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Charge pattern affects the structure and dynamics
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of polyampholyte condensatesy
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Proteins with intrinsically disordered regions have a tendency to condensate via liquid—-liquid phase
separation both in vitro and in vivo. Such biomolecular coacervates play various significant roles in bio-
logically important regulatory processes. The present work explores the structural and dynamic features
of coacervates formed by model polyampholytes, being intrinsically disordered proteins, that differ in
terms of their charged amino acid patterns. Differences in the distribution of charged amino acids along
the polyampholyte sequence lead to distinctly different structural features in the dense phase and hence
to different liquid properties. Increased charge clustering raises the critical temperature for phase
separation and results in each polyampholyte experiencing a larger number of inter-chain contacts with
neighboring proteins in the condensate. Consequently, polyampholytes with greater charge clustering
adopt a much more extended conformation, having a radius of gyration up to twice that observed in the
dilute bulk phase. Translational diffusion within the droplet is pronounced, being just 4—-20 times slower than
in the bulk, consistently with the high conformational entropy in the dense phase and high exchange rate of
the network of intermolecular interactions in the condensate. Coupled to the faster diffusion, the conden-
sate also adopts a more elongated shape and exhibits imperfect packing, which results in cavities. This study
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Introduction

A living cell is a complex environment containing a large
number of different proteins, lipids, nucleic acids, and small
molecules. The phenomenon of phase separation,™? particu-
larly liquid-liquid phase separation (LLPS)>* into a condensed
phase and a dilute bulk phase, enables cells to obtain spatial
and temporal control over their molecular functionality and
interactions by means of intracellular liquid-like membraneless
organelles. Such membraneless organelles play significant roles
in several cellular mechanisms, including gene expression,>®
cellular signaling,”® regulation of protein translation,'® and RNA
transcription.” The organelles generally consist of the dense
phase, which takes the form of polymer-rich condensate drop-
lets referred to as coacervates. These coacervates are often
enriched in intrinsically disordered proteins that exhibit sev-
eral interaction motifs (or “stickers”*' ™) that define a multi-
valent interaction.**** In recent years, several studies showed
that the formation and dissolution of the droplet phase can be
modulated by cellular conditions, namely temperature, pH, salt
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electrostatic forces and particularly how they can be modulated by the charge pattern.

concentration,"® and post-translational modifications such as
phosphorylation.*® Experimental studies showed that the con-
densate has liquid-like properties™*"” and that its formation is
mediated by entropy.'® The dynamics within the condensates is
supported by the extensive dynamics of the low complexity
regions, which remain disordered as in dilute solution.'®™
Picosecond time-resolved fluorescent depolarization measure-
ments have revealed rapid large amplitude torsional fluctua-
tions in the extended chains, with these in turn controlling the
formation and breakage of inter-chain contacts, hence main-
taining the fluidity of the dense phase.*

The molecular driving forces underlying the phase separation of
proteins are diverse and include electrostatic, hydrophobic, cation—-
7, and n-7 interactions, as well as hydrogen bonding.**** In some
instances, the protein condensates formed via LLPS are stabilized
by electrostatic interactions between oppositely charged patches in
the sequence (for example, the DDX4 protein*’), whereas the
driving force for the LLPS of other proteins may be governed by
aromatic interactions (for example, the FUS protein®® and prion-
like domains®). To decipher the stability of condensates and their
molecular driving forces, various experimental techniques have
been applied to study the structure and internal dynamics of
proteins and their mutants in solution and droplet form.

Computational studies®® ™ have joined the effort to char-
acterize the biophysics of bimolecular condensates formed via LLPS.
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These studies address some structural and energetic properties of
model systems®™** or natural proteins®»**3* that participate in
LLPS. Although condensates of several proteins and their mutants
were studied computationally, the microscopic structural and
dynamic features of these proteins in the dense phase are still
poorly understood.

