UCSF

UC San Francisco Previously Published Works

Title
Molecular Determinants for the Layering and Coarsening of Biological Condensates.

Permalink
bttgs:ggescholarshiQ.orgéucgitem49807x5m§
Journal

Aggregate, 3(6)

Authors

Latham, Andrew
Zhang, Bin

Publication Date
2022-12-01

DOI
10.1002/agt2.306

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,
available at btt_ps://creativecommons.orq/licenses/bv/4.0,{

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9807x5m8
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Aggregate (Hoboken). Author manuscript; available in PMC 2023 April 13.

s HHS Public Access
«

Published in final edited form as:
Aggregate (Hoboken). 2022 December ; 3(6): . doi:10.1002/agt2.306.

Molecular Determinants for the Layering and Coarsening of
Biological Condensates

Andrew P. Latham™#, Bin Zhang"
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Abstract

Many membraneless organelles, or biological condensates, form through phase separation, and
play key roles in signal sensing and transcriptional regulation. While the functional importance of
these condensates has inspired many studies to characterize their stability and spatial organization,
the underlying principles that dictate these emergent properties are still being uncovered. In this
review, we examine recent work on biological condensates, especially multicomponent systems.
We focus on connecting molecular factors such as binding energy, valency, and stoichiometry with
the interfacial tension, explaining the nontrivial interior organization in many condensates. \We
further discuss mechanisms that arrest condensate coalescence by lowering the surface tension or
introducing kinetic barriers to stabilize the multidroplet state.
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Introduction

Cells constantly perform myriads biochemical reactions in parallel. To avoid crosstalks
and interference among different pathways, cells compartmentalize into membrane-bound
vesicles that enclose specific sets of molecules. The recently discovered membraneless
organelles, also known as biological condensates, could offer similar specificity by
concentrating functionally related molecules via self-assembly, providing additional levels
of structure and organization within the cell. 1> Many biological condensates are dynamic
and exhibit liquid-like properties. They allow fast molecular exchange with the cellular
environment and can assemble/dissolve on demand in response to external signals that
modulate the concentration and chemical state of its components.6-8

Biological condensates are involved in a variety of processes throughout the cell. For
instance, stress granules form in the cytosol as a mechanism of cellular stress response

to protect RNAs from harmful chemicals.® TIS granules form at the interface with the
endoplasmic reticulum to assist in the translation of mMRNA and the formation of membrane
protein complexes. 10:11 Inside the nucleus, membraneless organelles contribute to genome
organization, partitioning chromosomes into active and silent domains.1=312 They may
assist DNA compaction in heterochromatin314 or promote transcription as in the case of
condensates formed by super-enhancers. 1°

Significant progress has been made in understanding the mechanisms of biomolecular
condensate formation in vitro. In particular, intrinsically disordered proteins (IDPs) are
found in many membraneless organelles. They undergo phase separation at cellular
concentrations to form dynamic droplets.16-1° The propensity of IDPs to phase separate
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arises mainly from their ability to associate simultaneously with multiple partners, i.e.,

high valency. IDPs often harbor several disordered segments that promote electrostatic,
cation-7, r-7z, hydrogen bonding, or hydrophobic interactions.29 In the meantime, specific
interactions between ordered regions with well-defined protein-protein interfaces also
contribute to the multivalency.22-23 Nucleic acids can form condensates as well. 2425
Similar to motifs in proteins, multivalent interactions between nucleic acids contribute to
their phase separation propensity.26-27 It is also becoming increasingly appreciated that these
diverse types of multivalent interactions among biomolecules could produce complex phase
behaviors, including phase separation coupled with a percolation transition, which results in
gel-like condensates with viscoelastic properties. 19.28-30

