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As part of the ‘Central Dogma’ of molecular biology,
the function of proteins and nucleic acids within a cell
is determined by their primary sequence. Recent work,
however, has shown that within living cells the role of
many proteins and RNA molecules can be influenced by
the physical state in which the molecule is found.
Within living cells, both protein and RNA molecules
are observed to condense into non-membrane-bound
yet distinct structures such as liquid droplets, hydrogels
and insoluble aggregates. These unique intracellular or-
ganizations, collectively termed biomolecular conden-
sates, have been found to be vital in both normal and
pathological conditions. Here, we review the latest stu-
dies that have developed molecular tools attempting to
recreate artificial biomolecular condensates in living
cells. We will describe their design principles, imple-
mentation and unique characteristics, along with limi-
tations. We will also introduce how these tools can be
used to probe and perturb normal and pathological cell
functions, which will then be complemented with discus-
sions of remaining areas for technological advance
under this exciting theme.

Keywords: biomolecular condensates; liquid droplets;
hydrogels; chemically-induced dimerization;
optogenetics.

Abbreviations: ALS, amyotrophic lateral sclerosis;
Fluoppi, fluorescent protein—protein-interaction-visu-
alization; FRAP, fluorescence recovery after photo-
bleaching; IDR, intrinsically disordered region; PPI,
protein—protein interaction; PRM, proline-rich motif;
RNP, ribonucleoprotein; SH3, SRC homology 3.

Biomolecular Condensates: Re-discovered
in Light of Diverse Physical States

Among diverse classes of intriguing intracellular struc-
tures, membrane-bound organelles have been the best-
known and the best-studied for decades. However, the

importance of non-membrane-bound counterparts, re-
cently known as biomolecular condensates, has been
attracting more and more attentions in recent biolo-
gical researches (/). They are observed in different bio-
logical contexts ranging from basic and essential
physiological processes such as transcription (2, 3)
and stress response (4), to severe pathophysiological
situations including neurodegenerative diseases ()
(Fig. 1A, vertical axis).

Despite their involvement in such diverse functions,
these condensates share many features in common,
especially in terms of molecular dynamics and mech-
anisms of condensation (6—8). They are often
associated with certain physical states such as liquid
droplets, hydrogels or irreversible aggregates, accord-
ing to the extent of their dynamic nature. These
physical states are achieved by the constituent bio-
molecules undergoing phase behaviours (9, 10).
Indeed, many examples of biomolecular condensates,
e.g. nucleolus (//) and centrosome (/2), had been
identified and widely known before their physical
states became the subject of intense investigation
(13—15).

Interestingly, proposed functions of biomolecular
condensates in actual living cells seem to be corre-
lated with their physical states (Fig. 1A), as further
described in the following sections. If the condensate
is dynamic with active and consistent reorganization,
it tends to behave as a liquid droplet, involved in
basic physiological processes. The more stable the
physical state of the condensate becomes, it tends
to behave more like hydrogels or aggregates. In par-
allel with their becoming more physically stable, we
start to find more and more condensates being
related to pathogenic processes, with irreversible fi-
brous amyloids found in various neurodegenerative
diseases as typical examples. The correlation implies
potential biological importance of the physical states
of non-membrane-bound organelles. However, con-
ventional techniques in cell biology are often not ad-
equate to specifically manipulate or disturb the
physical states of the condensates forming inside
living cells with the level of control required. This
technological challenge has hampered assessment of
direct causal relationships between their physical and
biological properties, a strong drive leading to recent
development of novel technological paradigms
(Fig. 1B and Table I).

These tools are designed to form synthetic biomole-
cular condensates in living cells, typically with spatial
and/or temporal manoeuverability. By synthetically
harnessing certain physical states in living cells, the
tools can provide significant insights into the biological
roles of the physical states in defining functions of
biomolecular condensates. Several tools among those
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Fig. 1 Biological roles of both endogenous and synthetic biomolecular condensates correlate with the physical states of the condensates. (A)
Proposed functions of biomolecular condensates are plotted in relation to their physical states. Balbiani body and Rim4 granules are shown
together between hydrogels and irreversible aggregates due to their ‘amyloid-like’ stable natures and their basic physiological roles, although they
have not been clearly attributed to any of the three physical states in the original reports (86, 87). Distinct classes of condensates are shown in
distinct colours. Images of the actual condensates are shown for representative examples. Horizontal axis is the physical states that have been
related to the actual biomolecular condensates, from dynamic liquid droplets to static aggregates from left to right. Vertical axis is the spectrum
of biological functions ranging from basic physiological functions to pathological functions, from bottom to top. Overall distributions clearly
suggest a correlation between the physical states and the functions of the novel class of intracellular structures. Images are modified from Ref.
(88) (nucleolus), (89) (P-granules), (90) (stress granules), (91) (TDP-43 aggregates) with permission. (B) Synthetic tools that have implied a
correlation between the physical states and biological functions are shown in the same scatter plot as (A). Ranges of physical state-function
relations found for actual biomolecular condensates are still shown in the background for comparison. Inducible tools that can be manipulated
either by chemical or light stimulus are shown as representative images taken from the original articles, while non-inducible tools are shown as
red circles. Name of each tool is shown in red letters. Images are modified from Ref. (45) (CasDrop), (60) (POLYMER/iPOLYMER-LI), (71)
(JHR1/2) with permission.

14

120z Ainp 0g uo Jesn Aysteniun supidoH suyor Aq £9v6.1S/€1/1/99 1L /8101e/ql/woo dnoolwspeoe//:sdpy woly papeojumo(



highlighted below have already succeeded in suggesting
the importance of physical states in relation to relevant
biological functions, as illustrated in Fig. 1B. This
figure highlights the tools that have revealed the bio-
logical roles of the condensates (vertical axis) in rela-
tion to their physical states (horizontal axis), while
Table I provides a more comprehensive list of the
tools. Of note, the synthetic condensates produced by
the tools shown in Fig. 1B appear to follow the sug-
gested correlation between the physical states and bio-
logical functions, implying the applicability of these
molecular tools for the studies of naturally occurring
biomolecular condensates.

In summary, the current review offers an exhaustive
list of available molecular tools for the formation of
biomolecular condensates in living cells, highlighting
those that are rapidly inducible, as well as studies

Harnessing biomolecular condensates in living cells

that characterize the physical states. Table I classifies
all these tools based on three characteristics, namely,
physical states, modality and design strategies illu-
strated in Fig. 2.