In the current study, we aim to quantify the structure and
dynamics of intrinsically disordered proteins whose conden-
sate formation is driven by long-range electrostatic interac-
tions. We studied polyampholytes comprised of positively and
negatively charged monomers and bearing zero net charge,
such that they differ solely in terms of the distribution of the
charges along the chain. The various degrees of clustering of
like charges along the chain can be quantified by the patterning
order parameter, k.’ k equals unity when there is complete
segregation of the positive and negative charges, whereas
equals zero relates to maximal mixing. Such polyampholytes
are model systems for intrinsically disordered proteins and
their LLPS was shown to depend on charge patterning, which,
in some cases, is correlated with x.>'**37 Nonetheless, our
study aims to quantify how long-range electrostatic interactions
and its dependence on k govern the liquid nature of the
condensate. The composition and organization of the charges
may affect both conformational preference and diffusion of the
peptides in bulk and in the condensate.

Methods

As all-atom simulations are constrained to the early stages
of LLPS and are limited to a small number of protein
chains,®>*#%% we applied a coarse-grained model that allows
comprehensive analysis of the conformational heterogeneity
and dynamics in the condensates. The polyampholytic intrin-
sically disordered proteins were modeled by a single bead for
each residue that was assigned a positive or negative unit
charge to produce an electrostatically neutral polymer. The
potential energy function consisted of bonded, angular, elec-
trostatic, and short-range repulsions. The bonded and angular
interactions were modelled with a harmonic potential. In
most of the simulations, the polymers remained completely
flexible without any dihedral constraint. To examine the effect
of conformational rigidity, we introduced a dihedral potential
dihgi:mls K dihedrals [1 — cos ((pl-]-k, - qog.k,> — cos (3(9,-/-,(/ — (pg.k/ﬂ; where
@i is the dihedral angle between subsequently bonded backbone
beads i-j-k-I in radians, ¢y is the optimal dihedral angle
between subsequently bonded backbone beads i—j-k-I in radians.
The strength of the dihedral potential, Kginedrals; Was varied
between 0-2. If not mentioned otherwise, the polyampholytes
were modeled as flexible peptides with Kyinedrais = O-
Electrostatic interactions among the amino acid residues
were modeled by the Debye-Hiickel potential, which accounts
iery
for the ionic strength:** Egjecrostatic = KcoulombB(1¢) Z%j,
L y

g; and g; denotes the charge of the ith and jth bead. r; denotes
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the inter-bead distance. ¢ is the solvent dielectric constant.
Kcoulomb = 4mee = 332 kecal mol ™. B(x) is dependent on salt
concentration and the radius (a) of ions produced by the

Ka

dissociation of the salt, B(k) = According to Debye-

1 4 ex@
Huckel theory, the range of electrostatic interaction of an ion is
of the order of x " which is called the Debye screening length.
Poisson-Boltzmann equation leads to the following relation of
2
x and ionic strength k2 = %; where N, is the Avogadro
number, e is charge of an electron, p, is the solvent density, I
denotes the ionic strength of the medium. kg is the Boltzmann
constant and T is temperature. In addition to the electrostatics,

each bead interacts with all the other beads with a repulsion

12
potential, Erepuision = (‘:—1) with o = 4 A.
7

We simulated polymers consisting of either 20 or 40 resi-
dues. The condensate was studied by simulating 100 polymers
placed in a box with dimensions 300 x 300 x 300 A (for 20
residue polyampholytes the box dimension was 240 A). The
structure and dynamical features of the polymers were studied
at a salt concentration of 0.02 M with a dielectric constant of
80 and at temperatures below the critical temperature of the
sequence of interest (we note that due to the coarse-grained
representation, the used salt concentration in the simulations
represents an effectively higher salt concentration). At each
temperature, multiple trajectories were simulated in order to
have proper averaging. A random conformation was used as
each polyampholytes in the simulation box to initiate the
simulation. Multiple trajectories were simulated at various tem-
perature by solving the Langevin equation. The simulated poly-
ampholytes were clustered at each time step to define their
clustering into condensates and particularly the largest condensate.
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Fig. 1 Temperature—density phase diagram of model polyampholyte
sequences. The phase diagram was plotted from extensive coarse-
grained molecular dynamics simulations of five different sequences of
40-bead polyampholytes possessing different charge patterns. The dis-
tribution of the charges along the sequences is represented by the
Kk parameter. The sequences of the polyampholytes and their corres-
ponding x values are shown on the right. The critical temperature (T,)
was evaluated from the following relation of the universal scaling of
density near the critical point, pPpensephase — PDilutephase = A(l 7T£> . The

c
inset shows the relationship between the critical temperature and the

K parameter for both 40- and 20-bead polyampholytes (filled and empty
circles, respectively). Coloring in the plots follows the color scheme of the
sequences.
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Results and discussion
Sequence-dependent phase co-existence and critical point

