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Biomolecular condensates describe concentrated nonstoichiometric assemblies
of biomolecules that can form by a range of different mechanisms 1).
Biomolecular condensates can arise by phase separation, which in biology
involves the demixing of a water-soluble polymer into two co-existing phases:
a polymer-dilute phase and a polymer-dense phase. Coacervates describe phase
separation mediated by a third element, which may typically be a ligand (such as
RNA) to the polymer (such as a protein) that undergoes phase separation. Protein
aggregation into amyloids and amorphous aggregates, and the formation of RNA
granules, represent other forms of biomolecular condensates. The assembly of
proteins and other biomolecules into complexes is a fundamental feature for the
execution of biological functions. Biomolecular condensates are a natural
variation of the assembly theme. There is an incredible complexity and
diversity to how condensates form, are regulated and are structured (reviewed
recently in 2)). And there is incredible diversity to how condensates are used by
nature to drive biological functions and howwhen their assemblies gowrong, they
can drive disease mechanisms, such as amyloids in neurodegeneration.
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1 Introduction

Biomolecular condensates describe concentrated nonstoichiometric assemblies of
biomolecules that can form by a range of different mechanisms (Choi et al., 2020).
Biomolecular condensates can arise by phase separation, which in biology involves the
demixing of a water-soluble polymer into two co-existing phases: a polymer-dilute phase and
a polymer-dense phase. Complex coacervates describe phase separation mediated by a
second element, which may typically be a ligand (such as RNA) to the polymer (such as a
protein) that undergoes phase separation. Protein aggregation into amyloids and amorphous
aggregates, and the formation of RNA granules, represent other forms of biomolecular
condensates.

The assembly of proteins and other biomolecules into complexes is a fundamental
feature for the execution of biological functions. Biomolecular condensates are a natural
variation of the assembly theme. There is an incredible complexity and diversity to how
condensates form, are regulated and are structured (reviewed recently in (Hirose et al.,
2022)). And there is incredible diversity to how condensates are used by nature to drive
biological functions and how when their assemblies go wrong, they can drive disease
mechanisms, such as amyloids in neurodegeneration.
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With this incredible diversity in mind, what are some of the
grand challenges that exist in the research field of biomolecular
condensates? Below are some of my picks.

2 Understanding principles of
functioning of cellular condensates:
role of molecular grammar and cellular
processes

The concept of phase-separation of proteins into liquid droplets
has become a hot-topic mechanism in protein biochemistry and cell
biology over the last decade stimulated by the remarkable work of
Brangwynne, Hyman and colleagues (Brangwynne et al., 2009). The
work showed P-granules in C. elegans germ cells displayed
properties consistent with liquid condensates. Under shear force,
P granules displayed classic liquid properties of flowing, dripping
and fusing into larger droplets (Brangwynne et al., 2009). The study
sparked the popularization of the mechanism of phase separation for
directing the compartmentalization of biomolecules. Such a
mechanism was indeed a paradigm shift in that
compartmentalization was previously thought to be mostly
mediated by membrane-bound organelles or macromolecular
scaffolds. Phase separation is now known to be involved in the
formation of at least 24 membraneless organelles: P-body, U-body,
Balbiani body, germ granules, RNA transport granules, synaptic
densities, stress granules, nuclear pore complex, Cajal body,
Cleavage body, Gem, nuclear speckles, nucleolus, OPT domain,
PcG body, perinucleolar compartment, PML bodies, histone locus
body, paraspeckles, focal adhesions, nephrin clusters, TCR clusters,
podosomes, and actin patches (Banani et al., 2017). The number of
publications in Pubmed using the search phrase, “liquid-liquid
phase separation” has grown exponentially from 18 in 2009 to
572 papers in 2022 at the time of writing (May 2023).

The range of biological processes linked with phase
separation is diverse, and includes RNA metabolism,
ribosome biogenesis, the DNA damage response and signal
transduction (Banani et al., 2017). Studies have proposed
that dense phases can provide crucibles for reactions by
concentrating reactants, for funnelling linked metabolic
reactions, as well as others (comprehensively reviewed in
(Lyon et al., 2021)). But the field has likely only scratched
the surface for how these functions operate at the molecular
level and why they require the condensate state. There is clearly
a lot more to learn to gain a full understanding of all the
mechanisms, and in particular, how the condensation of
biomolecules drives functional outputs.

