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Abstract

Compartmentalization of biochemical processes is essential for cell function. While membrane-
bound organelles are well-studied in this context, recent work has shown that phase separation is a
key contributor to cellular compartmentalization through the formation of liquid-like
membraneless organelles (MLOs). We first briefly discuss key mechanistic concepts that underlie
MLO dynamics and function, including the relevant non-covalent interaction chemistry and
polymer physical chemistry. Next, we discuss a few examples of MLOs and relevant proteins, and
their functions, which highlight the relevance of the above concepts. We also discuss the
developing area of active matter and non-equilibrium systems, which can give rise to unexpected
effects in fluctuating cellular conditions. Finally, we discuss our thoughts for emerging and future
directions in the field, including /n vitroand /n vivo studies of MLO physical chemistry and
function.
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Introduction

Proper cell function requires specific physical and chemical interactions to take place among
high concentrations of macromolecules, small molecules and ions. One important means by
which this specificity is achieved is via compartmentalization of biochemistry. Until
recently, work on cellular compartmentalization focused on membrane-bounded organelles
such as the nucleus, vesicles, and mitochondria. In contrast, membraneless organelles
(MLOs), including the nucleolus, stress granules, and P-bodies, represent a more dynamic
form of compartmentalization.[X] While such bodies were observed and discussed more than
100 years ago,[?] these compartments have been the subject of increasing scrutiny over the
past few years.[X] A solid body of evidence demonstrates that these “droplet” organelles are
liquid-like and formed by a process of liquid-liquid phase separation (LLPS).[1] This
physical mechanism affords dynamic compartments that can be regulated in both
equilibrium and non-equilibrium ways.

General physical chemistry principles suggest that MLOs present a number of potential
advantages for cell function.[!] Because MLOs concentrate biomolecules in their interiors,
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they may accelerate enzymatic reactions (see the example of the the miRISC complex in the
outlook section). Alternatively, they can inhibit less-desirable reactions by selectively
segregating reactants. Molecules concentrated in MLOs can exchange with the surrounding
solution, which may facilitate turnover in enzymatic reactions or responses to changing
cellular conditions. The crowded environment of the dense MLO phase can alter interactions
(see the Ddx4 example below) and enzyme activity, potentially facilitating assembly of
complexes and activation or inhibition of enzymes. MLOs present surfaces, gradients and
substructures, which could alter biochemical processes (see the nucleophosmin example
below). MLOs can store deactivated enzymes or other molecules by virtue of selective
concentration, and also function as a buffer mechanism to maintain substrate concentrations
and cellular homeostasis. The physics of MLOs also makes them particularly suited for
rapidly responding to changing cellular conditions and needs (e.g. by forming, dissolving, or
developing sub-structures).[3] Finally, energy-consuming processes (for example, those
involving enzymes or motor proteins) can alter the characteristics of MLOSs to impact
cellular function. While some links have been made between this active matter concept and
cellular observations, interesting predictions of theory will no doubt be the subject of future
studies (see the active matter section 4 below for more details).

Since MLOs play key roles in cell biology, achieving a predictive understanding of cellular
LLPS is of high interest. While the dynamic and crowded environment of cells enormously
increases the complexity of MLO behavior, a basic understanding of physical chemistry
principles can provide a mechanisitic basis for understanding and potentially manipulating
MLOs and their associated functions. In this minireview, we first aim to briefly introduce the
reader to key relevant chemical and physical principles. Specifically, we discuss molecular
level forces and polymer physics involved in biomolecular condensation. We then discuss
three examples of biological phase separation: the germ granule protein Ddx4; the nucleolus
and protein nucleophosmin; and the pyrenoid and associated magic number effects. We
follow with a section discussing active matter and non-equilibrium effects, which constitute
a developing area particularly relevant for cellular conditions. Finally, we end with our
thoughts on future directions in the field. We note that we have chosen to focus on and
highlight a few interesting concepts and developments in this concise minireview. The
interested reader is encouraged to refer to key reviews and original papers referenced here
for further information.[]

2. Phase separation fundamentals — a primer

The mechanistic underpinnings of phase separation can be broadly categorized into (i) the
chemistry of non-covalent interactions and (ii) the polymer physics of phase transitions.
Below, we briefly discuss a few key considerations in these two areas.