To elucidate the temperature dependence of the stability of the
droplet phase as the charge pattern changes in a sequence, we
plot the temperature-density phase diagram for the designed
sequences with different values of « (Fig. 1 and Fig. S1, ESIY).
To obtain the phase diagram, we used the condensate geometry
to estimate the density of the dense phase. In each time frame,
the density of the condensate was estimated by counting the
number of polymer beads in a sphere of radius 5 nm around
the center of mass (COM) of the largest cluster of interacting
polymers. A clustering algorithm was used to determine the
largest cluster, with an inter-chain COM distance cut-off of
3 nm. We measured the critical temperature, 7., and density, p,
by fitting the density-temperature data to the following rela-

B
- ] > where PDensephase
T.

and ppilutephase denote the polymer bead density in the dense
phase and in the dilute phase, respectively, and f is a critical
exponent that, following other studies, was set to 0.325.>%**
The critical temperature rises with increasing «. This is likely
related to enrichment of charge patches, which mediate inter-chain
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contacts. The inset shows the dependence of T. on x for two
different polymer sets of length 20 or 40 beads, illustrating that
higher « is linked to greater T..*"**

Structural features of polymers in the condensate and the bulk

To understand the microscopic structural characteristics of the
polymers in LLPS, we compared the distribution of the radius
of gyration (Rg) for polymers in the dense phase and the bulk
(Fig. 2A and Fig. S2, ESIT). Larger R, values were calculated in
the dense condensate compared with the bulk, illustrating a
transition from a compact to a more extended conformation
upon LLPS. The different conformational preferences of poly-
ampholytes in the condensate and the bulk are also reflected by
the Flory exponent, which is v ~ 0.6-0.7 in the dense phase and
is independent of x (at a fixed 7/T.), whereas it has a value of
v ~ 0.3-0.5 in the bulk, depending upon the value of « (Fig. S3,
ESIY).

To focus on the effect of LLPS on the conformation of the
polyampholytes, we followed the ratio Rgpropiet/Rgpuic Which is
shown to depend on T/T, and on k and can even reach a value
as large as 2 (Fig. 2B). A similar dependence of Ryproplet/Rgpulk
on T/T. is evident for both 40- and the 20-bead polymer chain
systems (see Fig. S4, ESIT). The extent of the expansion of the
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Fig. 2 Conformational preferences of polymers in the dense phase. (A) Probability distribution of the radius of gyration (p(Rg)) for polymers in the dense
phase (solid lines) and in the bulk (dashed lines) for x = 0.55 and k = 0.23 at T = 0.5T.. The Ry distributions in the dense phase are shifted to the right and
are significantly broader than in the bulk, implying the presence of more extended conformations and large-scale conformal fluctuations in the dense
phase. The inset illustrates three extended conformations adopted by the polyampholytes with x = 0.55 at T = 0.5T. in the dense phase whereas a
collapsed state is observed in bulk. (B) Ratio of average polymer Ry in the dense phase and the bulk as a function of temperature scaled with respect to the
critical temperature (T/T.) of each sequence. Inset shows the variation of the Ry ratio as a function of « for both 40- and 20-bead polyampholytes (filled
and empty circles, respectively) at T = 0.5T.. (C) Average inter-chain and intra-chain contacts in the dense phase as a function of T/T.. Inset shows the
variation of inter-chain contact with « for the two different polymer sizes. The average number of intra-chain contacts of the polymers in the bulk is
shown in Fig. S7 (ESIT). (D) Conformational entropy of the polyampholytes in the dense phase (solid line) and bulk (dashed lines) measured by the flexibility
of each dihedral angle in the polymers.
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chain in the condensate depends on x and on T. At T = 0.57T,
the ratio Ryproplet/Rgpulk increases with x, for polymer of lengths
of 20 or 40 beads (see Fig. 2B inset). We note that the
dependence of this ratio on x is weak and not valid at all
temperatures, suggesting limitations on the suitability of the
x parameter for capturing nuances in R,*> (we note that the
x values of the studied systems correlated well with their
sequence charge decoration (SCD) values (Fig. S5, ESIT)*?).