Nature or Nurture: Physical States
Commanding Functions

As mentioned above, known functions of biomolecular
condensates correlate with their physical states
(Fig. 1A). For example, condensates that behave like
liquid droplets are often found in basic and house-keep-
ing physiological contexts, e.g. processing bodies (P-
bodies) (16), germ granules (/7) such as P-granules
found in Caenorhabditis elegans (18) and stress gran-
ules (19, 20) in the cytoplasm and nucleoli (2/) and
Cajal bodies (22) in the nucleus. These structures are

Table 1. Tools described in the current review that can form synthetic condensates in living cells

Inducible Tools .
Design strategy

Name Physical states Modality (Class) Schematic illustrations Comments Ref.
optoDroplets LD, HG, IA Optical 1+ * . InduFlny recon§htute a w'|de range of [40]
IDR Cry2 physical states in a reversible manner.
IDR PixD * Realize constitutive formation and inducible
PixELL LD, HG Optical I+ 1 = dissociation of the condensates. [42]
* Spatial “memory” effect has been shown.
IDR PixE
. DR SspB * Inducible and reversible reconstitution with
Corelets LD, HG Optical 1+ 11 P designed stoichiometry and improved [43]
'D efficiency.
iLID ferritin
dCas9® SunTag * Inducible reconstitution with designed
CasDrop LD Optical 1+ L stoichiometry. [45]
ScFv iLID * Shown to “mechanically” affect the dynamics of
-k genetic loci to which they are targeted.
IDR SspB
FKBI: nmn * Inducible reconstitution with designed
iPOLYMER HG Chemical mn stoichiometry. [60]
FRB * Shown to reconstitute stress granules in situ.
Rl Ll « Inducible reconstitution with designed
iPOLYMER-LI HG Optical m iLID stoichiometry in a reversible manner. [60]
* Shown to reconstitute stress granules in situ.
SspB
AgDD A Chemical I . ¢ Inducible forrr?ahon of aggregates in living cells, [70]
AgDD (= Mutated FKBP) as well as in vivo (C. elegans).
X * Inducible formation of aggregates in living cells.
JHR1/2 IA Optical I IDR (TDP-43)° * Shown to be cytotoxic and to induce apoptosis. (71]
* Undergoes inducible oligomerization.
Cry2 Uncharacterized Optical ] * » Used to manipulate protein functions [41]
Cry2 and/or dynamics through
oligomerization of the protein fused.
* Undergoes inducible oligomerization
Cry2olig Uncharacterized  Optical 1} with improved efficiency. [75]
Cry2olig (= mutated Cry2) * Used in similar ways as Cry2.

Cry2clust Uncharacterized Optical

| Cry2clust (= mutated Cry2 + 9aa peptide)

* Undergoes inducible oligomerization
with improved efficiency. [76]
Used in similar ways as Cry2.

(continued)
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Table 1. Continued

Non-inducible Tools

Design Strategy
Name Physical States Modality (Class) Schematic lllustrations Comments Ref.
e

SH3 * Demonstrated multivalent interactions

PRM,, + SH3, LD, HG N/A n ol ol as a major mechanism of condensate (391
PRM formation.

ferritin ¢ Used to evaluate the roles of RNA in
ArtiG LD N/A ][] condensate formation by RNA-binding [47]
F., (=mutated FKBP (F36M)) T —
) g bait” C Azami-Green * Protein-protein interaction sensor

Fluoppi LD PPI 1+ 11 utilizing condensate formation as a [50]
prey PB1 readout.

Enginerred RGG LD N/A | - * Designed as a functional scaffold for [51]

IDR (RGG domain from LAF-1)¢ protein cargo recruitment or release.

* Formation of dipeptide-based hydrogel
Hydrogelator HG N/A | Modified dipeptide (FF)° in situ. . [62]
* Shown to be cytotoxic.

De novo A N/A I * Structural mimicry of naturally occurring amyloids. [65]
B-proteins DEnoye B-proteinsf Shown to mimic the cytotoxicity of amyloids.
1A * * A mutant fluorescent protein that forms crystals.
X N/A 72
pa (crystal) / g Xpa (= mutated kikGR) * The crystals are degraded by autophagy [72]
InCell SMART-i Uncharacterized pPI8 m bait ferritin * Protein-protein intgraction sensor utilizing [74]
condensate formation as a readout.
prey ferritin
Intrinsically Disordered Regions (IDRs) = Homodimerizing domains aoese0s0sesesscesesnses Scaffold peptide with
. . tandem binding domains
* Oligomerizing peptides (Non-IDRs) M A Baitand Prey proteins o )
0 Recognizing domains
1 il Heterodimerizing domains > Multimerizing domains @ Targeting domains

@For specific targeting of CasDrop to a certain locus, guide RNA co-expression is also required.
Aggregate formation of AgDD is dependent on poor folding of the protein in absence of its ligand, S1. Here, we assumed therefore that the
mechanism would thus be similar to that of IDRs
€IDR from an ALS-related protein, TDP-43, was conjugated to eight arginine (8R) tract via photocleavlable o-nitrobenzyl linker.
9n living cells, tandem RGG domains formed readily visible liquid droplets, while single RGG domain did not. Taking advantage of the
observation,  cleavage of tandem RGGs into single RGGs by proteases was used to control the dispersal of the droplets. Protease-dependent
cleavage was used also for the cargo protein release in the study.
©Pprecise description is C,oH,CH,C(O)-phe-phe-NHCH,CH,OH, further conjugated to an esterase- cleavable butyric diacid. Hydrogel formation is
dependent also on the hydrophobicity of the napthyl group (C,,H,CH,C(O)-), but we categorized the tool into Class I, due to the lack in folded
peptide structure.
fThe peptides were selected from a synthetic peptide library designed to share an identical pattern of alternate polar and nonpolar residues
frequently found in B-strands in amyloid- forming proteins. We here categorized the tool into Class Il (instead of Class 1), due to the original scope of
mimicking the structure of a secondary structure, f3-strand.
8These tools are designed as probes to detect protein-protein interactions, rather than to synthetically form condensates. While categorized in non-
inducible tools, they can readily be modified into inducible tools, e.g. using FKBP and FRB instead of bait and prey proteins, which was actually

performed in both studies. Interactions between bait and prey proteins are assumed to be well characterized in terms of stoichiometry.