3 Understanding the origins and
functional implications of
heterogeneity in cellular condensates

While we still are unearthing the functional role of
membraneless organelles, another aspect is how such organelles
interact with each other and evolve in function and composition
temporally and under different cellular settings. For example, stress
granules and processing bodies are spatially juxtaposed and appear

to be functionally connected (Riggs et al., 2020). But the mechanisms
for how and why they are connected remain incompletely
understood. Both membraneless organelles contain mRNAs,
suggesting a role in the regulation of RNA metabolism.
Processing bodies may play a role as a reservoir of RNA and
stress granules may also mediate signalling pathways under
stress. We also understand little about how the compositional
heterogeneity changes over time within individual condensate
entities. For example, stress granules appear to contain distinct
subproteomes under different stresses (Aulas et al., 2017;
Markmiller et al., 2018) and can mature into solid- or gel-like
inclusions that persist within the cell in neurodegenerative
diseases (Rhine et al., 2022). At least 238 proteins have been
curated to reside in stress granules (Markmiller et al., 2018).
Hence, a grand challenge remains in understanding what the
heterogeneity is of biomolecular condensate structures and how
the heterogeneity relates to function and changes under different
conditions and in disease. Other questions include what drives the
selectivity of composition, and what the functional reasons are for
different compositions and structures. Linked to these questions are
other open questions as to how the cellular location and
juxtaposition with other condensates relates to function.

The most well-known function of biomolecular condensates is
the sheer process of assembling a membraneless organelle entity. Yet
very distinct functions are emerging. For example, PopZ forms
condensates at the poles of the bacterium Caulobacter crescentus
that direct signalling pathways for cell-cycle regulation (Lasker et al.,
2022). The condensation of proteins in a T cell signalling pathway
into microclusters directs the signalling responses (Su et al., 2016).
As part of this effect, the phase separation of signalling complex
proteins at a membrane surface invokes membrane phase separation
and in turn an altered co-mixing of other proteins into the new
phases (Chung et al., 2021). Other work has shown that protein
condensates formed at the surface of membranes can drive
membrane curvature by applying compressive stress to the
membrane surface (Yuan et al., 2021). Given the incredible
density and crowdedness of intracellular environments, are there
other functions yet to be discovered? Hence a grand challenge
remains in uncovering the full diversity by which condensates
direct cellular functions. Furthermore, are there novel modes of
substructural organization within the cytosol driven by phase
separation?

4 Deciphering the structural
organization of cellular condensates

Phase separation may imply biomolecular condensates adopt
a rather amorphous structure. However, membraneless
organelles at least in some instances display substructural
organization that indicate cellular mechanisms have been
deployed to mould the organization for functional purposes.
The nucleolus, Cajal bodies, nuclear speckles, PML bodies,
and paraspeckles contain distinct internal domains, such as
cores, that confer distinct functional features (Hirose et al.,
2022). Some of the substructure may be direct functions of
multi-phasic behaviour such as in nucleoli where immiscible
liquid phases form that can be modelled in vitro with purified
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proteins (Feric et al., 2016). Other substructures appear to
involve other factors. For example, paraspeckles require an
RNA scaffold, NEAT1, to anchor the protein condensates
(Yamazaki et al., 2018). Indeed, a class of long non-coding
RNAs have been termed architectural RNAs (arcRNAs) for
such scaffolds, with 5 identified in mammals, insects, and
yeast (Chujo et al., 2016). Stress granules contain a stable core
structure surrounded by a dynamic shell with assembly,
disassembly, and transitions between the core and shell
modulated by numerous protein and RNA remodelling
complexes (Jain et al., 2016). Recently it was shown that TDP-
43 formed “anisosomes” which have spherical shells of TDP-43 in
a liquid crystal state around a core of a HSP70 chaperone that was
required to maintain the condensate in a liquid state (Yu et al.,
2021). Addition of RNA can also modulate the miscibility of
proteins in the dense phases. Many proteins that display
disordered domains, which can be the key lever for driving
condensation, also contain other globular and structured
domains that may not. Hence, how do different domain
structures in proteins that form condensates dictate structural
and functional properties of the condensates? There is still much
to learn about how different domains work together to shape the
substructure of the condensates, as well as how ligand binding
and post-translational modifications play roles in that.