Polyampholytes with x of 0.55 or 1.0 can adopt much more
extended conformations than those with lower « values, parti-
cularly at low temperature. A monotonic decrease in Rgproplet/
Rgpuik is observed for these polyampholytes when temperature
is increased. This dependence is weaker for polyampholytes
with x = 0.55 than those with x = 1.0 and becomes even weaker
for systems with x values of 0.07-0.23. Higher T results in more
expanded polymer conformations in both the bulk and the
condensate, as a result of the disruption of intra-chain con-
tacts. The origin for the decrease in Rgproplet/Rgpuik When T
increases is primarily because Ry iS more sensitive to
changes in 7. In all the studied systems, R, is about 40-60%
more extended in the condensate than in the bulk when the
temperature is ~80% of the corresponding 7. (Fig. 2B).

The origin of the stronger effect of temperature on the
Rgproplet/Rgbulk Tatio for polyampholytes with higher x values
than those with lower values (i.e., for systems with x = 0.55 or
1.0 versus k = 0.07-0.23) may lie in differences in the stability of
the condensate, which is determined by the network of inter-
actions between the constitutive polymers. To investigate this
possibility, we measured the number of intermolecular inter-
actions formed between a polymer in the condensate and its
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neighboring polymers. Fig. 2C shows that the average number
of intermolecular interactions of a polymer in the condensate
decreases as the temperature increases for all values of k. The
extensive intermolecular interactions each polymer chain
forms with its neighboring polymers in the condensate, while
the number of intramolecular interactions is low and insensi-
tive to variation in T (Fig. 2C and Fig. S6, S7, ESIt), explains the
expansion of the conformation, as reflected by the R, values
(Fig. 2A and B). For a given value of 7T/T., the number of
intermolecular interactions is larger for polymers with higher
k (Fig. 2C, inset). In particularly, at a very low temperature
(T/T. ~ 0.2), the number of intermolecular interactions for
polymers with high « (i.e., k = 0.55 and especially for x = 1.0) is
higher than for lower «. This may suggest that these systems are
more saturated with interactions with neighboring chains and
the droplet is therefore denser than that formed by polymers
with lower values of x, consequently chains with x = 0.55 or k =
1.0 have more extended conformations in the condensate at
very low temperatures. The high packing found at low T for
polyampholytes with high x values can explain their high
Ryproplet/ Ropuik ratio at low T (Fig. 2B). As the system approaches
criticality, the average lifetime of the inter-chain contacts also
decreases (Fig. S8, ESIT).

The expansion of the polymer conformation following LLPS,
as reflected by the shift in the R, distribution, is also associated
with a significant broadening of R, distribution in the dense
phase compared with a narrow R, distribution of the polyam-
pholytes in the bulk (Fig. 2A). Such broadening indicates that
polymers in the dense phase possess greater conformational
fluctuation compared with those in the bulk. To understand the

0.25—s————

@ 40-bead polymer
O 20-bead polymer

Fig. 3 Translational diffusion in the condensate. (A) The ratio of the translational diffusion coefficient (D) in the dense droplet phase to the bulk is shown
as a function of temperature scaled to the critical temperature (T/T.) of each sequence. Inset shows the dependence of the diffusion coefficient ratio on
Kk at T = 0.5T for both 40- and 20-bead polyampholytes (filled and empty circles, respectively). The degree of diffusion in the dense phase for different k
values is illustrated pictorially for k = 1.0 (B) and k = 0.55 (C), both at T = 0.5. These plots show projections of the center of mass of three selected chains
(colored green, red, and blue) for 2000 timesteps (which correspond to ~30 times the life time of an intermolecular contact), whereas the centers of
mass of the other chains in the droplet are colored grey. The plots illustrate that a decrease in « facilitates diffusion in the dense phase.