While the mechanisms of single-component systems are beginning to emerge, biological
condensates in the cell contain many components, including proteins, DNA, and RNA.
The complex molecular composition of these condensates gives rise to more elaborate
mechanisms. For instance, higher valency proteins, frequently referred to as scaffolds,
can drive the formation of condensates and incorporate lower valency proteins that are
not capable of phase separation on their own, which are often called clients. 21:35.36
Additionally, many biomolecules are highly charged, and Coulombic interactions can
drive their condensation through a mechanism known as complex coacervation.37:38
Complex coacervates exemplify a broader class of condensates stabilized by cross-
interactions between components. In such cases, condensate stability is often dependent
on stoichiometery, resulting in reentrant phase separation. 3949 Bridging-induced polymer
collapse has been proposed as a mechanism to explain the formation of chromatin bodies.
4142 For example, protein molecules may bind with chromatin in multiple locations to
introduce physical crosslinks or bridges, the accumulation of which induces polymer
collapse to form condensates. For more information on the mechanisms of biomolecular
phase separation, we refer the reader to several of many great existing reviews.17-20:43

The complexity in molecular composition also produces novel condensate internal
organizations and coarsening behaviors deviating from homogeneous mixtures. 20:44:45
Order-disorder transitions could occur to form substructures via microphase separation as

in block-copolymer systems, producing layering in the condensates. 4647 The presence

of substructures may facilitate the mini-factories to further streamline the processing and
synthesis of biomolecules with dedicated platforms by division of labor. Novel behaviors

in phase separation kinetics have also been observed in biological condensates. Defying
expectations from the classical nucleation theory, condensates inside cells are often arrested
in a multi-droplet state.*8 Further coarsening is rarely observed over timescales spanning the
entire cell cycle (~ 24 hours).*?

In this review, we examine molecular mechanisms giving rise to emergent behaviors of
biological condensates. We begin by exploring examples of condensates with non-trivial
internal organizations. Next, we argue that the sub-structures in condensates can be
understood and predicted from the interfacial tension among immiscible liquids. Further
connecting molecular interactions with interfacial tension provides a conceptual framework
to interpret various experimental observations on condensate stability and organization. We
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conclude the review by examining the physical characteristics that prevent droplet fusion
and thus limit the size of biomolecular condensates.

Layered Internal Organization of Biological Condensates

Many biological condensates display substructures to provide additional spatial and
physical control necessary for complex functions. The nucleolus, essential for ribosome
biogenesis, presents an excellent example highlighting the advantages of a layered interior
organization.5%°1 |t is composed of three layers, the fibrillar center, the dense fibrillar
component, and the granular component. This organization allows for each part of the
nucleolus to have different protein compositions and perform distinct biological functions:
rDNA is transcribed in the fibrillar center, the resulting rRNA is processed in the dense
fibrillar center, and ribosome assembly occurs in the granular component (Figure 1A).31:52
Such a division of labor helps streamline ribosome production and assembly by assigning
steps to different regions of the nucleolus.

The nuclear speckle is another example that displays a layered organization, and the
functional significance of maintaining such intricate internal structures is still being
revealed. Nuclear speckles are composed of both RNA and protein components and are
essential for gene transcription and splicing.23 Recent studies have shown that many RNA
components, including snRNA like U2B”, localize toward the exterior of the condensate,
and scaffold proteins, such as SON, localize toward the interior (Figure 1B).325455 This
organization may serve as a mechanism to control condensate size, as the accumulation of
pre-mRNA at the periphery can recruit more speckle components.32 Further, the localization
of RNA to the exterior of the condensate may aid in biological function, for the interface
between speckles and the nucleoplasm is likely the location of RNA splicing.%6

In addition to their differences in molecular composition, the various layers could exhibit
distinct material properties as well. For example, the two layers in P granules are found to
be either liquid-like or gel-like. P granules are the first proposed droplets formed through
liquid-liquid phase separation and localize in the posterior half of C. elegans embryos.>” The
phase separation is driven by the protein, MEG-3,58 which was later shown to form gel-like
assemblies closer to the exterior of the P granules (Figure 1C).33:5% Meanwhile, the core of
the P-body contains RNA-binding proteins such as PGL-3 and remains liquid-like.

