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ABSTRACT

Biomolecular phase separation has recently attracted broad interest, due to its role in the
spatiotemporal compartmentalization of living cells. It governs the formation, regulation, and
dissociation of biomolecular condensates, which play multiple roles in vivo, from activating
specific biochemical reactions to organizing chromatin. Interestingly, biomolecular phase
separation seems to be a mainly passive process, which can be explained by relatively simple
physical principles and reproduced in vitro with a minimal set of components. This Mini
review focuses on our current understanding of the fundamental principles of biomolecular

phase separation and the recent progress in the research on this topic.

1. INTRODUCTION

A living cell is an assembly of various organelles. Some of them are surrounded by a
membrane, while others float inside the cell as spherical droplets made of proteins, nucleic
acids, lipids, and other small molecules (1). The membrane-bound organelles (such as
nucleus, endoplasmic reticulum, Golgi apparatus, mitochondria, and lysosomes) have been
known for many decades and studied extensively, but our knowledge of the membrane-less
organelles, often called biomolecular condensates, was limited until recently (2). Although
biomolecular condensates do not enclose their components within a membrane, the
components do not mix with their surroundings. This demixing had been a mystery, but
recently it was found that it can occur spontaneously via liquid-liquid phase separation

(LLPS), a phenomenon that has been known in physics and chemistry for more than a century

(3).

Many cellular reactions can be triggered by a change in the concentrations of specific
molecules, in which cases LLPS can be utilized for efficient cell functioning as it can
dramatically increase the local concentration of the recruited molecules (4, 5). Moreover, due
to their liquid-like properties, biomolecular condensates can quickly recruit specific
molecules in response to perturbations such as temperature changes. Cells can use this
mechanism to quickly respond to abrupt environmental changes. Hence, biomolecular
condensates have a significant role in a wide range of cellular functions including cell
signalling, ribosomal biogenesis (5), cytoskeletal regulation (6), stress response (7), cell

polarization (8), and cytoplasmic branching (9). LLPS is also observed in many processes



such as miRISC assembly (10), innate immune signalling (11), stress granule assembly (12),
autophagy (13), nucleolus formation (14), and transcription (15). In addition, LLPS even has
implications for the pathogenesis of cancer and many neurodegenerative such as Alzheimer’s

disease, Huntington’s disease, and amyotrophic lateral sclerosis (16-18).

In this review, we highlight the recent findings on the underlying mechanisms of phase
separation driven by proteins and the effects of nucleic acid on this process. We start with a
brief introduction of the major principles of LLPS (Section 2), and move to the recent
advancement in the field (Section 3): new biomolecular condensates and their functions in the
cytosol (Section 3.1) and nuclei (Section 3.2), studies on molecular principles of
biomolecular LLPS (Section 3.3), design and engineering of artificial condensates (Section
3.4), and implications of LLPS in diseases (Section 3.5). We collected recent publications
(specifically published in two years) related to biomolecular LLPS, and found that the four

topics mentioned above can summarize the field well.

2. PRINCIPLES OF LIQUID-LIQUID PHASE SEPARATION

A multi-component system like cellular cytoplasm can exist as a homogeneous, well-mixed
mixture or a soup of distinct phases (phase separation), depending on the interactions of the
constituent molecules including the solvent. The thermodynamics of a multi-component
system can be explained by a tug of war between entropy and enthalpy; demixing occurs if
the energy gain for demixing is greater than the entropic loss for demixing (19, 20). The
miscibility is strongly dependent on the components’ concentrations, temperature, pressure,
pH, and crowding agents. If the separated phases maintain their liquidity, the demixing is
called liquid-liquid phase separation (LLPS). We underline that phase separation of a liquid
system does not necessarily imply a change in material properties (e.g., a change from liquid
to solid), although the latter can take place during the “maturation” of liquid-like condensates
(21, 22). A phase diagram shows the region in which phase separation occurs in the

parameter space of the concentration and the other factors such as temperature (Figure 1).
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Figure 1. Schematic of a typical phase diagram. The coexistence line (black) denotes the
boundary between the one-phase regime (a, €) and the two-phase regime (b, ¢, d). In the two-
phase regime, two distinct phases can be observed: the protein-rich phase and solvent-rich
phase. The molecular network formed by stickers is shown as a driving force for phase

separation.