This journal is © the Owner Societies 2020

Phys. Chem. Chem. Phys., 2020, 22,19368-19375 | 19371


https://doi.org/10.1039/d0cp02764b

Published on 18 August 2020. Downloaded by Weizmann Institute of Science Library on 11/22/2020 2:35:09 PM.

PCCP

conformational heterogeneity in the dense phase, we calculated
the conformational entropy of the dense phase compared with
the bulk (Fig. 2D). Conformational entropy is estimated from
variations in all the dihedral angles within the polymer, as

Tpolymer Mihedral =3

follows, S = > piIn(p}), where p% represents

=l j=1  k=—n

the probability of the jth dihedral angle to sample the kth
conformation. The conformational entropy is higher in the
dense phase than in the bulk. Moreover, the conformational
entropy is less sensitive to k or to temperature in the dense
phase compared with the bulk phase. This finding is well
supported by the observation that the distribution of R, in
the dense phase is broad, leading to an enhanced sampling of
the conformational space. This indicates that the presence of a
network of interacting polymers in the condensates results in
the R, (Fig. S2, ESIt) and entropy (Fig. 2D) being less sensitive
to temperature changes, even though some breakage of inter-
actions occurs when the temperature approaches T, (Fig. 2C).
With the aid of time-resolved fluorescence spectroscopy, a
recent study revealed extended conformation and enhanced
conformational fluctuation for the tau protein (which is rich in
positively charged amino acids) in the droplet phase, whereas it
adopts a compact and less fluctuating globular state in the
bulk.??

Translational diffusion of polymers in the dense phase

The high conformational entropies of the polymers in the
condensates (Fig. 2D) together with their large number
(Fig. 2C) of short-lived (Fig. S8, ESIf) intermolecular interac-
tions are consistent with the liquid-like behavior of the dense
phase. To quantify the liquid property, we measured the diffu-
sion coefficients of the studied polyampholytes at a tempera-
ture range that corresponds to 0.2-0.97. of each system. The
diffusion constants were evaluated by the slope of the linear fit
to the mean squared displacement (MSD) of the polymers in
the dense phase or in the bulk. MSD in three dimensions is

related to the diffusion constant in the following way, D =

((x(0) = x(0)) + (1) = 9(0)) + ((z() = (0))")

61 ’
calculating the diffusion coefficient in the dense phase, we
ensured that the polymers were part of the condensate for the
entire time window we were interested in. Fig. 3A shows the
ratio of the diffusion constant in the dense phase to that in

When

D .
bulk (M) as a function of temperature scaled by T..
Bulk

Diffusion in the dense phase is 4-20 times slower than in the
bulk, depending on T and k. These diffusion coefficient values
indicate pronounced diffusion within the droplet, which is
consistent with earlier experimental measurements. For exam-
ple, detailed solid-state NMR studies indicated that the ELP3
protein has a diffusion constant in the dense phase that is
10--100 times slower than in the bulk, depending on the salt
concentration.'® Also, HP1 protein diffuses 10 times more

19372 | Phys. Chem. Chem. Phys., 2020, 22, 19368-19375

View Article Online

Paper

0.05f

605 1 15 2
Kdihedral

Fig. 4 Effect of polymers stiffness on structure and dynamics of the
condensate. (A) The mean radius of gyration of individual polymers in
the droplet can be affected by its rigidity. This effect was measured for
peptides with x = 0.23 (blue) or 1.00 (purple) at T/T. = 0.5. (B) The diffusion
coefficient relative to that in bulk is reduced for stiffer polyampholytes,
particularly for those with low «x values. (C) Illustration of the condensate
packing for k = 0.23 and for flexible (Kginedarat = O) and stiff (Kginedral = 2)
peptides. The peptides highlighted in green illustrate the conformation of a
single peptide in the condensate and the increase in Ry shown in panel A.