Similar to P granules, stress granules were found to have liquid and gel-like
compartments.®1 Using stochastic optical reconstruction microscopy (STORM), Jain et al.
demonstrated that stress granules contain core structures consisting of both proteins and
mRNA (Figure 1D).34 Later work demonstrated that protein dynamics within these core
structures is slower than that within the surrounding medium. 62 Time course analysis
further showed that these cores form as precursors to the assembly of the liquid shell.®3

Both molecular specificity and differential physical properties could contribute to substrate
selectivity among the substructures, as elegantly shown in a recent in vitro study. Choi

et al. characterized a layered condensate formed by arginine repeats (polyR) and lysine
repeats (polyK) with aspartic acid repeats (polyD).%4 They observed the layering of polyR
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dominant and polyK dominant phases and tested the affinity of different phases for nucleic
acid substrates, specifically dsRNA and ssRNA. As expected, ssSRNA partitioned into the
inner, polyR layer, likely due to increased opportunities for cation-pi interactions. However,
dsRNA partitioned into the polyK layer as a result of their increased stiffness and lack

of cation-pi interactions. Finally, its differential preference of sSRNA led to significant
dehybridiziation of RNA duplexes within the polyR condensate layer.

Besides the above examples, other biological condensates, including paraspeckles,5°
anisosomes,56 Cajal bodies,57:68 and mitochondrial transcriptional condensates, 8970 have
been known to display complex organization as well. While the physical and biological
implications of these structures have been discussed and remain of interest for future
studies,**49:52.71 how these organizations emerge from molecular level descriptions of
the system has not been adequately reviewed. In the next section, we focus on the
physical principles that dictate the internal organization of biological condensates, with

a particular emphasis on connecting interactions among components to macroscopic
condensate behaviors.

Determinants of Condensate Organization

Insights into the internal organization of biological condensates can be gained from studies
of immiscible liquids. In particular, the geometric outcome for mixing two immiscible
droplets is predictable with thermodynamic arguments in terms of their relative surface
tensions.31:44.52.60.71,72 Tyyg immiscible droplets (dropletA and dropletB) can form four
unique configurations (Figure 2A): a layered organization with dropletA on the inside, a
layered organization with dropletB on the inside, complete nonwetting to form two separate
droplets, and partial wetting into two droplets that share an interface. Therefore, interfacial
tensions provide a complete phenomenological description of condensate organization.
However, they are emergent properties, and connecting interfacial tensions with the
molecular composition is nontrivial.

Microscopic theories help connect surface tension with molecular interactions. The Flory-
Huggins theory based on lattice models has proven successful at understanding the
thermodynamics of polymer phase separation.”3 An essential parameter in the theory is

z zAe
X = m[epp + €s — €ps] - m9 (l)

which accounts for the preferences of homotypic interactions, namely polymer-polymer
(epp) and solvent-solvent (&), over heterotypic solvent-polymer interactions (eps). The
coordination number (Z), temperature (7), and Boltzmann constant (k) also determine

- The theory correctly predicts the dependence of the critical temperature for phase
separation on the interaction strength and length of polymers. Generalization of the theory
that accounts for both enthalpic and entropic contributions to y explains the presence of
upper liquid critical temperature for certain polymers. Furthermore, it has been shown that
the interfacial tension is directly related to 327475 While the exact value of the exponent,
a is subject to debate, a positive correlation between the two is clear. Therefore, increasing
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the propensity for homotypic polymer interactions over heterotypic polymer interactions will
also increase the surface tension between the polymer and solution phases (Figure 2B).