Biopolymers are biological heteropolymers and their behaviour can be explained by
modifying the theories which were originally developed for the associative polymers (23).
Among them, the stickers-and-spacers framework helps quantitative and qualitative
explanation of LLPS of biopolymers (24-26); each polymer consists of several sticky regions
called stickers, which are covalently connected by flexible regions called spacers. Stickers
form reversible physical crosslinks with a combination of short- and long-range interactions
with one another, which give rise to a connected network of biopolymers. Spacers provide
scaffolds for stickers and modulate the chain properties (27). LLPS is driven by the interplay
of sticker-sticker, sticker-spacer, and spacer-spacer, as well as sticker-solvent and spacer-
solvent interactions. The valence of the stickers, i.e. the number of interacting domains or

motifs, is one of the key determinants in the process (28, 29).



Two types of proteins are known to drive the LLPS: multi-domain proteins and intrinsically
disordered proteins (IDPs). Multi-domain proteins are proteins with folded domains linked by
disordered linkers. Several multi-domain protein systems have been reported to exhibit phase
separation (13, 20, 27), but most of the known LLPS driver proteins are the IDPs. The IDPs
lack stable 3-dimensional structures (30), and their flexibility allows access to various
structures which may lead to the effective formation of sticker-sticker contacts. In the case of
IDPs, specific types of amino acids or short linear motifs (SLiMs) can play the role of
stickers (24). Cation-anion interactions, cation-wt interactions, and n-7 interactions are
frequently utilized in driving LLPS (31-33). For example, in the FUS family of proteins,
aromatic residues such as tyrosine and phenylalanine were found to be the primary stickers
that use n— stacking interactions, whereas arginine was shown to be a context-dependent
auxiliary sticker involved in cation-m interactions to form reversible non-covalent crosslinks

(33).

Biomolecular condensates usually contain numerous types of molecules (34, 35), among
which only a few play an essential role in forming the condensates (4). These molecules are
called scaffolds, and are generally defined as biomolecules capable of forming droplets when
separated in vitro (3). Other components, called clients, are recruited to the scaffold in a
relatively passive manner (36). For example, in the case of the P body, RNA-binding proteins
play the role of scaffold to form a condensate, and RNA is recruited into the condensate as a
client (34). Clients cannot form condensates by themselves but can adjust the condensate

properties (37).

Most biomolecular condensates are enriched in RNA, and nuclear condensates are in constant
contact with DNA. Consequently, the role of DNA and RNA in intracellular phase separation
has attracted attention (3, 38, 39). DNA and RNA contain the phosphate backbones, which
are decorated with negative charges, and can participate in electrostatic interactions that may
drive LLPS. It has been shown that RNA can dramatically change the phase separation
propensity of the RNA-binding protein (40). In addition, the RNA itself can undergo LLPS
by using its nucleotides as stickers (39). The interactions between DNA/RNA and proteins
and their subsequent role in inducing LLPS have been studied extensively (41-43).

3. RECENT TRENDS IN RESEARCH OF BIOMOLECULAR LLPS



Many biomolecular condensates are produced by LLPS of biopolymers such as intracellular
proteins and nucleic acids (3, 28, 44). The list of new biomolecular condensates formed by
LLPS is dramatically expanding, for both prokaryotes and eukaryotes (28, 45), and their roles
have been revealed. We can control the function of a biomolecular condensate by regulating
its LLPS behaviors by changing the experimental conditions and/or the protein sequence by
mutagenesis (41, 46, 47). In addition, LLPS has been implicated in neurodegenerative
diseases, such as Alzheimer’s and Parkinson’s diseases (16, 18, 48, 49). It has been
hypothesized that LLPS of the pathological proteins can accelerate their nucleation and
consequent fibrillation (50). We can also design artificial condensates like DNA
nanostructures by applying the principles governing LLPS. In the following section, we will
sketch some of the recent works in the field of biomolecular LLPS (Figure 2), which may

help the readers to grasp the overall landscape of the field, although our description is not

complete or thorough.

Biomolecular
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Figure 2. Recent trends in the research of biomolecular phase separation.