2.1. Multivalent non-covalent molecular interactions in LLPS

LLPS is often driven by networks of weak, multivalent contacts between conformationally
dynamic molecules, though interactions with folded domains can also be involved.

Biomolecules make extensive contacts with the aqueous solvent in which they are
suspended, and the properties of those contacts are determined by the chemical makeup of

Chemistry. Author manuscript; available in PMC 2020 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bentley et al.

Page 3

the solute (and solvent). Biomolecular condensation can be considered in terms of
competition between solvation forces.[4] That is, phase separation occurs when it is more
energetically favorable for polymers to be solvated partially by other polymers, rather than
exclusively by the aqueous solvent. Thus, individually weak interactions can collectively
lower the free energy of solvation (by the surrounding polymers) within a dense phase and
hence drive phase separation.[®]

Electrostatic interactions in biology include hydrogen bonds between water, proteins, and
nucleic acids; nucleic acid interactions with positively charged proteins, as in complex
coacervation; and electrostatic patch interactions between proteins. All these interactions,
which are involved in classical protein and nucleic acid folding and binding, are also
important in LLPS to varying degrees. For example, complex coacervation is a form of
phase separation that occurs between oppositely-charged particles or regions, as in the
common interaction between arginine-rich protein regions and RNA.

Entropic forces also play a role in macromolecular conformations and interactions. The
polarity of water drives the hydrophobic effect, causing nonpolar surfaces to cluster
together: minimizing the surface area between nonpolar and polar surfaces minimizes the
number of water molecules participating in a solvation shell, which maximizes the entropy
of the solvent. Thus, nonpolar surfaces assume compact conformations due to this entropic
effect. This is an important driving force behind much of classical protein folding, which
often includes formation of a hydrophobic protein core. It also drives the phase separation of
lipid droplets and of hydrophobic proteins like tropoelastin.[6]

However, tropoelastin’s hydrophobic self-assembly is also tuned by unstructured hydrophilic
domains, which help limit aggregation.l’] As in this example, many interactions contributing
to phase separation result from several types of forces which collectively provide favorable
interaction energy.

Another such example is that of pi systems with both electrostatic and hydrophobic
character. Many aromatic pi systems are quadrupoles, with polarized bonds evenly
distributed so as to cancel out a dipole moment across the molecule. Thus, hydrophobic
phenylalanine can participate in electrostatic interactions by attracting cations to its
electronegative face.[8] This mechanism will be discussed below in regards to Ddx4
behavior. Pi quadrupoles can similarly associate with other dipoles or quadrupoles, and may
play a role in carbohydrate-pi interactions by attraction to polarized C-H bonds.[®] Pi-pi
stacking interactions have been suggested as a predictor of phase separation capacity.[1°]

Pi systems are common in proteins, both in aromatic side chains and in the sp2-hybridized
atoms of residues like glutamine, asparagine, and arginine.[1%] Peptide bonds also contain
sp2-hybridized atoms, which are relevant for small residues that expose those bonds for
interaction.[2%] Pj interactions are important both in protein structure and interactions among
intrinsically disordered proteins.

Intrinsically disordered proteins and regions (IDPs and IDRs) are associated with many
MLOs by virtue of low-complexity regions that exhibit multivalent motifs for many of the
above-mentioned weak interactions.[19: 5b. 111 However, associations involving folded
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protein domains may also provide sufficient multivalency to drive phase separation, as in the
case of the tumor suppressor protein speckle-type POZ protein (SPOP) and linear motifs in
its intrinsically disordered partner death-domain-associated protein (DAXX).[22] IDRs also
can have weak structural propensities that are accentuated in droplets, allowing them to
contribute folded motifs in specific contexts.[13] Many protein components of MLOs contain
both IDRs and folded domains, and both can be involved in driving LLPS. Many of the
interactions discussed above, including cation-pi, charge-charge, and pi-stacking, are also
important for the folding, binding, and sequestering of RNA, another important component
of many MLOs.