Notes: Their names, related physical states, modalities, design strategies (see main text and Fig. 2 for details), schematic illustrations of design
of the peptides as well as the references describing the tool are shown. Schematic drawings include only the domains or components essential
for condensate formation. For inducible tools, the components and corresponding classes of design strategy are highlighted in red. HG,
hydrogel; 1A, irreversible aggregate; LD, liquid droplet; N/A, not applicable; PPI, protein—protein interaction.

composed of nucleic acids and nucleic acid-binding
proteins, involved in regulation of transcription or
translation of the nucleic acids. The components of
the droplet-like condensates undergo dynamic turn-
over, enabling dynamic formation, reorganization
and dispersion of these structures (6—8). Hydrogels
are another class of physical state, but with a reduced
level of component turnover or dynamics compared to
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liquid droplets. In their original physicochemical con-
text, hydrogels are defined as a material with the ability
to retain water when isolated from an ambient aqueous
environment, and to limit molecular trafficking based
on their size, besides holding certain mechanical prop-
erties (23). Examples of hydrogel-like condensates in-
clude the nuclear pore complex (24, 25), the base of
primary cilia (26, 27), the assembly of myelin
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membranes (28) and centrosome (/2). A third class
known as insoluble aggregates is generally long-lived
and found primarily under diseased conditions, such
as amyloids in neurons of neurodegenerative disease
patients such as Huntington’s disease, Alzheimer’s dis-
ease and amyotrophic lateral sclerosis (ALS) (29).
Despite the correlation between the physical states
and the functions of the condensates, it is still an
open question how the different physical states result
in different biological outcomes.

One creative approach to addressing the question
would be to synthetically fabricate intracellular struc-
tures which not only generate biomolecular conden-
sates in living cells, but also achieve so with desired
physical states without changing their molecular con-
stituents (thus keeping the same biochemical elements).
By observing the behaviour of such ‘synthetic conden-
sates’, we may obtain insights into the response of cells
to intracellular materials of distinct physical proper-
ties. To trace the response over time, the production
of the condensates should preferably be arbitrarily
manipulated through external inputs, e.g. chemicals
or light irradiation, in an inducible manner. We cate-
gorized the ‘synthetic condensates’ into four physical
states; liquid droplets, hydrogels, insoluble aggregates
and protein clusters, the last one being a protein as-
sembly that has not been clearly related to the other
three categories.

Molecular Tools to Harness Physical
States—Modality and Design Principles

We organize the techniques based on the approach or
modality used in the study (Table I), as well as on the
physical states of the condensates. Studies classed as
‘chemical’ use small diffusible molecules to induce for-
mation of intracellular condensates. Typical chemical
tools adopt a well-established technique known as
chemically induced dimerization that can induce inter-
action between distinct protein domains in living cells
(30). ‘Optical’ is used to refer to tools in which con-
densate formation is induced by light stimulus.
Optogenetic techniques are the most common ex-
amples, which utilize light-induced association between
protein domains to initiate the formation. Some of
these optogenetic tools have also been discussed else-
where, focussing more on their differences in tool
design strategies and on potential applications of the
optogenetic tools in general (37). Tools that do not fall
into either category are shown as N/A for not applic-
able, or with brief descriptions of the modalities
adopted when needed.

It will also be useful to organize the various aggre-
gate design strategies used in these studies (Fig. 2).
Apart from practical reasons that help users adopt
each tool in their research contexts, design principles
of the tools should provide us with insights into the
mechanisms underlying the formation of the actual
biomolecular condensates encountered in living cells.
Multivalent interactions between the designed mol-
ecules are the minimal requirements for the tools.
Each tool described in the current review adopts

Harnessing biomolecular condensates in living cells

different design strategies to achieve a sufficient level
of multivalency, suggesting potential diversity in the
regulatory mechanisms of condensate formation. In
terms of the design strategies for multivalency, all the
tools listed here adopt either one of, or combinations
of, three strategies, which we refer to as Classes I to I11
in Table I and Fig. 2. To make the tool inducible, at
least one of the strategies adopted must be manipu-
lated either by chemical or optical stimulations.

For Class I, intrinsically disordered regions (IDRs)
are used to form the condensates (Fig. 2A). IDRs are
defined as peptide sequences that are not likely to form
a defined three-dimensional structure (32, 33). As
described in many other reviews (34, 35) and in the
following text, IDRs are often found in proteins form-
ing biomolecular condensates. Also, through many in
vitro experiments, IDRs have been demonstrated to
self-assemble into macroscopic-sized condensates. It
is therefore both reasonable and straightforward to
adopt IDRs found in actual proteins to develop tools
that form synthetic condensates in living cells.
However, the physicochemical mechanisms by which
IDRs form condensates are yet to be fully understood.
Tools that fall into Class I can thus involve possibly
unrevealed processes during the condensate formation,
while the formation mechanisms are considered to re-
semble those of actual biomolecular condensates.

In Class II strategy, oligomerizing peptides other
than IDRs are adopted (Fig. 2B). Unlike IDRs, these
peptides are thought to have a certain level of defined
structures, while they both share the ability to self-as-
semble to form macroscopic oligomers. The oligomer-
izing peptides are often derived from light-sensitive
proteins in plants, allowing light-inducible formation
of the condensates. Again, mechanisms of oligomeriza-
tion are not fully understood in many cases, which
should be carefully taken into account for precise in-
terpretation of the results. One rather special case that
is included in this class is a protein that tends to form a
crystal, whose regular molecular order should be sig-
nificantly different from those of other oligomers.

Class III strategy takes advantage of protein inter-
actions with clearly defined stoichiometry, typically
protein dimerization paradigms, to induce condensate
formation (Fig. 2C). Unlike IDRs and oligomerizing
peptides, dimerizing peptides cannot achieve multiva-
lent interactions by themselves due to their well-
defined one-to-one stoichiometry, demanding further
measures to realize multivalency. One possible solution
is to combine the strategy with the other two strategies
described above. However, this solution sacrifices the
significant advantage of the class over others, which is
clearly defined stoichiometry of the interaction under-
lying the condensate formation. The other solution
that can circumvent the drawback is to visibly design
the valence number in the peptides. Several types of
such design are adopted in the tools described below.
The most straightforward is to fuse the dimerizing pep-
tides in tandem repeats (Fig. 2C, upper panels). The
number of repeats clearly defines the valency, which
can be readily tuned by modifying the design. A closely
related variation is to use a distinct scaffolding peptide
containing tandemly repeated units, each of which
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Fig. 2 Three classes of strategies for synthetic condensate formation are shown as schematic drawings. All the tools described in the current review
adopt either one of them or multiple of them in combination to achieve multivalent interactions between the peptides. (A) Class I strategy
exploits IDRs frequently found in proteins forming biomolecular condensates in situ. IDRs tend to form phase-separated liquid droplets or
hydrogels at higher concentrations in vivo, suggesting the regions as a tool to synthetically form condensates in living cells. (B) Class II takes
advantage of oligomerization of non-IDR proteins. These oligomerizing proteins self-assemble into condensates without clearly defined stoi-
chiometry. Note that neither Class I nor Class II strategy involve well-defined stoichiometry. (C) In typical Class 111 strategy, dimerization of the
peptides is used to form condensates. Due to their one-to-one binding properties, this strategy must be combined with designs that provide the
tool with multivalency (designed multivalency). In the upper panel, the most straightforward design of tandem repeat dimerizing domains is
depicted. A closely related design, in which independent scaffolding peptides that contain tandemly repeated binding sites for dimerizing
peptides, is shown in the middle panel. In the design illustrated in the lower panel, multimerizing domains are used to form multimeric complex
with the valence number determined by the stoichiometry of multimerization. Unlike the two other classes, all the designs that fall into Class 111
lead to rationally designed valence numbers, while performances of the additional domains or relatively large molecule sizes could possibly be
disadvantageous. In Table I, this class includes a tool adopting PixD—PixE complex, which dissociates upon light irradiation.