3.1 Discovery of new biomolecular condensates and their functions



Biomolecular condensates perform a variety of functions in vivo. The list of new condensates
and their biological roles is rapidly expanding. The molecular mechanisms of formation,
regulation, and dissolution of the condensates are frequently explained by LLPS. In this
subsection, we will introduce some recent works that report the discovery of new

biomolecular condensates and their functions.

Some biomolecular condensates change their physical properties with changes in
experimental variables, such as concentration, temperature, or pH. They utilize these changes
to perform special functions within the cell. For example, tardigrade-unique IDP (TDP) has a
propensity to assemble into fiber or fibrillar gel at high concentration and low temperature,
which can encapsulate soluble biomolecules to protect them from cold. This is one of the
molecular strategies for tardigrades to survive in extreme environments. The TDP assembly
is mediated by the al segment, which makes up the central helical domain of proteins, and a
coiled-coil propensity of the segment has been shown to play a great role in tardigrade

anhydrobiosis (51).

LLPS is also associated with biological immunity. An intrinsically disordered short lysine-
repeating sequence of NLRP6, an innate immune receptor, is responsible for multivalent
interactions, phase separations, and inflammasome activations, and induces LLPS by

interacting with lipoteichoic acid and dsRNA acting as a ligand in vivo (52).

Cells employ biological condensates for inter-cell interactions. The formation of
biomolecular endocytic condensates is driven by the interactions of proteins with PLDs
(prion-like domains) that have higher glutamine (Q) contents compared to asparagine (N).
Hemispherical puncta, which originate from yeast, have the characteristics of these
condensates. Cohesive interactions between the endocytic condensates and interfacial tension

enable actin-independent endocytosis by membrane remodeling (53).

LLPS can explain how plants bloom during flowering time, as biomolecular condensates are
involved in the biological clock mechanism. Vegetations use seasonal temperature signs for
measuring the conversion to reproduction over time. The binding of two proteins, FRIGIDA
and FLC, triggers flowering. However, low-temperature conditions immediately accelerate
the formation of FRIGIDA condensates that do not co-localize with FLC, and FRIGIDA
cannot bind to its binding partner. This process ensures that the flowering time coincides with

the warm weather, i.e., spring (54).



The mitotic spindle composed of microtubules is crucial for the assembly and separation of
chromosomes during cell division of the eukaryotic cells, and the formation of the mitotic
spindle is related to phase separation. It was shown that the NuMA protein regulates the
organization, structural dynamics, and functions of the mitosis spindle through liquid-liquid

phase separation (LLPS) controlled by Aurora-A phosphorylation (55).

Similar to the eukarotic cells, bacteria also utilize biomolecular condensates for cellular
functions (45). One example is the ParABS system. Segregation of bacterial chromosomes
and plasmid is driven by a tripartite system composed of two protein components (ParA and
ParB) and a DNA-site (parsS). Oligomerization of ParB is promoted by CTP in vivo and in
vitro, and it results in LLPS forming ParB condensates. The condensate specifically binds to

the parsS to form a partition complex (56).

3.2 Biomolecular condensates and nucleic acids in vivo

Research in the past several years has made significant strides toward understanding the
molecular mechanisms for the formation, regulation, and function of biomolecular
condensates in the presence of nucleic acids. For example, in a cell nucleus, diverse RNA
species, RNA-binding proteins, and DNA molecules are mixed and intertwined. The complex
interactions among them can lead to the formation of specific condensates through LLPS, and
cells employ the condensates to regulate multiple functions. Particularly, the role of phase
separation in transcriptional regulation has been actively studied, as LLPS was shown to
mediate the formation of super-enhancers (15, 57). Common transcription components,

including the RNA polymerase II (pol II), can drive LLPS (58).

Peroxisome proliferator-activated receptor y coactivator la (PGC-1a) is a prototypical
transcriptional coactivator controlling context- and/or tissue-specific transcriptional networks.
PGC-1a binding controls gene transcription by compartmentalizing multi-protein complex

within a transcriptionally active liquid-like nuclear condensate (59).

Med15, one of the Mediator complex subunits that plays a major role in transcriptional
activation, forms nuclear condensates that can promote enhancer-promoter interaction and
gene activation within the mammalian cells. Both glutamine-rich intrinsically disordered

regions and short downstream hydrophobic motifs are required to form Med15 nuclear



condensates, and both regions contribute to intracellular phase separation to assemble

transcription coactivator condensates in the nucleus (60).