slowly in the phase-separated compartments than in the
nucleoplasm.*

For a specific x value, the ratio Dpoplet/Dpuic Strongly
increases with increasing T (Fig. 3A). The increase in transla-
tional diffusion in the dense phase with increasing 7 can be
explained by the reduction of intermolecular interactions in the
dense phase and their shorter lifetime at higher T (Fig. 2C and
Fig. S9, ESIf). At a given T, the Dproplet/Dpuic is larger for
polyampholytes with smaller « values (Fig. 3A, inset), again
supported by their smaller number of intermolecular interac-
tions (Fig. 2C, inset). It is worth noting that the slope of Dpopiet/
Dg,i with respect to temperature also increases with decreas-
ing «, suggesting that the network of interactions in conden-
sates formed for polymers of low « is less dense and therefore
more sensitive to temperature effects, consequently their diffu-
sion coefficients tend to further increase with T. To illustrate
pictorially the different characteristics of diffusion within con-
densates formed by polyampholytes of different x values, we
followed the projection of the center of mass of three polymers
in condensates of ¥ = 1.0 and x = 0.55 at temperature 7 = 0.5
(Fig. 3B and C). The highlighted polymers are in close contact
initially in both cases, but exhibit significant diffusion that is
more extensive for k = 0.55 than for x = 1.0.

In addition to the effect of the charge pattern on the
conformational preference of the peptides and their transla-
tional diffusion in the droplet, the physical properties of the
phase separated peptides may depend on their intrinsic flex-
ibility. To address this aspect, we simulated droplet formation
of polyampholyets with x = 0.23 or 1.00 with three different
degree of rigidity (introduced by Kgipedrai = 0.5, 1.0, or 2.0).
Introducing rigidity to the polyampholyte with ¥ = 1 has a
minor affect, most likely because its charge pattern governs its
rigidity even when there is no dihedral potential. As the rigidity
increases for the peptide of k = 0.23, it becomes more extended
(i.e., larger Ry) and its translational diffusion decreases about
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Fig. 5 Translational diffusion in the condensate of binary mixture. (A) The ratio
of the translational diffusion coefficient (D) in the dense droplet phase to the
bulk is shown as a function of temperature scaled to the critical temperature
(T/T.) for the binary mixture of 20-bead polymers with either positive or
negative charges (brown). For comparison, the corresponding values for the
40-bead polymer with k = 1 are shown (purple). (B) The effect of splitting the
40-bead polymer with k = 1 into two 20-bead polymers on the diffusion in the
dense phase is illustrated by projecting the center of mass of three selected
chains (colored green, red, and blue) for 2000 timesteps (which correspond to
~ 30 times the life time of an intermolecular contact), whereas the centers of
mass of the other chains in the droplet are colored grey. The plots, made from
a simulation sampled at T = 0.9, illustrate an enhanced diffusion in the
condensate formed by the binary mixture (brown frame) compared to the
condensate of the 40-bead polymer (purple frame).

3 folds. At high rigidity, the diffusion coefficient of the self-assembly
of peptides with x = 0.23 is not sensitive to temperature indicating
a more solid-like assembly than a liquid droplet (Fig. 4).
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The liquid properties of the condensate might be affected if
the polyampholyets were fragmented.*” To address this aspect, we
studied a condensate formed by a binary mixture of the poly-
ampholyets with x = 1. In this case the 40-bead polymer was split
into two halves: one with 20 positive charges and the other with 20
negative charges. The conformational and thermodynamic prop-
erties of the condensates formed by these two systems are similar.
The main difference due to splitting the polymer with x = 1 into
two homogenously charged polymers is excessive dynamics in the
latter reflected by ~ 2-fold increase in the diffusion coefficient in
the condensate. In the condensate formed by the 40-bead poly-
mers with x = 1, the intra-molecular interactions restrict exchange
with neighboring peptides. This restriction is smaller in the
condensate formed by the binary mixture of 20-bead polymers
as all the attractive electrostatic interactions are intermolecular
which results in enhanced diffusion (Fig. 5).