binds to a single dimerizing peptide (Fig. 2C, middle
panels). The other design involves multimerizing pep-
tides that self-assemble with well-defined stoichiom-
etry, which defines the valency in the design (Fig. 2C,
lower panels). As a rather exceptional case, we
included PixD-PixE multiprotein complex that is dis-
sociated upon light irradiation, due to the relatively
well-described stoichiometry of the complex (36, 37).
As mentioned above, the three classes of design prin-
ciples are often combined to harness various physical
states of the condensates described above, and in fur-
ther details in the following sections. In both the text
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and in Table I, the design principle(s) of each tool is
shown as e.g. ‘Class I’, if the tool exploits only one
strategy, while a description such as ‘Class I + II is
used if it utilizes two or more strategies. In Table I, the
class of design strategy that provides the tool with
inducibility is highlighted in red.

Liquid Droplets

Liquid droplets are a near-ubiquitous feature of intra-
cellular organization. While maintaining a distinct
identity in the surrounding cellular medium, liquid
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droplets continue to display fluid-like properties rather
than gel or aggregate features. Key features are the
ability to rearrange shape, to readily fuse with other
liquid droplets, rapidly exchange components with the
cytoplasm and easily be deformed by flows (6). In
normal cells, a number of examples of liquid droplets
are known, usually involving a mixture of RNA and
proteins to allow for regulation of gene expression.
Examples of these ribonucleoprotein (RNP) granules
include germ granules, stress granules, the nucleolus
and Cajal bodies (38).

Although RNP granules are the most common ex-
amples of liquid droplet-like biomolecular conden-
sates, one of the seminal studies in the field utilized a
non-RNP granule example. Li et al., in a study of the
actin-associated proteins NCK and N-WASP, showed
that formation of liquid droplets in cells can be ex-
plained by weak multivalent bonding between droplet
components (39). They first performed in vitro analysis
of purified repeats of the SRC homology 3 (SH3)
domain of NCK and the proline-rich motif (PRM) of
N-WASP, which are known to mediate association be-
tween the two proteins. A number of different combin-
ations were tried, in the form PRM,,, + SH3,,, where m
and 7 are integers from 1 to 5 (Class III). PRM5s and
SH35 assembled into liquid droplets inside HeLa cells
at concentrations of 1-10 uM, which is within the rea-
sonable physiological range of concentrations for
native proteins. When GFP-PRMj; and mCherry-
SH3s were co-expressed in HeLa cells, spherical
liquid droplet-like puncta formed containing both pro-
teins; photobleaching confirmed that the droplets were
highly dynamic, with turnover of the two components
of under 20s. This demonstrated the importance of
multivalent tandem domain interactions in establishing
liquid—liquid phase separation.

Another important mechanism of liquid droplet as-
sembly is IDRs, which are sequences enriched in a cer-
tain subset of amino acids, typically glycine, serine,
glutamine, proline, glutamic acid, lysine and arginine
(7). These IDR regions are found in many proteins that
form RNP liquid droplets including the ALS-asso-
ciated proteins FUS, hnRNPA1 and the RNA helicase
DDX4. Shin et al. (40) made fusions of these three
IDR-containing proteins with Cry2, which oligomer-
izes under blue light (47). All three fusion proteins
formed puncta when exposed to blue light, with the
rate of puncta formation depending on both the con-
centration of protein and the intensity of light. The
puncta exhibited properties consistent with liquid
droplets, including round shape, fusion with other
similar puncta and rapid fluorescence recovery after
photobleaching (FRAP). They termed this system
‘optoDroplets’ (Class I + II). The authors thus
demonstrated the importance of clustering of IDR
motifs in establishing liquid droplets in living cells.

Relatively simple and straightforward design of
optoDroplets have allowed the same group of authors
to develop several recent variations with different fea-
tures. Dine et al. (42) developed an ‘inverse’ tool,
PixELL (Class I + III), that can inducibly disassemble
the droplet-like condensates. The authors used two
proteins, PixD and PixE, that in the dark associate

Harnessing biomolecular condensates in living cells

into large multi-subunit complexes, which dissociate
into PixD dimers and PixE monomers upon light
stimulus (36, 37). In the report, the two tools,
optoDroplet and PixELL, suggested that synthetically
formed liquid droplets can retain a spatial ‘memory’ of
previous droplet formation. Bracha e al. (43) have
recently reported a further advance in controlling li-
quid—liquid phase behaviour in living cells. Their opto-
genetic system, ‘Corelets’ (Class I + III), is based on a
self-assembling core of 24 ferritin heavy chain subunits
fused to iLID to create a spherical particle of 12-nm
diameter. Blue light is then used to induce SspB-fused
IDR proteins to assemble at the Corelet particle and
create a liquid droplet, taking advantage of the light-
induced binding between the two peptides, iLID and
SspB (44). While the overall cellular concentration of
IDR proteins is low, thus preventing their spontaneous
global self-assembly, the presence of a freely diffusible
nucleation core allows the local concentration of IDR
to cross the threshold for self-assembly and create a
liquid droplet. The authors suggest that a similar
mechanism may be important for phase transitions
involving nucleic acids, such as chromatin compaction
and transcriptional control, as nucleic acids often show
low diffusion rates and could act as a scaffold for mul-
tiple IDR proteins simultaneously. Another variation,
‘CasDrop’ (Class I + III), was developed by adopting
dCas9 to target the liquid droplet-like condensates to a
certain target gene locus (45). The condensate forma-
tion was induced by light-inducible iLID-SspB dimer-
ization as well, while multiple iLIDs, which were
associated with dCas9 by single-chain variable frag-
ment antibody (ScFv)-based tagging system named
SunTag (46), play the role of the assembling core.
Through several experiments, the authors revealed
that the liquid droplet-like condensates can ‘both
sense and restructure their local genomic environ-
ment’. The system thus implied that the liquid drop-
let-like  nature of intracellular  biomolecular
condensates, e.g. nucleolus, is actually essential in the
regulation of the genome.