2.2. Polymer physical chemistry concepts

At equilibrium, phase separation is governed by minimization of the global free energy,
which consists of enthalpic and entropic terms describing polymer, solvent, and polymer-
solvent interactions.[f] Environmental parameters such as temperature and pH can
substantially influence phase separation. For example, the temperature dependence (or lack
thereof) of interaction enthalpy and entropy in a given system can result in either an upper
critical solution temperature (above which no phase separation occurs) or a lower critical
solution temperature (below which no phase separation occurs). Various levels of theoretical
treatment have been used to analyze these phase transitions. A basic overview of some of
these treatments and related polymer physics concepts is provided below.

A simplified but widely used representation of phase separation processes is provided by
Flory-Huggins theory.[1f. 141 The theory uses lattice model and mean field considerations to
derive the entropic and enthalpic terms of the mixing free energy. For a binary polymer-
solvent system, solvent and polymer molecules occupy Ng (typically set to 1) and Np sites
respectively on a lattice that represents the volume of the system. The entropic component
(first two terms in Equation 1 below) was derived in terms of the volume fractions ¢s
(solvent) and ¢p (polymer) and number of lattice sites occupied per molecule. The third term
in equation 1 is an enthalpic term and is based on pairwise interactions in mean-field theory.
The Flory-Huggins free energy of mixing per lattice site for this simple binary system is
then given by

F(¢)=R f,—‘;lnqﬁs + z—ilnqsp + x¢gpp| (Equation 1)

where R is the molar gas constant. - is a parameter that incorporates the competition
between different pairwise interactions between site occupants, and is given by

x= Z/R[Ups —(Ugg+ Upp)/2]  (Equation 2)

where Uj;are the mean-field energies per site for the three types of pairwise interactions
(polymer -solvent, solvent-solvent and polymer-polymer segment) and z is the coordination
number of the lattice. Negative values of ¢ imply a good solvent for the polymer, while
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positive values imply a poor solvent. Therefore, above a critical values of v, the enthalpic
term outweighs the entropic one, resulting in an unstable region of negative curvature in the
free energy and consequent phase separation. This theory has provided a conceptual
framework for understanding LLPS, and has generally been used to model compositional
effects and short-range interactions. See section 4 below for an example application.

Overbeek-Voorn theory extends the Flory-Huggins formalism by taking into account longer
range electrostatic interactions, and is thus used to model complex coacervation (LLPS) of
polyelectrolytes such as RNA and charged proteins that are constituents of many MLOs.

[1f. 15] |n this lattice model formalism, the free energy of mixing per lattice site for
polycations and polyanoins, each occupying N lattice sites and a total volume fraction ¢, is
given by

) = Rl#in ¥ +1 = pintt = ) o’ | Euation

Here, the first and second terms represent the mixing entropy. The third term is an
electrostatic free energy term (Debye-Huckel). a is determined by charge per lattice site and
the partial molar volume of the solvent, and o is the linear charge density per polyion. Here
again, the system will undergo phase separation above a certain value of the mixing enthalpy
term that is determined by the balance of factors in equation 3.

The random phase approximation, adapted for polymers by de Gennes and Edwards,
includes a treatment of polymer sequence dependence.[16] This theory can address why
variations in sequence (with the same composition), can produce variations in phase
separation behavior. Random phase approximation theory has been used to understand
differences in phase separation propensities of sequence variants in the protein Ddx4
discussed later. Other theoretical advances aim to consider sequence effects, chain
conformational preferences, and specific interactions at the atomic level.[16-17]

The existence of two or more solute components, as is the case in cells, complicates the
theoretical analysis: components can segregate into a multicomponent dense phase or
multiple homogenous dense phases.[18] One striking example is sub-compartmentalization

in the nucleolus, discussed below.[18] Finally, non-equilibrium and stoichiometry-dependent
effects are relevant for many cellular processes. For example, recent work has explored how
reentrant phase transition dynamics can give rise to sub-compartmentalized phases.[19]
Additionally, active matter processes that consume energy (e.g. in the form of enzyme
reactions or motor protein function), can result in complex behavior, and are likely important
in several MLOs, as discussed later. Below, we discuss how these forces play out in
biological systems.