Shape anisotropy and lifetime of dense phase clusters

The effects of T and x on the diffusion coefficients of poly-
ampholytes in the dense phase indicate that the condensate
may have a different viscosity from the bulk, with condensate
viscosity potentially linked to the general shape of the conden-
sate and the degree of its compactness. To quantify the geo-
metry of the condensate, we calculated the shape anisotropy
parameter, as defined below,

Shapeanisotropy (p) = max (j—;, Z—;) + max (%, Z—;)

+ max é é
d.d,

0.55

== Decreased T ==
= |ncreased x EED>

Fig. 6 Shape of the condensates. (A) Variation of the shape anisotropy parameter of the condensate with temperature for all the sequences. This analysis
was performed for the largest condensate in the dense phase. A value of the shape anisotropy of 3 refers to an ideal sphere, with values > 3 referring to a
more elongated shape. As temperature increases, the droplet becomes increasingly asymmetric and increasingly resembles a two-dimensional object
with cavities within it. (B) Illustration of the shape of the largest cluster with decreasing scaled temperature for k = 0.55. (C) Illustration of the shape of the
largest cluster with increase in sequence k at T = 0.5T.. As temperature increases or as k decreases, the droplet phase seems to become more elongated
and to follow a transition from a 3D to a 2D shape. This transition is accompanied by the appearance of cavities within the droplet and by the presence of

more chains on the droplet surface rather than at its core.
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where d,, d, and d, denote the largest diameters of the largest
cluster in the X, Y and Z dimensions, respectively. Following
this measure, a spherically shaped condensate will be charac-
terized by a shape anisotropy value of 3, while more elongated
condensate shapes will acquire values larger than 3. A higher
shape anisotropy value also indicates a shape that is more 2D
than 3D. Fig. 6A shows shape anisotropy as a function of scaled
temperature (i.e., T/T.) for the five polyampholytes with differ-
ent x values. For all systems, the shape anisotropy increases
from 3.4 to 4.3, illustrating anisotropic expansion of the con-
densate. The effect of T on shape anisotropy is valid for all
values of k. We note that for x = 0.55 or 1.0, a more spherical
condensate shape is seen at low T, whereas for lower « values,
non-spherical shapes are seen even at low 7. To illustrate
pictorially the change in shape with x and T, several snapshots
are drawn that show the transition from sphericity to a more
elongated shape as T increases and x decreases (Fig. 6B and C,
respectively). These snapshots illustrate that this transition to
elongated and asymmetrical shapes is coupled with the appear-
ance of cavities due to imperfect packing. Deviation from spheri-
city is also observed when the polyampholyets are stiff and adopt
a more linear conformation, which restricts their packing and
thus have many voids in the droplet phase (Fig. 4C).

Conclusions

In conclusion, this study captures the microscopic molecular
features of liquid-liquid phase separation and the fascinating
interplay of structure and dynamics in the dense phase. We
observed a large-scale conformational unwinding of the poly-
mers in the dense phase due to extensive intermolecular
interactions with neighboring chains. Consequently, the poly-
mers’ dimensions obey the Flory theory for polymers in an ideal
solvent. The liquid-like environment in the condensate is
reflected in the polymers’ high conformational entropy in the
dense phase, which is higher than that in the bulk, so implying
that conformal fluctuation is the key feature for the exchange of
contacts in the dense network. Furthermore, translational
diffusion in the condensate is just 4-20 times slower than that
of isolated monomeric polymer in the bulk, in agreement with
experimental studies."®*>*' Increased diffusion coefficients
can be achieved for polyampholytes by either increasing the
temperature or reducing the x value by using smaller charge
patches. Both scenarios result in fewer intermolecular interac-
tions and thus less packed condensates that have a more
elongated shape and may include cavities.

The appearance of cavities in the condensate, particularly
for low x values, can explain the oft-reported accumulation of
water within droplets formed by LLPS.**** Polyampholytes with
lower x values are also more likely to adopt a more elongated
shape than a spherical one and this tendency increases with
increasing temperature. We note that natural intrinsically dis-
ordered proteins have relatively low x values in the range of
0-0.4.>° Nevertheless, while some of the structural and dynamic
properties presented here correlate with x, others do not show a
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clear correlation, indicating the limitation of relying on the x
parameter®” alone to capture entirely the biophysical properties
of polyampholytes in the condensate. Our study highlights how
the pattern of charges modulates the biophysics of LLPS via
electrostatic interactions. Short-range hydrophobic interactions,
which are prevalent is many intrinsically disordered proteins,
should be examined in future to address the interplay between
short- and long-range interactions in the liquid behavior of
biomolecular condensates.
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