In a recently shared preprint, Garcia-Jove Navarro
et al. (47) developed a versatile scaffold, ArtiGranule
or ArtiG (Class III), that behaves as liquid droplets.
The design involves homodimerization of mutant
FKBP protein, F36M-FKBP (48), and human ferritin
that forms a 24-mer, without any IDRs. The authors
further fused an RNA-binding domain, Pumilio hom-
ology domain, with the tool to recruit RNA to the
condensate, suggesting the active roles of RNA in
droplet-like condensate formation. RNA had already
been demonstrated to form hydrogels in vitro without
any involvement of proteins (49), which suggests po-
tentially important roles of the molecular species in
biomolecular condensate formation. Synthetic liquid-
like condensate can thus be used to examine the mech-
anism of biomolecular condensate formation in situ.

Studies on liquid droplet-like condensates are not
necessarily limited to basic biological interest in the
behaviour of physiological condensates. A recent
study by Watanabe et al. exploits liquid—liquid phase
separation as a tool to determine protein—protein
interactions (PPIs) in cells (50). When the oligomeric
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fluorescent protein Azami-Green and the p62 PBI
domain were fused to proteins of interest and co-ex-
pressed in cells, liquid droplet-like puncta were
observed if the two proteins showed interaction with
each other. This technique was thus termed Fluoppi
(fluorescent protein—protein-interaction-visualization)
(Class II + III). The puncta were further confirmed
to display liquid droplet behaviour such as fusing with
each other in living cells. Fluoppi succeeded in moni-
toring rapid and reversible PPIs in living cells. The
authors also demonstrated Fluoppi in high content
drug screening to analyse drug-induced PPI blockage.
Then, Azami-Green was replaced with a novel
photoconvertible protein, Momiji, to develop photo-
convertible Fluoppi, or pcFluoppi. It could then be
used to study the kinetics of PPIs, due to its optical
highlighting feature. Fluoppi thus stands as a useful
tool for probing PPIs that relies on liquid drop forma-
tion in cells.

A recent study by Schuster et al. (51) utilized an
artificial liquid droplet based on engineered LAF-1
RGG domains (52) to recruit or release protein
cargos (Class I). The recruitment of cargos was rea-
lized by dimerization of a synthetic coiled-coil pair
SYNZIP (53), while their release was controlled via
protease-dependent enzymatic cleavage of tandem
RGG domain-containing peptides. The result implied
the promise of synthetic condensates as a scaffold to
nucleate arbitrary biochemical reactions in biotechno-
logical applications.

Hydrogels

A hydrogel is a hydrophilic polymer network that con-
tains a high degree of water and considerable mechan-
ical elasticity (23). Hydrogels are distinct from liquid
droplets in demonstrating much less exchange of their
components with the environment and little internal
motion of constituent molecules. While hydrogels
appear to be less ubiquitous in nature than liquid drop-
lets, examples are known in established intracellular
structures including the nuclear pore complex and the
centrosome, as well as in structures whose molecular
identities are yet to be revealed, such as myelin sheath
assembly and the diffusion barriers at the base of pri-
mary cilia. These structures are typically modulating the
dynamics of diverse biomolecules, maintaining their
physiological intracellular localizations. Physical prop-
erties of the hydrogels, e.g. effective pore size, turnover
dynamics and viscoelasticity, are thus considered to be
essential for their functions through physical inter-
actions with the target biomolecules. Despite the diffi-
culties in demonstrating physical states in living cells,
phenylalanine-glycine (FG) repeats in nucleoporins are
one of the best-studied among these examples. In a
series of elegant studies, purified FG-repeat peptides
formed well-defined macroscopic hydrogels in vitro, suc-
cessfully reproducing the selective permeability of nu-
clear pores (24, 25, 54, 55).

Hydrogels have also been related to condensates
whose physical states are primarily categorized as
liquid droplets or as irreversible aggregates. Two key
papers in this context were published from the same
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group in 2012, reporting intrinsically disordered do-
mains found in diverse RNA-binding proteins
formed hydrogels in vitro (56, 57). Among the RNA-
binding proteins, TIA-1 is an established component
of a class of RNP granule, stress granules, while FUS
and TDP-43 are known to be involved in neurodegen-
eration, forming irreversible aggregates in diseased
cells. Both liquid droplet-like RNP granules and
neurotoxic irreversible aggregates are thus associated
with hydrogels, suggesting the physical state as a hub
connecting the two other states, liquid droplets and
aggregates. Two recent studies further pursued the per-
spective by taking into account FUS gene mutations
found in neurodegenerative disease patients; Patel et
al. (58) first found that ALS-related protein, FUS,
forms liquid droplet-like condensates in living cells
upon various stresses. They further established an in
vitro experiment, in which purified FUS protein forms
dynamic liquid droplets. When highly concentrated,
FUS protein also formed hydrogel in vitro. The au-
thors then tested mutants of FUS, GI56E and
R244C, which had been reported in ALS patients, in
the liquid droplet setup. The authors compared the
mutants with wild-type FUS and found that these mu-
tations accelerate the ‘aging’ of droplets into fibrillar
aggregates over time. In another study, Murakami et
al. (59) also analysed wild-type as well as ALS-asso-
ciated mutants of FUS, both in living cells and in vitro.
They also found that the mutations reduced the revers-
ibility of liquid droplets formed by the proteins. Based
on viscosity measurement and electron microscopy, the
authors concluded that the reduced reversibility states
were hydrogels. They further revealed that the irrevers-
ible hydrogels result in decreased protein synthesis in
neurons. The authors suggest that the mutant forms of
FUS may have impaired ability to release their RNP
cargoes, due to the irreversible hydrogels they form,
thus providing a potential mechanism for how muta-
tions causing hydrogel formation in neuronal cells
could lead to the neuronal damage observed in ALS
patients.

These previous studies suggest the importance of
hydrogels in biologically and clinically relevant situ-
ations, in close relation to other physical states asso-
ciated with biomolecular condensates, i.e. liquid
droplets and irreversible aggregates. On the other
hand, these results highlighted the challenge in iden-
tifying a certain condensate as a well-defined hydrogel
in living cells. Most studies relied only upon in vitro
reconstitution experiments to identify the condensates
as hydrogels, and conclusions from distinct groups
may vary according to the details of the experiments.
Preferably, therefore, a tool that reconstitutes a hydro-
gel in living cells should provide evidence for the iden-
tity of the condensate as a hydrogel both in vitro and in
living cells.