The above arguments provide a powerful conceptual framework for interpreting
experimental observations. For example, poly(proline-arginine) is known to form layered
droplets with RNA, where poly-C RNA localized at the solvent interface and poly-A

RNA comprised the core.”® Modeling demonstrated tha this result may occur due to a
stronger affinity of poly(proline-arginine) for poly-A RNA than poly-C RNA, a stronger
self-affinity of poly-A relative to poly-C, or less favorable interactions for poly-A. Each of
these interaction schemes will produce higher y values and surface tension for the droplet
formed by poly-A than those formed by poly-C. Similar results were seen when studying
mixtures of arginine repeats (polyR) and lysine repeats (polyK) with uridine-5’-triphosphate
trisodium salt (UTP), where polyR formed a core and polyK formed a shell. The differences
between the layers were attributed to stronger R-UTP interactions than K-UTP interactions
due to the ability to form pi-pi interactions (Figure 3A-C). These stronger interactions

with polyR explain the higher surface tension of the corresponding droplet.”” Elastin-like
polypeptides (ELPs) are another model IDP system that supports similar behaviors. Notably,
ELPs undergo a liquid-liquid phase separation above a lower critical solution temperature
driven primarily by hydrophobic interactions.”8-80 For condensates with multiple ELPs, a
layered organization has been observed where more hydrophobic ELP sequences with higher
values of y populate the interior.8

While the Flory-Huggins theory was derived for homopolymers, it can be applied to
heteropolymers and complex systems by averaging polymer-polymer and polymer-solvent
interactions over the sequence to produce an effective y (Figure 2C). For example, polymers
with more solvated linkers will, on average, have smaller y values and be pushed to the shell
of the droplet, while linkers with less solvation volume will localize toward the interior. 85
Higher valency has been seen to correlate with the interior of the condensate, as a result of
stronger effective interactions.86 In a recent study, Latham and Zhang simulated the phase
separation of a mixture of two chromatin regulators, HP1a and histone H1, with DNA

with the MOFF force field.87-90 They observed that H1 localizes toward the droplet-solvent
interface and HP1a is located toward the middle of the droplet. The observed layering can
be explained by stronger HP1a-HP1a interactions relative to H1-H1 interactions (Figure
3D-E).82

The effective y value depends not only on the chemical composition of the molecule but
also on the precise arrangement of the chemical groups. For instance, Regy et al. shuffled
the sequence of the RGG domain of LAF1 and explored its phase behavior with RNA,
specifically a 15 nucleotide adenosine repeat (A;5).84 They found that a shuffled sequence
with more charge blockiness (RGGcshyf) led to stronger protein-protein and protein-RNA
interactions (Figure 3F). Further, the minimum of the protein-RNA potential of mean force
moved such that it is minimized when the two biomolecules are held approximately 20A
apart instead of at a mean distance of zero (Figure 3G). Because of these changes, RGGcshut
and RNA formed a layered condensate, with RNA located on the exterior of the condensate
(Figure 3H,1). Other computational work on polyampholytes has found similar results.
Using sequence-specific modeling of K/E mixtures of the same overall composition, Pal
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et al. showed that differences in the blockiness of charge distribution can drive condensate
layering, likely through changes to the shape or depth of the pairwise PMF for the two
chains.% These studies typify previous theories on charge patterning83.92-95 to demonstrate
that higher-order features in protein sequences beyond the amino acid composition can
impact the conformation of individual molecules and the collective behavior of condensates.

The effective averaging procedure is inherently a mean-field assumption, which breaks
down when functional groups with strong interactions stick together to form clusters.

This clustering and even microphase separation can lead to layered organizations in single
component systems, as seen in condensates formed with the Velol N-terminal prion-like
domain. %6 This protein contains a variety of aromatic residues, which have a strong
affinity for each other. The association of these aromatic residues slows down protein
dynamics and renders the corresponding condensate more solid-like. Similar results were
seen in a computational work on the RNA binding protein Fused in Sarcoma (FUS).%”
The authors modeled a disordered-to-ordered transition in the prion-like domain that is
expected upon condensate aging. After the transition, the higher self-affinity among prion-
like domains drove a layered organization and their interior localization.%8:99 For these
systems, by dividing the molecules into multiple groups with individual effective y values,
their organization can be analyzed similarly to the multi-component systems mentioned
above (Figure 2D).