3. Three examples: Proteins, MLOs and Function

Here, we discuss three protein/MLO systems with important cellular functions. Our main
goal is to highlight physical chemistry principles and their influence on MLO properties and
function. We discuss how interactions discussed above direct LLPS for Ddx4 and
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nucleophosmin, how functional sub-compartmentalization in the nucleolus can be explained
by simple physics, and how magic numbers and valency matching may influence LLPS in
the case of the pyrenoid.

3.1. Ddx4

The germ granule protein Ddx4 forms liquid-like droplets /n vitroand in vivo.2% Like many
intrinsically disordered proteins, Ddx4 contains a large proportion of charged residues,
which allow it to favorably interact with aqueous solvent in an unfolded, disperse state.
Electrostatic interactions have been found to be the primary driving force of Ddx4’s phase
separation, which is attenuated with increasing salt concentration as salt ions shield the
protein’s charged residues from interaction.[20a]

Ddx4’s sequence is arranged in 8-10 residue blocks of alternating charge density, and this
patterning is intrinsic to Ddx4’s behavior: a scrambled construct of identical composition
was unable to phase separate under physiological conditions, despite accumulating to high
concentrations in cells.[202. 211 |n addition, arginine methylation and phenylalanine mutation
or disruption both abrogated droplet formation (Figure 1).[202 221 Together, this suggests pi-
cation interactions between the positively charged arginine and the aromatic phenylalanine
contribute to the electrostatic force that allows Ddx4 to condense from bulk solution.
Furthermore, Ddx4 constructs in which all arginines were mutated to lysines, which preserve
the positive charge but lack a pi system, failed to phase separate, suggesting a specific role
for arginine in phase separation via pi-pi interactions.[21-22] The efficacy of these
interactions at driving phase separation is apparently dependent on their sequence position
within the alternating charge blocks.[202]

Although electrostatic forces are the primary driver of Ddx4’s phase separation, theoretical
calculations showed that theirs is not the only contribution to phase separation.
Electrostatics-only models failed to match the experimental phase diagrams for Ddx4, and
the equations only recapitulated the data once aromatic interactions were considered.[21]
Furthermore, the free energy contribution from entropy was also calculated to favor droplet
formation under all conditions, but the contribution was comparatively small, allowing
droplets to condense and dissolve primarily according to electrostatic tuning.[20a]

Ddx4 highlights an increasing understanding of the role that amino acid sequence, not just
composition, plays in phase separation. Developments in random-phase approximation
theory describe this role in terms of electrostatic interactions, finding that phase separation
propensity is directly dependent on the number of alternating charge blocks in a protein.[24]
Unlike Flory-Huggins or Overbeek-Voorn theories, random-phase approximation theory
accounts for residue sequence and sequence-correlated interactions, allowing the theory to
recapitulate the experimental result that charge-scrambled Ddx4 fails to phase separate.
Further development of the theory predicts that polymers with similar charge patterning are
most likely to phase separate together, whereas charge pattern mismatches are more likely to
disrupt phase separation.[2%] Efforts continue to rationalize ternary phase coexistence, as
observed in nucleophosmin systems discussed below.
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The interactions that produce Ddx4 phase separation also influence the incorporation and
stability of other species. Ddx4 droplets have been shown to preferentially incorporate
single-stranded nucleic acids and destabilize double-stranded DNA.[200] This preference is
relevant for Ddx4’s RNA helicase, and Ddx4 organelles have been proposed to play a role in
RNA processing, like many other MLOs.[20a] [26] By partially excluding water, these
droplets form a distinct solvent that may passively alter the concentrations and
conformations of partner molecules. [200. 22]

3.2. Nucleophosmin and the nucleolus

Although the nucleolus was observed in cells over 100 years ago, only recently have studies
demonstrated its liquid-like properties such as fusion and flowing.[2”] The nucleolus is an
MLO, best known as the center of ribosome biogenesis, though it has been associated with
numerous other roles including ribonucleoprotein formation, genome stability and cancer.
[28] Nucleoli are spatially associated with nucleolar organizer regions on chromosomal
DNA, and show dissociation and regrowth during different stages of the cell cycle.
Internally, nucleoli are not spatially uniform and instead show more complex sub-structure.