5 Deciphering molecular grammar
encoding material properties of cellular
condensates

Motifs that drive the interactions of amino acids in intrinsically
disordered motifs are beginning to emerge -such as the cation-pi
interactions (e.g., Arg and Tyr) in DDX4, FUS and other proteins
(Nott et al., 2015; Wang et al., 2018). In functional amyloids, an
“imperfect” amyloid motif, called low-complexity amyloid-like
reversible kinked segments (LARKS), has been proposed to
mediate the reversibility of functional amyloid assembly (Hughes
et al., 2018). LARKS form kinked β-sheets that weakly interact by
polar atoms and aromatic sidechains and differ from conventional
amyloid fibrils that form far more stably associated steric zippers
(Hughes et al., 2018). The interactions that stabilize condensates of a
wide range of condensate-forming proteins are known to be
modulated by post-translational modifications, suggestive of
intricate regulatory mechanisms to shift the phase boundaries
(Owen and Shewmaker, 2019). Key questions remain as to how
such structures are regulated more generally for functional
processes, and how these intersect with the events leading to
inappropriate aggregation in disease.

Other areas of discovery include understanding the
mechanisms of condensate dynamics and flow (rheology), and
the manner by which cells can tune this behaviour for biological
functions. Various studies point to complexity in the rheological
behaviour of condensates and how this can be important for
influencing biological function. In one, optically trapped
polystyrene beads were used to measure the viscous and elastic
moduli and the interfacial tensions of four types of biomolecular
condensates (Ghosh et al., 2021). The study found that
condensates could not be reliably modelled just as viscous

liquids and instead required different effects of viscoelasticity
to be accounted for, shear thickening or thinning, depending on
the type of condensate (Ghosh et al., 2021). In another study, the
viscous and elastic regimes of condensates formed by Arg/Gly-
rich sticker-spacer-based polypeptides, which mimic motifs
found in many RNA binding proteins, and RNA, was found to
be tunable depending on the sequence properties of the sticker
and spacers (Alshareedah et al., 2021). In another study, the
material properties of PopZ condensates were found to be
regulated by two internal domains (Lasker et al., 2022). A
C-terminal helical domain is required to form very dense
condensates, while an IDR domain confers greater fluidity. It
was found that the IDR length, as well as the charge distribution of
the amino acids in the IDR, were critical in specifying PopZ
material state properties and that these properties in turn were
important for the correct cellular localization of the condensates
as well as how they functioned.

6 The impact of a delicately poised
solubility threshold of cellular
proteomes

The intracellular environment of cells is extremely crowded. Awide
range of proteins are believed to be close to their threshold
concentration for phase separation, which is exacerbated under
conditions of macromolecular crowding (Walter and Brooks, 1995).
The large numbers of protein species could lead to multiple co-existing
phases. Each phase will be localized by interfacial tension and/or nearby
solid bounding surfaces with which the phase is in contact with (Walter
and Brooks, 1995). Hence how non-homogenous is the cytosol and
does it comprise a sea of microphases? Do these phases have fuzzy
boundaries? One interesting finding was that under osmotic stress that
concentrates the cytosol of cells, multimeric proteins appear to readily
phase separate into droplets (Jalihal et al., 2020). Hence, can cells use
changes in the phase boundary as a sensor to measure dehydration
stress? Do cells exploit a delicately poised phase boundary for functional
purposes?

The other relevant point is that proteins when purified are rarely
soluble at the concentration seen in cells (200–300 mg/mL) (Brown,
1991). Hence, how do cells keep the proteome soluble? We know that
chaperones are critical to the folding and assembly of many proteins, as
well as for dissolving particular protein aggregates (Rosenzweig et al.,
2019).We know chaperones can bind to unfolded-like states of globular
proteins to aid in their solubility in cells (Wood et al., 2018; Ruff et al.,
2022). Hence to what extent do proteins such as chaperones play in
regulating the phase boundaries of the proteome?