Heterogeneous nuclear ribonucleoproteins (hRNPs) are complexes of RNA and RNA-binding
protein (RBP) in the nucleus, and they regulate major affairs of RNA biogenesis. hnRNPHI,
one of the hRNP proteins, has two low-complexity (LC) domains, LC1, and LC2. The LC1
domain can form liquid droplets or amyloid-like fibrils through phase separation. This
promotes the interaction between hnRNPH1 and other RBPs and plays a role in regulating
splicing. In contrast, the LC2 domain did not induce phase separation but was associated with

the transcription activation of hnRNPH1 when bound to the DNA binding domain (61).

The transcription apparatus assembles at the super-enhancers through LLPS to form
transcriptional condensates. Super-enhancers, the high-density cluster of enhancers, regulate
transcription at the promoters. The fate of transcriptional condensates depends on the amount
of RNA produced at each stage of transcription. CTCF, CCCTC-binding factor, organizes
mammalian genomes into 3D chromatin loop structures. These structures help the assembly
of the transcription apparatus at specific sequences (YSPTSPS) to regulate the eukaryotes

gene expression (62).

Although the DNA organization of the nuclear genomes has been studied extensively and the
role of phase separation therein is being revealed, how the mitochondrial genome assemblies
and functions remain unclear. One of the recent works compiled mitochondrial nucleic acids
through in vitro reconstitution and revealed that mitochondrial transcription factor A (TFAM)
goes through phase separation with mitochondrial DNA (mtDNA) to induce nucleic acid self-
assembly. Furthermore, nucleoid droplet production promotes the recruitment of transcription

machinery through co-phase separation that facilitates mtDNA transcription (63).

3.3 Molecular aspects of the biomolecular condensates

For a fuller understanding of biomolecular LLPS, we need to know how biomolecular LLPS
works at the molecular level. Physical and chemical analysis for a controlled experiment in
silico and in vitro is useful to dissect molecular principles. In this section, we list a few recent

works that systematically study the molecular aspects of the biomolecular LLPS.



TDP-43 can be condensed by homomeric interactions with the helices at the C-terminal
domain (CTD). Recently, phase separation of TDP-43 has been investigated in vitro, using
CTD sequence variants. The mutants showed weaker binding affinity to another binding
domain, while maintaining the binding and regulation of other RNAs. It was suggested that
the homomeric interaction of the proteins selectively promotes condensation on the molecular

scale (64).

a-synuclein undergoes LLPS in the presence of high protein concentrations (> 200 uM) and
salts. The formation of amyloid fibrils through LLPS and subsequent liquid-solid phase
transition was studied in vitro by controlling various experimental parameters, such as salt,
protein concentrations, pH, surface, and polyvalent cations. N-terminal acetylation was
shown to increase the critical concentration of phase separation and modulate the kinetics

(65).

FUS proteins, one of the pathological proteins of amyotrophic lateral sclerosis (ALS), can
specifically recognize and bind to G-quadruplex (G4)-DNA/RNAs. The interaction between
FUS and G4-RNA can induce LLPS and subsequent liquid-to-solid transition of FUS.
Ishiguro et al. found that ALS-linked FUS mutations lose the binding affinity to G4-RNA
and show different fibrillation behaviors (66).

Equilibrium thermodynamics predicts that all similar biomolecular condensates will
eventually merge into one single large droplet. However, we cannot observe this in our
laboratories. This could be attributed to a longer timescale of merging than the experimental
timescale, but there have been other proposals (67). Recently, it has been shown that cells use
Pickering emulsions to maintain the average size of P granules. In the Pickering emulsions,
solid particles can be adsorbed on the interface of water droplets, and this can prevent
roughening of the emulsifier. Similarly, the dynamics of the P granules are regulated by

nano-sized protein clusters adsorbed on the surface of the condensate (68).

The dense networks of chromatin around nuclear biomolecular condensates can suppress the
growth of the condensates. In a recent in silico study, the dynamic process of phase
separation promoting nucleolus formation in the existence of chromatin networks was
modelled. The interactions between nucleoli and chromatin promote the coarsening of
droplets due to coupled movements of the droplets and chromatin networks but hinder their

coarsening (69).