The energetics-focused perspective outlined above may miss certain features of phase
separation. For instance, experiments have demonstrated that arginine-rich polypeptides
can form layered droplets with RNA, with the component in excess preferentially located
on the exterior.100 Modeling has since demonstrated that the polymer in excess localizes
to the interface due to the entropic gain of providing multiple binding partners. Further,
as the stoichiometry becomes more unbalanced, the amount of unbound polymer at the
interface increases, which decreases the surface tension of the condensate.191 In addition,
non-equilibrium processes can also play a role in condensate organization. Using a model
of the human genome, 102103 jjang et al. examined the role of active forces, such as

those that arise from transcription or chromatin remodeling,104105 on phase separation,
genome structure, and genome dynamics.1%6 They found that applying active forces to
euchromatin pushes heterochromatin to the nuclear periphery. This organization competes
with strong attractive interactions, which pull heterochromatin toward the center of the
nucleus. Similar active processes may play a role in the organization of other systems,
including transcriptional condensates. 1°

Limitations on Condensate Coarsening

While thermodynamic arguments regarding surface tension have proven successful at
explaining many experimental results, some observations appear to defy predictions. In
particular, a single condensate is expected at equilibrium to minimize the surface energy.
107,108 However, multiple nucleoli (~2-5) can stably coexist in the same nucleus, 109 as can
paraspeckles10 and nuclear speckles.!1! Mechanisms that prevent the coarsening and fusion
of biological condensates are only beginning to emerge.
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The complexity in the molecular interactions that drive condensate formation and their
internal organization may produce micelle-like structures with low surface tension, reducing
the driving force for coarsening. Similar to surfactants that harbor both hydrophobic and
hydrophilic groups, molecules found in condensates differ in their valency. High valency
molecules prefer polymer-polymer over polymer-solvent interactions and are thus more
“hydrophobic” than low valency ones. The accumulation of low-valency molecules at

the condensate exterior could lower the interfacial tension. To demonstrate this principle,
Sanchez-Burgos et al. used a minimal scaffold-surfactant model, where scaffolds and
surfactants are particles with high and low valency, respectively. They showed that the
surface tension, and hence the number of droplets, was tunable by the surfactant-scaffold
ratio (Figure 4A).112 This computational framework has been seen in biological contexts.
For example, high valency complexes of G3BP and UBAP2L cause the formation of

stress granules, while the low valency of USP10 allows it to act as a cap to inhibit stress
granule growth.115:116 Similar behaviors were also found in a designed ArtiGranule (ArtiG)
system, where the presence of modified human ferritin protein with RNA-binding domains
(PUM.HD-FFm) reduced the condensate size compared to the protein without RNA-binding
domains (mCherry-FFm) (Figure 4B).113 The authors proposed that RNA binding limits the
valency of surface protein molecules, suppressing condensate fusion. The role of valency is
also supported by a combination of in-vitro experiments and molecular simulation, where
decreasing RNA length, which also lowers RNA valency, was found to reduce the stability,
surface tension, and density of protein-RNA condensates. 117

Localization of disordered proteins to the interface of condensates can also control the size
of biological condensates through other mechanisms. Recent work on P granules suggests
that the disordered protein MEG-3 can act as a Pickering agent.118 Folkmann et al. observed
that MEG-3 proteins form low dynamic assemblies resembling solid particles, which coat
the surface of P granules to reduce the surface tension.33 Depleting MEG-3 causes P
granules to increase dramatically in size.