Nakamura et al. (60) recently published a study, in
which they managed to meet the demand to a certain
extent. The authors succeeded in inducing the forma-
tion of hydrogels in living cells using both a chemically
induced dimerization system and an optogenetic
system. Fusion proteins of fluorescent protein linked
to between 1 and 5 repeats of either FKBP or FRB
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were co-transfected into cells, and the chemical dimer-
izer rapamycin was added. Formation of the hydrogel
was shown to be valence-dependent, with a larger frac-
tion of cells containing puncta for higher valence num-
bers. Unlike liquid droplets, these puncta were
irregular in shape with little morphological reorganiza-
tion, and showing very little recovery of fluorescence
after photobleaching. The puncta in situ also showed a
‘sieve-like’ feature characteristic of hydrogels in allow-
ing through molecules and small particles but not
larger particles such as trans-Golgi vesicles. These
behaviours resembled the well-defined hydrogels
formed by the purified polypeptides in vitro, suggesting
the identity of the puncta observed in situ as hydrogels.
The authors termed this system iPOLYMER (Class
III). The significance of the technique lies in its
design of well-defined and tuneable valencies of the
polypeptide chains. Indeed, iPOLYMER with distinct
valence numbers of both polypeptides demonstrated
the essential effects of valencies in in situ hydrogel for-
mation. A reversible optogenetic system, called
iIPOLYMER-LI (for ‘light inducible’), was also con-
structed by using iLID and its binding partner SspB
in place of FKBP and FRB (Class III). When the
iIPOLYMER or iPOLYMER-LI gel was functiona-
lized by fusing the RNA recognition motif of RNA
granule protein to the polypeptide chains, the hydrogel
acted as an artificial RNA granule, and known stress
granule proteins were found to associate to the
iPOLYMER gels in living cells. This ability to recon-
stitute a non-membrane-bound organelle in living cells
may be of great interest in further studies.

Shin et al., in their previously referenced study, also
were able to make hydrogels in living cells under cer-
tain circumstances (40). By varying the intensity of
light to optoFUS cells, they were able to shift the lo-
cation of the molecule on the saturation chart. At low
light intensities, liquid droplet-like aggregates were
formed; however, at the highest light intensities
which pushed the molecules into ‘deep supersatur-
ation’, more gel-like aggregates were formed. These
gel-like aggregates showed more irregular shapes,
poor recovery after photobleaching and fewer cycles
of light/dark assembly/disassembly before the forma-
tion of small insoluble patches that can no longer dis-
sociate. In the study, identity of the aggregate as a
hydrogel is thus primarily supported by morphology
and dynamics of protein turnover, which may technic-
ally fall short as a stringent definition of a hydrogel.
However, judging from a wide variety of evidence that
relates IDRs to hydrogels, these results successfully
serve to illustrate the close connection between liquid
droplet formation and hydrogel formation in living
cells; the same molecules may participate in either
type of structure, depending on local conditions
within the cell. The concept had been implied in pre-
vious studies (58, 59, 61), but was clearly demonstrated
in living cells for the first time in the study.

One further report of hydrogel formation in living
cells bears mention, due to its clear reference to the
biological effects of the synthetic condensate. Yang et
al. (62) designed an artificial substrate consisting of a
hydrophobic napthyl group to enhance self-assembly

Harnessing biomolecular condensates in living cells

in aqueous environments, a dipeptide segment (phe-
phe) as acceptor and donor of hydrogen bonds and
an esterase-cleavable butyric diacid. When added to
culture medium with HeLa cells, the substrate is
taken up by the cells, at which point an intracellular
esterase cleaves the butyric diacid, releasing the active
hydrogelator (Class I). The hydrogelator molecule then
self-assembles into nanofibers, which form a hydrogel-
like structure and, over a period of hours to days, leads
to cell death. While this does constitute production of
an artificial nanostructure inside a living cell, the rele-
vance to physiological hydrogel formation is unclear at
this moment.

Insoluble Aggregates

Insoluble protein aggregates, e.g. aggregates of mis-
folded proteins, are swiftly targeted for degradation
in healthy cells (63). In contrast, longer-lived protein
aggregates are found in several disease conditions
including neurodegenerative diseases, thus of consider-
able interest. The aggregates typically exhibit highly
ordered fibrillar states, with component B-strands ori-
ented perpendicularly to the fibril axis, often referred
to as amyloid or prion-like in the context (64). These
insoluble aggregates are one of the clearest symptoms
of the diseases, naturally drawing attention in many
previous studies (27). Despite intense investigations,
the mechanisms by which these aggregates exert their
toxic effects to the cell are yet to be fully elucidated.

This situation is, at least in part, due to the method-
ology adopted in previous reports. Many conventional
studies tried to address the possible toxicity of intra-
cellular protein aggregates simply by overexpressing
proteins that form aggregates in diseased cells.
However, different pathophysiological proteins often
have different characters, such as intracellular distribu-
tions, and different biological functions besides form-
ing aggregates, making the results rather difficult to
interpret.

An ideal solution to understand the mechanism of
toxicity would be to develop de novo synthetic peptides
that form aggregates in living cells, based on the
common features of various pathological proteins.
Indeed, as early as 1999, West ef al. published a
paper on such a trial (65); the authors constructed a
combinatorial library of de novo peptides of multimeric
B-strands, trying to mimic the periodicity of polar and
nonpolar residues in the sequence, which is common
among the proteins destined to assemble into aggre-
gates. Eight proteins arbitrarily chosen from the li-
brary were expressed in Escherichia coli and purified,
then subject to in vitro evaluation to test self-assembly.
As a result, all eight peptides were shown to form
oligomers with B-sheet secondary structure in a revers-
ible manner (Class II). Furthermore, these synthetic
amyloids were readily stained by Congo red, a chem-
ical dye commonly used for diagnostics to detect the
presence of amyloids. These results demonstrate the
promise of these rationally designed de novo synthetic
peptides.

Two recent key studies adopted above-mentioned
synthetic peptides as model aggregate-forming
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proteins, revealing distinct mechanisms for the toxicity
of protein aggregates. Olzscha et al. (66) confirmed
that overexpression of the B-strand peptides in mam-
malian cells caused cytotoxicity over several days. The
authors then performed quantitative proteomic ana-
lysis of the P protein interactome using SILAC and
LC-MS/MS. The interactors identified shared distinct
physicochemical properties, including the large size
and enriched unstructured or disordered regions.
They often occupied essential hub positions in protein
interaction networks, with key roles in various essen-
tial events such as chromatin organization, transcrip-
tion/translation, cell architecture maintenance and
protein quality control. The authors further performed
pulse-SILAC experiments and concluded that the
interactor proteins can be classified into two overlap-
ping subsets: One group is enriched in IDRs, and
prone to aggregate by its nature. The other group con-
sists of relatively large sized proteins which require
longer times for synthesis and folding, during which
they tend to be sequestered by the synthetic aggregates.
This report thus proposed that the amyloidogenic pro-
tein aggregation targets a ‘metastable subproteome’,
thereby causing toxicity via a wide variety of essential
cellular processes.