3.4 Artificial biomolecular condensates

The biggest challenges in studying in vivo phase separation are the complexity and dynamic
nature of the intracellular environment. One way to address these challenges is to use the
artificial biomolecular condensate model and try to predict molecular interaction with the
help of the polymer physics theories about LLPS. Most of these models have more specific,
stable, and simple configurations than their in vivo counterparts, and they can be designed to
reproduce phase behaviors in a more predictable way, which will help us dissect the effects of

different factors systematically.

In a recent study, a new type of short peptide derivative that induces phase separation has
been developed. The peptide consists of phenylalanine dipeptides connected by hydrophilic
spacers. This spacer's disulphide binding allows dynamic control of the assembly through
redox chemistry. In addition, they could functionalize the coacervates as a catalyst for aldol

and hydrazone formation reaction (70).

Another study showed that side-chain amino acid-functionalized a-helical homo polypeptides
can form droplet phases in aqueous media through a high degree of side-chain

conformational disorder and hydration around the ordered backbone (71).

A DNA nano-star, the multivalent DNA assembly, was designed to study the relationship
between intermolecular interactions and phase behaviour in biomolecular LLPS. The
structural flexibility of the nano-stars affected attractive interactions between the sticky ends.

It led to condensation and as a result, the phase diagram was highly modulated (72).

Sato and Takinoue used DNA nanostructures to induce lateral LLPS. If the DNA
nanostructures are introduced to the oil-water system, the nanostructures localize at the oil-
water interface. Depending on the DNA sequences, they could induce different patterns of
two-dimensional phase separation. The phase separation of DNA nanostructures led to the

formation of hydrogels (73).

3.5 LLPS and diseases



LLPS plays a significant role in many body processes. One of its implications is that the
malfunction of LLPS can lead to a lethal disease. Particularly, the interplay between LLPS
and fibrillation of pathological proteins for neurodegenerative diseases has attracted a lot of
interest (16). Our understanding of the interplay may provide an insight into a new cure for

neurodegenerative diseases, which are considered almost incurable for now.

In one of the recent studies, it was shown that disease-associated stop codon mutation of the
prion protein (PrP) at tyrosine 145 (Y 145Stop) produces a high disordered N-terminal IDR,
and the high positive charge of this IDR sequence promotes intermolecular interactions,
resulting in LPS. Promoted LLPS is predicted to cause disease by promoting protein fibrosis

(74).

Cancer cells can utilize LLPS for its efficient function. They increase glycogen storage and
cell turnover by lowering the regulation of glucose-6-phosphatase (G6PCs), which catalyzes
glycogenolysis, to enhance survival. Amassed glycogen experiences a phase separation
process to inhibit Hippo signaling, and glycogen phase separation triggers the assembly of the
Laforin-Mst1/2 complex in the liquid droplets. By inactivating Mst1/2, Yap is activated for
cell survival and growth. This blocks Hippo signaling and accelerates the development of

liver tumors (75).

CONCLUSIONS

This review illustrates our current knowledge on how biomolecular LLPS works in vitro and
in vivo. We highlight the importance and relevance of the LLPS concept in the formation of
biomolecular condensates, and their role in various biological processes. We also take a
glimpse of how we can design artificial LLPS systems. The recent adaptation of the concept
of LLPS in biology has revealed many important cellular mechanisms. We are beginning to

understand that this phenomenon plays an essential role in physiology and disease.

Although the experimental and computational data on specific LLPS systems have been
rapidly accumulated, our understanding is yet far from complete. For example, it is still
challenging to predict the in vitro phase behavior of a specific IDP purely based on its
sequence. The role of LLPS in gelation, glass transition, and fibrillation is widely unexplored.

The cellular environment is filled with numerous molecules of various types, whose actions



and interactions are far from equilibrium. How do crowding, heterogeneity and out-of-
equilibrium thermodynamics change biomolecular phase behaviors in a cell? This question
may address the similarities and differences between in vitro and in cellulo environments.
There also remain uncharted domains of our knowledge on the biological and pathological
consequences of LLPS or other phase behaviors of biomolecules. We anticipate that the next
decade will witness a giant leap in the field of biomolecular LLPS, which will lead to our

fuller understanding on living systems and its wider application to biomedical treatments.
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