In addition to lower thermodynamic driving forces, condensate fusion may be slowed down
due to kinetic barriers. For example, net charges can induce an accumulation of counterions
near the condensate surface, giving rise to the so-called zeta potential. Higher zeta potentials
slow or prevent condensate fusion due to stronger electrostatic repulsion. 119 Additionally,
fusion barriers could arise from breaking existing structures inside the droplets. Using

a stickers and spacers model, Ranganathan and Shakhnovich demonstrated that strong
interactions with low valency produce finite-sized droplets with saturated interaction sites.22
Existing interactions must be abolished for these droplets to grow. Similarly, TIS granules,
which are biological condensates that form near the endoplasmic reticulum, 1011 were
found to have mesh-like shapes originating from the underlying network of cross-linked,
disordered RNA. Fusion of such condensates would require a breakdown of the mesh that
faces an enormous energetic penalty.

Just as the structural organization of condensates can hinder their fusion, structures within
the solvent phase can also arrest condensate coalescence. Through explicit simulations

of the phase separation process for nucleoli formation with the presence of a chromatin
network,192.103 Qj and Zhang showed that the reorganization of chromatin creates an
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entropic barrier to nucleoli fusion,}14 and accounts for the observation that many separate
nucleoli are observed in the cell (Figure 4C—E).120 Other studies have also considered
droplet growth in the nucleus by modeling the nucleus as an elastic network.121-124 |n
these cases, the mechanical stress of the permanently cross-linked network was attributed
to arresting the coarsening dynamics of condensates. As the dynamical processes of
chromatin are known to be timescale dependent,125 both the entropic barrier of chromatin
reorganization and the mechanical stress of disrupting the chromatin network may limit the
coarsening of condensates within the nucleus.

Finally, active processes can also contribute to the arrest of condensate coalescence.
Wurtz and Lee introduced a theoretical model in which phase-separating molecules can
be converted into soluble molecules through chemical reactions. For certain reaction rates,
the steady state of the system corresponds to many monodisperse droplets. 126 This

model may be applicable to a variety of membraneless organelles in the cell, where
changes such as post-translational modifications could serve as a control mechanism to
inhibit condensate growth.127 To demonstrate the role of active processes in a biological
context, Guilhas et al. studied ParABS, a system responsible for chromosome and plasmid
segregation in bacteria.128 While the ParB protein drove phase separation, they found that
ParA, specifically ParA’s ATPase activity, was necessary to control the size and location
of ParABS condensates. Similar mechanisms may also play a role in other condensates,
including P granules'2® and stress granules,13%:131 where enzymatic activity has been shown
to dissolve condensates. 127

Conclusions and Future Outlook

In this review, we have discussed the molecular factors that dictate the interfacial tension
and, thus, the size and structure of biological condensates. Such factors include interaction
energy between components, valency, stoichiometry, topological constraints, etc. Continued
advances in experimental, computational, and theoretical methods should lead to the
discovery of many new biological condensates and improved characterization of existing
ones. Such discoveries may allow scientists to perturb and engineer biological condensates
for therapeutic purposes.
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A) Nucleolous

X. laevis, untreated

B) Nuclear speckles D) Stress granule

C) P granule
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Figure 1:
Examples of biological condensates with a layered organization. A, left) Schematic diagram

of subcompartments within the nucleolus. A, right) Nucleoli within an untreated X. /aevis
nucleus. NPM1 (red), FIB1 (green) and POLR1E (blue) are tagged. Scale bar, 20 4m. Image
modified from3! with permission from Elsevier. B) Organization of two components within
nuclear speckles, the protein SON and the snRNA U2B”. Scale bar, 1 ym. Adapted with
permission from the Journal of Cell Science.32 C) Photomicrographs examining the /n vivo
assembly of MEG-3:meGFP and PGL-3:mCherry, two main components of P granules.
Scale bar, 500 nm. Image minimally modified from.33 Reprinted with permission from
AAAS. D) Stochastic optical reconstruction microscopy (STORM) image of a stress granule
(gray), highlighting poly(A+) RNA cores (yellow). Scale bar, 500 nm. Image modified
from34 with permission from Elsevier.
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A) dropletA dropletB
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Figure2:

Relation between interfacial tension (z), effective interaction parameter (y), and condensate
organization. A) Mixing two immiscible droplets can lead to four possible organizations:
(1) a layered droplet with dropletA on the inside, (2) partially wetted droplets that share an
interface (3) complete nonwetting to form two separate droplets, and (4) a layered droplet
with dropletB on the inside. The most stable organization is determined by the interfacial
tension between dropletA and dropletB (t45), between dropletA and the solvent phase
(z45), and between dropletB and the solvent phase (zgg). The droplet size (a4 and apg)

can also contribute to the condensate organization, as demonstrated by Lu and Spruijt.