Nucleophosmin (NPM1) is an abundant nucleolar protein involved in several cellular
functions including ribosome biogenesis, stress response and tumor suppression.[29] The
protein consists of an N-terminal oligomerization domain (NTD), C-terminal nucleic-acid
binding domain (CTD) and central disordered region. It interacts with a variety of nucleolar
partners including proteins and RNA, and recent studies have suggested that it helps
organize the liquid phase of nucleoli.[30]

Charge interactions play roles at several levels of NPM1 organization. The protein forms a
pentamer via its NTD, though repulsion between negatively-charge patches on the NTD
necessitates shielding by higher salt concentrations for oligomerization /in vitro (Figure 2a).
[31] The disordered region and CTD also contain multiple charged patches that, together with
pentamerization, provide NPM1 with interaction multivalency and allow it to coordinate
with partners with complementary charge patterning. NPM1 can phase separate in
combination with either RNA (negatively charged) or arginine-rich protein partners
(postiively charged regions) through different types of electrostatic interactions (Figure 2).
The protein can also phase separate on its own due to its multivalency and different types of
electrostatic interaction possibilities (Figure 2c). This complex interplay of intra- and inter-
molecular interactions has been suggested as a key modulator of nucleolar LLPS.[18b. 30a]

Based on results of experiments using a series of biophysical tools including SAXS,
microscopy, analytical ultracentrifugation and single-molecule FRET, it has been suggested
that ribosomal rRNA could experience an assembly-dependent partitioning within the
nucleolus (Figure 2f).[30a] Assembly intermediates with a larger fraction of unbound RNA
can participate in more interactions with NPM1 and other nucleolar elements. As assembly
proceeds, interactions with the nucleolar scaffold will decrease, resulting in eventual
dissociation from the nucleolus.[3%]

A particularly interesting feature of the nucleolus is its sub-compartmentalized structure,
featuring droplets within droplets (Figure 3). A recent study showed that NPM1 and other
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nucleolar components can form such sub-compartmentalized droplets 7 vitro.[180]
Moreover, simulations with a simplified model of a ternary mixture including NPM1, rRNA
and a nucleolar protein FIB1 recapitulate this sub-structure. The authors conclude that
surface tension and molecular charge-charge interactions play key roles.

3.3. Pyrenoids and the magic number effect

Pyrenoids were first identified over 200 years ago, but details of their internal structure are
still emerging. An adaptation of certain eukaryotic algae, pyrenoids concentrate the enzyme
Rubisco and its substrate CO, to improve the specificity of the first step of photosynthesis.
[32] While initial conflicting evidence from electron micrographs favored various solid-
assembly (though non-membrane-bound) organizations, recent studies have instead
suggested a dynamic and liquid-like pyrenoid model.[32-33]

Essential Pyrenoid Component 1 (EPYC1) is required for Rubisco localization to the
pyrenoid and is proposed to link Rubisco holoenzymes to form the pyrenoid matrix.[34]
EPYCL is highly disordered and likely forms weak interactions with Rubisco. Though both
components were found to diffuse within the pyrenoid, they did so at different rates,
suggesting that the diffusing unit is not a stable EPYC1-Rubisco complex.[33]

The stability of an EPYC1-Rubisco complex may lead to unique macroscopic effects. In
computational models, eight binding sites of the Rubisco holoenzyme may be fully occupied
by two EPYC1 proteins, each thought to contain four sites.[33P] This stoichiometry gives rise
to a magic number effect in the simulations. It is noteworthy that magic number effects have
long been discussed as playing important roles in chemistry,[39] including the physical
chemistry of the (atomic) nucleus.[35¢] For EPYC1-Rubisco, the simulations indicate that
when the stoichiometry is satisfied, only small complexes and oligomers are formed, thus
avoiding phase separation. However, when this stoichiometry is disturbed, the unsatisfied
valences lead to widespread co-association (Figure 4). For example, if EPYC1 is modified to
have 3 or 5 binding sites, no small EPCY1-Rubisco complex can satisfy every site, allowing
other partners to be recruited by the unsatisfied valances.

Interestingly, the simulations provided evidence for multiple magic numbers as a function of
the number of EPYC1 binding sites. These observed magic numbers (2, 4, or 8) occurred
whenever all valencies on both interacting components could be satisfied within the context
of a small oligomer. In pyrenoids, the magic number effect may allow rapid phase transitions
(condensation and dissolution), regulated by post-translational modifications that change the
valency of either molecule. Notably, EPYC1 phosphorylation is affected by CO2 availability,
potentially modifying EPYC1’s affinity for Rubisco. A magic number system can produce
rapid phase changes in response to slight stoichiometry changes, allowing carefully tunable
regulation.