The other study adopting the de novo synthetic -
proteins focussed on a specific mechanism of the tox-
icity, which is nucleocytoplasmic transport. Deficient
nucleocytoplasmic transport had previously been re-
ported in cells with the hexanucleotide repeat expan-
sion in the C9orf72 gene, which is the most common
cause of ALS (67, 68). Woerner et al. (69) successfully
confirmed the involvement of insoluble protein aggre-
gates in the deficiency, using de novo B-protein aggre-
gate, as well as two peptides derived from pathological
proteins, TDP-43 and huntingtin, as a model. The use
of synthetic peptides allowed the authors to propose
the universality or sequence-independency of the re-
sults in a convincing manner. Furthermore, the au-
thors discovered that the effects of protein aggregates
on nucleocytoplasmic transport were dependent on the
location of the aggregates; when they are formed in the
nucleus, there was little effect on transport, while cyto-
solic aggregates significantly attenuated the nucleocy-
toplasmic transport. The authors took advantage of
the synthetic aggregate-forming peptides by simple
and straightforward engineering, revealing a basic
understanding of the toxicity. Interestingly, actual
pathological insoluble protein aggregates can be
found in the nucleus, as well as in the cytosol, posing
the roles of nuclear aggregates as an intriguing open
question.

De novo B-proteins have thus been successful in elu-
cidating the mechanisms through which intracellular
insoluble protein aggregates exert their toxicity.
However, relatively poor temporal resolution of the
technique limits its application in elucidating temporal
evolution or maturation of the aggregates. Indeed, in
multiple previous reports described above (58, 59), it is
suggested that toxic insoluble protein aggregates are
initially formed as liquid droplet or hydrogel, followed
by gradual conversion into toxic aggregates or a ‘mat-
uration’ process. Understanding of the maturation
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process, also referred to as aberrant phase separation,
over time would thus be fundamental in the context.
For the purpose, aggregate-forming peptides with
higher temporal resolution, or rapidly inducible aggre-
gate-formation techniques, would be suitable.

Miyazaki et al. (70) report a method, termed AgDD
(Class I), to rapidly induce protein aggregates inside
living cells. AgDD is based on a previously published
destabilization domain derived from FKBP12 protein.
In the absence of its ligand S1, AgDD rapidly unfolds,
leading to destabilization of associated protein do-
mains which can then form aggregates. AgDD-express-
ing HEK293T cells were grown in media containing
the S1 ligand; cells were then shifted to S1-free media
for 150 min, leading to aggregation of the AgDD into
small puncta which aggregate over time. Formation of
these puncta is reversible by adding S1 back into the
media. AgDD aggregates were shown to behave like
known filamentous aggregated proteins such as the
AF508 mutant of cystic fibrosis transmembrane con-
ductance regulator. One important achievement of the
study is successfully inducing generation of the aggre-
gates in vivo, as demonstrated by the experiment using
C. elegans intestine. This inducible and reversible
method for creating protein aggregation may thus be
of wuse in studying clinically relevant protein
aggregates.

He et al. (71) developed an inducible system in which
they engineered a domain from pathological protein
TDP-43 to obtain a photocontrollable probe, JHR1
and JHR2, which differ in molecular tags for detection
(Class I). Their study is in the line of previous research
aiming at inducible aggregate- or amyloid-forming
peptides out of the actual peptides found in relevant
diseases. The novelty of the paper is that they de-
veloped a technique which can rapidly induce the
amyloid formation both in vitro and in situ, unlike pre-
vious reports focussed on characterization of amyloid
formation process in vitro. For the purpose, the au-
thors used two components, eight-arginine tract (§R)
and o-nitrobenzyl photocleavable linker. The 8R tract
performs two key functions in their design: it provides
the probe with cell-penetrating ability, and also with
condensed positive charges that prevent self-aggrega-
tion of TDP-43-derived peptide. The probe, which is
Alexa dye-labelled TDP-43 C-terminal amyloidogenic
sequence and the 8R tract conjugated by an o-nitro-
benzyl linker, does not form aggregates in solution due
to the 8R tract. When the probe is administrated extra-
cellularly, the 8R tract allows the probe to penetrate
into the cytosol. Upon UV irradiation, o-nitrobenzyl
linker is rapidly cleaved, allowing TDP-43 peptide to
self-assemble into amyloids in situ. The authors con-
firmed that the probe induced amyloid formation both
in vitro and in living cells. They further confirmed the
toxicity of the amyloid produced by the probe in pri-
mary neurons. Of note, TDP-43 pathological aggre-
gates from diseased brains are reported to function
as seeds to induce further TDP-43 aggregation in
other cells. This prion-like behaviour is also main-
tained in the inducible probe, as is confirmed in the
publication.
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Toxic protein aggregates or amyloids often share a
certain level of structural order, as described earlier.
The extent to which the aggregate is structurally
ordered may thus be an essential aspect of the toxicity
caused by protein aggregates. One extreme example of
the structural order synthetically realized in a living
cell can be found in Tsutsui er al. (72). The authors
made variants of a photoconvertible fluorescent pro-
tein, KikGR (73), to obtain a variety, Xpa, which
formed crystals when expressed in mammalian cells
(Class II); these crystals were on the scale of several
microns, and were sufficient to allow X-ray crystallo-
graphic determination of the protein structure to a
resolution of 2.9 angstroms. These crystals were tar-
geted to lysosomes for degradation, recognized as a
lysosomal target. As protein crystal formation is
observed in natural processes such as protein storage
in plant seeds, this finding may be of use in studying
such processes.

Protein Clustering

Apart from the context of phase behaviour-related bio-
molecular condensates, it has been generally accepted
that protein clustering is widespread in cells and is cru-
cial in modulating various signal transduction path-
ways. By locally concentrating specific proteins,
clustering allows highly spatially and temporally loca-
lized activity within the cell. Several studies have at-
tempted to reproduce protein clustering in living cells
and to use experimentally induced clustering as a tool
to study PPIs. The precise physical nature of the clus-
ters (i.e. liquid droplet, hydrogel or insoluble aggre-
gate) was not of the authors’ interest in the original
context, and often was not pursued. We therefore clas-
sify the protein clusters formed by the techniques
below as ‘uncharacterized’ in Table I. However, signifi-
cance of the studies in the context of biomolecular
condensates should never be underestimated; the tech-
niques described so far are often developed based on
protein clustering techniques shown below. The tools
described below thus paved the way to synthetic bio-
logical approaches to biomolecular condensates. Also,
the mechanisms by which the tools work are thus fun-
damental in interpreting the results obtained.

Early work in this line was published in 2011 by Lee
et al. (74). Their system, InCell SMART-i, is based on
fluorescently labelled self-assembling ferritin nanopar-
ticles which are fused to ‘bait’ and ‘prey’ proteins
(Class III). If the bait and prey proteins interact with
each other, the nanoparticles assemble into roughly
circular clusters with areas of over 0.2 pm?. This was
verified with FKBP and FRB as bait and prey, with
rapamycin addition necessary to see interaction be-
tween the two molecules. The InCell SMART-i tech-
nique was also verified for the NF-xB pathway in cells.
The technique is suggested to be broadly applicable
in detecting PPIs inside living cells. The claim was fur-
ther confirmed by the successful development of an-
other PPI sensor described earlier, Fluoppi, that
exploits a similar design principle, but with clearer ref-
erence to the liquid droplet-like behaviour of the con-
densates (50).