B) For immiscible homopolymers, the Flory-Huggins interaction parameter (y 4, x ) can
provide a way to approximate differences in surface tension. C) Flory-Huggins theory can be
generalized to heteropolymers by assuming an effective interaction parameter that averages
over differences in the sequence (x5, #3). D) Heteropolymers can be divided into segments
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with different physical properties, resulting in effective parameters for different portions of
the single chain (y}, x5).
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20
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Molecular factors that drive the formation of layered condensates. (A) Hypothetical
interaction patterns of polyR, polyK, and UTP that explain the observed condensate
organization. (B) Confocal fluorescence images of 50:50 polyK(green):polyR(purple)
mixtures at different ratios of UTP. Scale bar, 20 um. (C) Confocal fluorescence images

of fusion of layered coacervates. polyK is labeled in green, and polyR is unlabeled. Images
modified from ref.”” CC BY 4.0. (D) Approximate interaction patterns of HP1a, H1, and
DNA, which also results in a layered condensate. (E) The slab density profiles support

a layered organization for mixtures of HP1a (blue), H1 (green), and DNA (red). HP1a
coalesces toward the center of the droplet, with H1 to the outside. Image modified from82
with permission from Elsevier. (F) Sequence diagram of the native LAF1-RGG sequence
(RGG) and the shuffled RGG sequence (RGGcshyf). Anonic (red) and cationic (blue) amino
acids are highlighted. SCD is a measure of charge patterning, where larger, negative values
indicate segragated regions of the same charge.83 (G) Potential of mean force (PMF) for
protein-protein and protein-RNA interactions with RGG and RGG¢gnyf. (H) Simulation
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snapshots indicating the preference of A45 to localize to the condensate exterior with
RGGcshyf but not RGG. (1) Density profiles of Ajg in RGG and RGGcgp, s condensates.
Reprinted from 84 with permission from Oxford University Press.
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Figure 4:

Molecular factors that limit condensate growth. (A) Computational evidence that lower
valency surfactants can limit droplet growth. Surface tension (o) depends on the ratio of
surfactants (red) to scaffold (blue). Vertical dashed lines indicate the maximum surfactant
concentration that allows for phase separation for a given number-droplet regime. Note that
the maximum droplet size varies continuously with surfactant concentration even within the
same number-droplet regime. Snapshots of simulations in each droplet regime are included.
Images modified from ref.112 CC BY 4.0. (B) RNA binding modifies ArtiG size. Confocal
images of ArtiG in HelLa cells, 24 hours after transfection of mCherry-FFm and PUM.HD-
FFm constructs at ratios of 1:1 (i), 5:1 (ii), 10:1 (iii), and 1:0 (iv). ArtiGMC" indicates
ArtiG comprised of mCherry-FFm, while ArtiGMCMPUM indicates ArtiG comprised of
both mCherry-FFm and PUM.HD-FFm. Images modified from ref.113 CC BY 4.0. (C)
Computational modeling shows the presence of an entropic barrier that stabilizes the two-

Aggregate (Hoboken). Author manuscript; available in PMC 2023 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Latham and Zhang

Page 23

droplet state for nucleoli. Free energy profile as a function of the radius of gyration, which
effectively measures the distance between the two droplets. The free energy is broken into
entropic (red) and energetic (black) components before (D) and after (E) the barrier for
droplet fusion. Images modified from ref. 114 CC BY 4.0.
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