4. Active matter and non-equilibrium effects

Research on the biophysics of MLOs has mainly focused on equilibrium conditions or
temporally averaged properties. As in small-molecule physical chemistry, reactions and
dynamics can introduce effects that are not observed at equilibrium. Active matter is
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distinguished by the presence of molecular species that consume energy and carry out
chemical reactions, as is the case in cells. Recent work has resulted in interesting
implications for LLPS within the conceptual framework of active matter physics.[3]

Ongoing chemical reactions can bias the localization of MLOs by influencing protein
concentration gradients. P granule localization during germline formation in C. Elegans
embryos presents an interesting case of this phenomenon. P granules are formed by
interactions of RNA with various proteins, and phosphorylation and dephosphorylation
reactions are believed to contribute to polarized growth and dissolution.[371 A recent single-
molecule imaging study provided new insight into how cellular concentration gradients are
formed for the case of a key P-granule protein.[38] By tracking individual molecules, the
work shows that proteins rapidly switch between fast- and slow-diffusing states, and that the
concentration of the slow-diffusing state is polarized towards one end of the cell. These
experimental results and accompanying simulations support a simple model for protein
gradient formation. Post-translational modifications change the affinity of the protein for a
less mobile partner in the cell. The gradient is formed due to a polarized distribution of the
modifying enzymes, rather than a localized source or sink of the protein or a gradient in the
partner concentration. This mechanism provides a way for gradients to form even across the
relatively short length scales of typical mammalian cells, and in turn may lead to anisotropic
phase separation across the cell.

Chemical reactions can also alter the physics of droplet size and number in ways that are
likely important for cell function.[3% In an equilibrium picture, a system containing several
droplets will generally evolve by larger droplets growing at the expense of smaller ones, a
process termed Ostwald ripening. Larger droplets are more stable than smaller ones because
of their smaller surface to volume ratio. Since molecules are constantly exchanging between
droplets and solution, ripening occurs by a net diffusion of molecules out of smaller droplets
and into more stable larger ones. Furthermore, droplets nucleate at random in solution, and
they can fuse but do not generally split into smaller species. Recent work has studied how
chemical reactions can change these characteristics.

The influence of Ostwald ripening can be opposed by chemical reactions that produce or
deplete droplet material.[3%-401 In one example, a Flory-Huggins approach that included
chemical reactions was used to model the dynamics of centrosomes, which are important in
organizing networks of microtubules in cells.[41] Autocatalytic chemical reactions which
created droplet material at centrioles were a key aspect of the model that permitted co-
existence of centrosomes in cells by suppressing random nucleation and Ostwald ripening.

Molecular fluxes due to chemical reactions can result in other non-equilibrium effects in
LLPS. As discussed above, cellular MLOs are often formed by complex coacervation of
RNA and proteins featuring arginine-rich motifs. A recent study from our lab demonstrated
that monotonic addition of RNA to arginine-rich motifs gives rise to phase separation at
lower concentrations but will result in droplet dissolution at higher concentrations.[1°] This
behavior could be induced by producing RNA using an /n vitro transcription reaction.
Analysis of this reentrant dissolution transition revealed dynamic formation, growth and loss
of vacuolar substructures within the main droplet. This observation is important given that
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such sub-structures are observed in cellular MLOs, and that RNA fluxes can be induced by
processes such as transcription and cell stress.[3°] We note that dissolution in this simple
model of such reentrant behavior is mainly predicated on saturation of valences in one of the
two interacting components, thereby preventing further non-covalent crosslinking and LLPS.
Indeed, this type of formation and dissolution has been included in multiple papers on
LLPS.[42 Our model therefore provides a simple physical mechanism for such reentrant
behavior as well as formation of dynamic substructures. We also note that the magic number
mechanism discussed above may be superimposed on and modulate the overall reentrant
phase transition in some cases, though this interesting idea remains to be studied.