Another emerging question is whether cells can functionally
exploit the changes to delicately poised phase boundaries induced by
external forces such as temperature and mechanical compression. It
seems there is evidence that they can. For example, paraspeckles can
form under conditions of cellular mechanical stress and
confinement and thus this behavior may play a regulatory role in
confined migration and invasion in cancer cells (Todorovski et al.,
2023). In another example, plant circadian clock signalling involves
a condensate forming protein ELF3 that rapidly alternates between
active and inactive states via a thermosensory-regulated phase
transition (Jung et al., 2020).
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7 Why inappropriate protein
aggregation occurs in diseases

Mutations in proteins that reside in membraneless organelles are
highly enriched in neurodegenerative diseases and form deposits
(Nedelsky and Taylor, 2019; Ryan and Fawzi, 2019). The reasons for
why these mutations are enriched and form deposits remains
incompletely understood. However, key questions arise from this
observation; namely, do they perturb natural-regulated mechanisms
of phase separation and if so how does that relate to pathogenesis? In
addition, is there a broader link between the aberrant phase
separation mechanisms in membraneless organelles with other
amyloid and amorphous forms of protein aggregation also linked
to diseases? More generally, while it is well established that protein
aggregates are generally the source of cellular dysfunction, especially
smaller-sized oligomeric forms, the mechanisms involved remain
unclear (Murakami and Ono, 2022). Furthermore, the mechanisms
underpinning why some protein aggregates are toxic and others are
not or less so remains unclear.

8 How inappropriate protein
aggregation relates to pathogenesis in
diseases

It has been well established for over 2 decades that misfolded
proteins aggregate and are toxic to cell biology (Bucciantini et al.,
2002). Yet we still don’t have clear ideas as to why that is the case.
Likely the mechanisms are multipronged meaning single
mechanisms are hard to unambiguously identify. An additional
challenge comes in properly understanding the compositional
properties of the proteinaceous deposits in disease (Cox et al.,
2020) and biases arising from model systems that don’t
accurately recreate the same aggregate structure as in disease
(Lashuel, 2021). But more fundamental questions as to why
aggregation is so pernicious and problematic to cellular health
remains an important question to address. In addition, the basis
for why some types of protein aggregates are more toxic than others
is not clearly understood.

One hypothesis is that the proteome solubility is poised close to
the threshold of supersaturation, the point at which proteins form
aggregates. Work from Vendruscolo and colleagues showed that
proteins prone to supersaturation are over-represented in
biochemical pathways linked to neurodegenerative diseases
(Ciryam et al., 2013). These supersaturated proteins are likely to
require rigorous management by protein quality control
mechanisms. Indeed genes corresponding to the metastable
subproteome associated with Alzheimer’s Disease are tightly co-
expressed with specific components of protein quality control,
namely, the ubiquitin–proteasome and the endosomal–lysosomal
pathways (Kundra et al., 2017). Also related to this are the chaperone

and co-chaperone networks (dubbed the chaperome) that change
during ageing and in neurodegenerative diseases (Brehme et al.,
2014). Nearly a third of the chaperome, corresponding to ATP-
dependent chaperone machines, was repressed in normal human
brain aging whereas nearly 20% of the chaperome, corresponding to
ATP-independent chaperones and co-chaperones, was induced.
There were enhancements of these chaperome subnetworks in
Alzheimer’s, Huntington’s, or Parkinson’s diseases. Hence, a
grand challenge is in defining the intersectionality of mechanisms
governing protein solubility and disease pathology. In turn, how do
these mechanisms link to those raised above in my other points with
respect to mechanisms of condensate formation, structure and
function.

In conclusion, the field of biomolecular condensates is at an
exciting point of discovery. The Coacervates and Biological
Condensates specialty section of Frontiers in Biophysics offers
authors the opportunity to disseminate findings in this journey
of discovery. This includes manuscripts related to any of these
questions and grand challenges raised above, as well as others
not covered here.
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