- Aj

L e ﬁ
= 100 A I ) (S I § 3
2 I S0y
— 1% Y ~ 3
S 0] el Ter | S 201
Q ol 4% S g
@) v Qq O

f:%S’%
I 0 I I

—20 0 20

1
—20 0 20

Z(nm) Z(nm)
Figure S5: Increasing polyA chain length enhances the patterning of the polynucleotide in the
RGGcshuf condensate: (A) Density profiles of polynucleotides from coexistence simulations of different
RGGcshuf, polyA mixtures with each having a specific length for polyA at one fixed temperature (230K) and
RGGecshut bulk solution concentration. The total number of nucleotides (1500) are kept constant in all the
mixtures and the number of chains of polyA are changed to account for the change in length. (B) Density

profile of RGGcshu in coexistence simulations with polyA with varying chain lengths as shown in (A).
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Figure S6: Distinct microstructures of protein-Ais droplets persist at different solution
concentrations of A1s: (A) Density profiles of A1s from coexistence simulations of the RGG/A1s mixture
and (B) density profiles of Ais from coexistence simulations of the RGGcshur mixture at varying
polynucleotide solution concentrations (as given in Table S4), 230K simulation temperature and protein
concentration at 33.33 mg/ml.
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Tables

Table S1: The hydropathy ()\) and van der Waals diameter (o) of individual
amino acids and nucleotides, the arithmetic mean of which controls their hy-
dropathy driven nonspecific interaction strength. The highlighted amino acids
in magenta are also charged at ph level 7 and their non bonded interactions
have both electrostatics and hydropathy driven contributions.

CG parameters A a(A)
ALA 0.729 | 5.04
ARG 0.000 | 6.56
ASN 0.432 | 5.68
ASP 0.378 | 5.58
CYS 0.594 | 5.48
GLN 0.513 | 6.02
GLU 0.459 | 5.92
GLY 0.648 | 4.50
HIS 0.513 | 6.08
ILE 0.972 | 6.18
LEU 0.972 | 6.18
LYS 0.513 | 6.36
MET 0.837 | 6.18
PHE 1.000 | 6.36
PRO 1.000 | 5.56
SER 0.594 | 5.18
THR 0.675 | 5.62
TRP 0.945 | 6.78
TYR 0.864 | 6.46
VAL 0.891 | 5.86
ADE -0.054 | 8.44
GUA -0.189 | 8.51
CYT/URA | -0.027 | 8.22




Table S2: The interaction potential energy minima for all amino acids with
the Adenine nucleotide in our coarse grained modeling framework. Highlighted
amino acids have both charge and hydrophobicity driven interactions with the

nucleotide.

Amino acid - ADE | P.E. minima
(kcal/mol)
ALA -0.0674
ARG -0.2111
ASN -0.0378
ASP 0.04569
CYS -0.0540
GLN -0.0458
GLU 0.0111
GLY -0.0594
HIS -0.1600
ILE -0.0918
LEU -0.0918
LYS -0.2686
MET -0.0782
PHE -0.0946
PRO -0.0946
SER -0.0540
THR -0.0621
TRP -0.0891
TYR -0.0810
VAL -0.0836

Table S3: Simulation benchmarks for the molecular dynamics simulation of
typical polynucleotide-protein mixture presented in this work with the HOOMD-

Blue 2.1.5 package using a NVIDIA GTX 1080 Ti GPU.

Geometr
Parameters Y Slab Droplet
Polynucleotide (A15) chains 30 60
LAF-1 RGG chains 75 150
Number of Particles 13050 26100
Box dimensions (nm) 15.01x15.01x280.00 | 99.85x99.85x99.85
Simulation Temperature (K) 230 230
Simulation time (us) 5 5
Wall time (hrs) ~ 48 ~ 96




Table S4: System net charge and composition for data shown in Fig 3. 75 LAF-1 RGG chains were present
in the system carrying a net charge of +4.5 each and the protein concentration was 33.33 mg/ml while
polynucleotide bulk concentration was varied.

Number of nucleotides 0 150 | 330 450 675 900 1500 2250 4200 5250
System net charge 337.5 | 1875 | 7.5 | -112.5 | -337.5 | -562.5 | -1162.5 | -1874.5 | -3862.5 | -4912.5
Concentration (mg/ml) 0 1.31 | 2.88 | 3.93 5.89 7.86 13.10 19.65 36.68 45.85

Movies

Movie M1: Density profiles of protein and polynucleotide from coexistence simulations of both
(A)RGG/(B)A1s5 and (C)RGGcshu/(D)A1s mixtures at 230K and concentrations (protein: 33.33 mg/ml, Ass:
3.93 mg/ml) varying over the simulation time of 5us. Black dashed lines represent the average density
profile over the 5us long simulation.

Movie M2 A, B: Trajectories of protein-polynucleotide mixtures from coexistence simulations of both (A)
RGG/A15 (Blue translucent chains/Red solid chains) and (B) RGGcshut/A1s (Green translucent chains/Red
solid chains) mixtures at 230K and concentrations (protein: 33.33 mg/ml, A1s: 3.93 mg/ml) varying over the
last 40-50 frames i.e. the last ~0.05us of a 5us simulation.