5. Outlook

In the past few years, the study of LLPS has grown from initial demonstrations of liquid-like
behavior of MLOs to studies of their chemistry, physics and biology. We anticipate more

detailed progress in multiple directions. Here, we briefly discuss several interesting ongoing
and future directions. Citations to initial or related work are included for the readers’ benefit.

Continued advances are expected in understanding the unique chemical and physical
characteristics of known MLOs. MLOs generally have complex and changing compositions
comprising a number of protein, RNA and other components. While major components of
key MLOs are known and have been intensely studied recently, it is clear that even relatively
minor components could perturb phase transitions. Indeed, this is one of the potential
functional advantages provided by these organelles, making detailed studies of composition
especially important. Along these lines, the influence of small molecule metabolites is also
of interest. For example, the influence of ATP on phase separation has recently been
discussed.[43] Another recent paper has discussed how the chemical chaperone (osmolyte)
TMAQ differentially affects the phase separation and fibril formation from the ALS-linked
protein TDP-43.[44] More detailed measurements of MLO properties like fluidity, dynamics
of formation and dissolution, partitioning ability, and diffusional properties will provide us
with more complete pictures of the effects of composition on MLO function.

New important functions of MLOs continue to be discovered (or existing bodies
rediscovered as liquid-like, as with the nucleolus and pyrenoid discussed above).[5] As a
recent example, in a study on the miRISC complex, the intrinsically disordered TNRC6B
was found to recruit Argonaute2, the catalytic member of the complex, into phase separated
droplets in cells.[45P] Furthermore, Argonaute2 was able to selectively partition its RNA
targets into the droplets, where several processing reactions proceeded or were even
accelerated in the phase-separated environment. In another example, recent work has
suggested that phase separation is important in gene silencing via heterochromatin.[46]
Heterochromatin protein 1 (HP1) can undergo LLPS controlled by phosphorylation and
DNAV/ligand binding, and the droplets can selectively compartmentalize other
heterochromatin factors.

In addition to micron-sized MLOs that have been studied thus far, we expect that smaller
sub-micron condensates will also be discovered and characterized. As one potential
example, Hnisz et al. proposed a model of transcriptional regulation by phase separation,
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arguing that aspects of super-enhancer behavior can be explained within a framework
describing the enhancer as a small, dense, distinct molecular phase.[4] In support of their
phase separation hypothesis, Hnisz et al. observed that super-enhancers may assemble
cooperatively around a nucleation point and dissipate upon inhibition of key components;
that single enhancers are able to drive synchronous bursting of multiple target genes, likely
requiring physical proximity; and that low-complexity protein domains and nucleic acids are
available at enhancers in the form of bound transcription factors, enhancer RNA, and other
noncoding RNA which has been shown to play a role in localizing transcription factors.
[47-48] Other recent studies have also supported an LLPS model of transcription.[4%] We
anticipate continued growth in the discovery and studies of such liquid-like organizations of
cellular machinery even at the sub-micron scale, potentially geometrically constrained by
scaffolding species like duplex DNA.

Cellular studies will continue to be complemented with /n vitro studies. Experiments with
purified proteins, model peptides and RNA can tease out the many molecular details of the
driving forces for LLPS. The insights and predictions of these experiments can then be
tested in cells. For example, recent work using theory and experiment has shed light on the
rules that govern various features of LLPS including spatial patterning of droplets.[182] Other
recent work has used mutagenesis to reveal the roles of side-chain interactions underlying
phase separation of the family of proteins that includes ALS-linked protein Fused in
Sarcoma (FUS).15%1 The results demonstrated a major contribution of tyrosine-arginine
interactions to LLPS, with other sequence features leading to changes in the liquidity of
droplets.