Harnessing biomolecular condensates in living cells

Several groups have reported success in inducing
protein clustering via optogenetics. Bugaj et al. (41)
took advantage of the inherent clustering ability of
Cry2 upon stimulation with blue light (488-nm wave-
length), even without its usual dimerization partner
CIBI1 (Class II). They were able to induce small clus-
ters of proteins both in the cytoplasm and at the cell
membrane in a reversible fashion. This Cry2-based
clustering was then used in HEK293T cells to relieve
B-catenin inhibition (by clustering the negative regula-
tory domain LRP6¢) and to induce actin cytoskeletal
reorganization (by clustering RhoA at the cell mem-
brane and vesicles). Taslimi et al. (75) reported a
mutant form of Cry2 that they termed Cry2olig
(Class II). Cry2olig showed greatly enhanced self-
oligomerization upon blue light stimulation compared
to native Cry2 protein. Cry2olig was then used to
cross-link clathrin light chain, thus disrupting cla-
thrin-dependent endocytosis. Actin assembly was also
perturbed using Cry2olig fused to the SH3 domain of
the actin nucleating protein Nck. This resulted in actin
assembly and, with prolonged (over 1 h) exposure to
blue light, cell shape changes due to loss of focal ad-
hesion-actin connections. In the same report, the au-
thors also utilized Cry2olig as the basis for two
techniques, LINC and LINC-FRAP, which can evalu-
ate PPIs in living cells. A further refinement of the
Cry2 optogenetic system, termed Cry2clust (Class II),
was reported by Park et al. (76). Cry2clust was shown
to exhibit faster assembly and disassembly kinetics
than other Cry2 clustering tools, and to produce
larger average cluster sizes in both nucleus and
cytoplasm.

Cry2 clustering tools are adopted as building blocks
of several inducible systems described in previous sec-
tions. Understanding the mechanism of Cry2 or im-
proved versions of Cry2 clustering can thus be
essential in interpreting the results in those studies.
One such example can be seen in the optoDroplets
study described above (40); the use of Cry2olig instead
of Cry2 lead to slower molecular turnover demon-
strated by FRAP measurement. The authors inter-
preted the slower FRAP kinetics as demonstrating a
more ‘gel-like’ property. However, it would be worth
pointing out that the FRAP kinetics of the clustered or
oligomerized Cry2olig on its own, without any IDR, is
already similarly slow in their data. The interpretation
of the role of IDRs in the context should thus be care-
fully examined, taking the nature of the clustering
tools adopted in the study into account.

Discussions and Prospects

The molecular tools described above are now readily
applicable to many biological experiments to garner
insights into the organization and function of intracel-
lular biomolecular condensates that had been out of
reach by conventional methodology alone. For ex-
ample, minimal requirements for the molecular iden-
tity of each biomolecular condensate could be
elucidated by synthetic reconstitution of the conden-
sate, combining the synthetic tools and molecules of
interest to be assembled. This idea has already been
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partially pursued in two studies described above (47,
60), with distinct RNA-binding domains fused to the
tools, ArtiG and iPOLYMER/iPOLYMER-LI, re-
spectively. Another interesting research suggests a spa-
tial ‘memory’ of droplet formation (42). Although the
mechanism is yet to be demonstrated, the simple
memory effects based on protein phase separation
may underlie certain biological phenomena that are
not well understood so far.

Beyond the roles of the physical status of the con-
densates, these tools may be of use in tackling many
open questions in the field. One intriguing question is
the maturation process of insoluble aggregates. As sug-
gested in several studies (58, 59), insoluble aggregates
seem to undergo a maturation process through which
they become irreversible and gain toxicity. However, it
is still unclear what exactly happens during the matur-
ation process, both physicochemically and biologic-
ally, especially in actual living cells. A series of
studies described in the current review successfully sug-
gested the continuum of three physical states in living
cells (40, 43), but the mechanisms underlying the mat-
uration or aging in the states are yet to be elucidated.
Manipulation of the process at a precisely intended
timing should reveal the temporal evolution of the ag-
gregates. Another open question is the crosstalk be-
tween distinct biomolecular condensates. Previous
studies reported a functional crosstalk between distinct
biomolecular condensates in different biological con-
texts including mRNA processing (77), epigenetic in-
heritance (78) and neurodegenerative diseases (79—82).
The tools to manipulate the formation of biomolecular
condensates may reveal the rules underlying the ‘soci-
ology of biomolecular condensates’.

Despite the promise listed above, there is still plenty
of room for improvement of these tools. First, their
performance is not always robust enough, especially
when combined with bulk or comprehensive analyses
including biochemistry and omics approaches. The use
of these tools is thus often limited to single-cell studies,
in combination with microscopy analyses. Also, un-
biased benchmarking test for the tools has yet to be
established as well as technically challenging. New
users thus have to go through considerable trials and
errors to find the best tool for their purposes. Second,
except for several remarkable examples, these tools
have not been demonstrated in realistic biological en-
vironments, or in model animals. Capability to actuate
these tools ‘in vivo’ would become significant, espe-
cially in the context of neurodegenerative diseases
where output phenotypes associate with ensembles of
neurons and other types of cells such as glia and mus-
cles. Third, in terms of the molecular constituents,
most of the current tools concern actuation of pro-
teins, rather than equally important counterparts,
namely RNAs (47, 49, 8§3—85), necessitating future de-
velopment of tools for RNA assembly.

It is worth mentioning that clearly defined thresh-
olds in terms of dynamic behaviours between hydro-
gels and liquid droplets, or hydrogels and insoluble
aggregates, are currently missing. As a consequence
hydrogel-like biomolecular condensates are often
referred to condensates with ‘intermediate’ properties
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between liquid droplets and insoluble aggregates. For
biologists, these properties include molecular turnover
and reorganization of the overall morphology, while
materials scientists preferentially consider mechanical
properties. The ambiguity may seem trivial, but could
hamper growth of this inherently interdisciplinary re-
search subject. It is thus imperative to have a consen-
sus on their terminology with clear definition.

Studies on the unique, membrane-less intracellular
organization such as biomolecular condensates have
just been launched. Another development we urgently
need includes an inducible method for disassembly or
alteration of physical states of ‘native’ condensates,
again, in a living cell setting. Toward this end, multi-
disciplinary collaborations among biologists, physi-
cists, materials scientists and others continue to be
vital.
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