Refinement or development of methods will continue to be important for both /n vitroand in
cell experiments. Improved fluorescence imaging, single-molecule, cryo-EM (for example
using FIB milling technology), NMR, mass-spectral tools in conjunction with chemical
biology techniques are expected to provide information from the molecular to droplet scales.
[31¢, 511 |n recent work, advanced fluorescence correlation spectroscopy measurements were
used to understand the diffusion of molecules and corresponding organization of MLOs.[5¢]
In other work, an advanced application of FRET methodology enabled measurements of
nucleation for prion-like proteins in live cells.[52d] The FRET method used controlled
photoconversion of a fluorescent protein from donor to acceptor species directly in cells,
thus generating the FRET dye pair /n situand avoiding variations with protein concentration
and individual cells. In other studies, single-molecule FRET studies on NPM1 shed light on
protein conformational changes during phase separation.[31¢] Single-molecule FRET is
particularly useful for such studies as it allows distributions of conformational states and
dynamics to be directly measured, while avoiding loss of information due to ensemble
averaging.[1al This method has been extensively used for studies of conformational
complexity in proteins and nucleic acids. Since little is known about the intra- and
intermolecular structural features of proteins and RNA within MLOs, adaptation and
development of experimental tools for this purpose are an important direction. Another
novel development is the ability to activate droplet formation in cells using light, by
conjugating the phase separating protein of interest with a protein whose oligomerization is
light-activated.[2] This development permits direct mesaurements of various properties of
LLPS directly in cells.
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Studies closely linking LLPS to cellular functions are expected to also be an important
focus. In this regard, we anticipate an increase in studies of how the physicochemical
characteristics of droplets tune functional properties of proteins including by partitioning,
conformational biasing, and modulating enzyme activity. Since the cell is a non-equilibrium
system, novel features introduced due to dynamics and active matter effects will be
especially relevant.[53] Theoretical studies and work with other systems such as colloids are
already providing the field with novel characteristics of LLPS that can be explored within a
cellular context. For example, theoretical work has shown that chemical reactions could
result in spontaneous fission of droplets, in contrast with the equilibrium picture.[>4 While
the authors discuss this model in terms of prebiotic life, it could also be relevant and
explored in modern cells. As an additional example, active motion can give rise to phase
separation even in the absence of the kinds of molecular interactions that we have discussed
above, if the diffusion of molecular species slows substantially when they are clustered.[3°]
Such non-equilibrium effects could be important for cellular phase separation involving
protein motors.

Finally, continued studies of cellular LLPS associated with disease states will also be
important endeavors.[56] For example, for the tumor suppressor SPOP, multivalent
associations with DAXX allow phase separation that may be central to SPOP’s role
preventing oncogenesis.[12 571 Proteins such as FUS that are linked to ALS have been shown
to be important components of stress granules and have been linked with toxic aggregation
and aging of of these MLOs.[13. 42a, ¢, 57-58] A more detailed understanding of the
physicochemical parameters governing abberant effects in this context may also facilitate the
development of small-molecule drugs to combat related diseases.

Rather than comprehensively exploring every cellular phase-separating system in this
minireview, we have instead discussed principles universally underlying their physical and
chemical properties. As the field advances, theoretical strides hand in hand with
experimental discoveries are expected to increase our understanding and predictive power of
LLPS behavior and its role in cell function.
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A. Cation-pi interactions involved in phase separation of Ddx4. B. Sliding charge analysis of
Ddx4, showing charge blocks in the WT (i) but not in a charge scrambled mutant (ii). iii
shows positions of phenylalanine to alanine mutants in another mutant Ddx4. C. Images
showing that the above mutants reduce phase-separation propensity in cells. B and C from
Nott et al. Molecular Cell (2015) 57:936-947.[20a. 23]
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Figure 2.

Different NPM1 states and LLPS mechanisms. a. NPM1 has different folded and disordered
regions with charge-patch interactions modulating conformational properties. b-e.

Interactions with self or complementary molecules can result in different LLPS mechanisms.
f. Suggested assembly-dependent partitioning of rRNA during ribosome biogenesis. See text

for additional details. Figure from Mitrea et al. Nature Communications (2018) 9:842.
[23, 30a]
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Figure 3.
Sub-compartmentalization in the nucleolus. (A) Cartoon of nucleolar substructure and (B)

images of droplet within droplet structures in the nucleolus. Figure adapted with permission
from Feric et al. Cell (2016) 165:1686.
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Figure 4.
Cartoon of the magic number effect. When the number of valences on one of the

components (here 8, green) is a multiple of those on the other (here 4, blue), a small
oligomer satisfies all valences and reduces phase separation. When this condition is not
satisfied, larger networks of interacting species are formed leading to LLPS.
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