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Abstract

Sections

The concept of phase-separation-mediated formation of biomolecular
condensates provides a new framework to understand cellular organi-
zation and cooperativity-dependent cellular functions. With growing
understanding of how biological systems drive phase separation and
how cellular functions are encoded by biomolecular condensates,
opportunities have emerged for cellular control through engineering
of synthetic biomolecular condensates. In this Review, we discuss how
to construct synthetic biomolecular condensates and how they can
regulate cellular functions. We first describe the fundamental principles
by which biomolecular components can drive phase separation. Next,
we discuss the relationship between the properties of condensates

and their cellular functions, which informs the design of components
to create programmable synthetic condensates. Finally, we describe
recent applications of synthetic biomolecular condensates for cellular
control and discuss some of the design considerations and prospective
applications.
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Key points

e Molecular rules can be extracted for engineering synthetic
condensates.

e The properties of condensates and the benefits of
compartmentalization dictate their functions.

o Condensates encode spatial regulations for cellular functions.

o Design considerations influence the function of synthetic
condensation systems.

o New cellular functions can be uniquely modulated by synthetic
condensates.

Introduction

Cells control the compartmentalization of biomolecules to realize
specific cellular functions and make regulatory decisions'. Biomo-
lecular condensates are membraneless organelles that enable the spa-
tial and temporal organization of specific biomolecules into distinct
compartments®. These condensates form through spontaneous or
driven phase transitions that result in the formation of two coexist-
ing and distinct phases when the phase boundary — defined as the
saturation concentration for the phase transition — of the system is
crossed’. The partitioning of specific biomolecules into condensates
is crucial for various cellular processes, including transcriptional regu-
lation*, stress response’, molecular transport® and cell division’. With
agrowing understanding of the fundamental mechanisms underlying
condensate formation and the dependence of cellular functions on
the properties of such condensates, it is now possible to use the prin-
ciples of macromolecular phase separation and condensate biology to
develop synthetic functional biomolecular condensates, by which the
benefits of phase transition and membraneless compartments canbe
exploited for synthetic biology applications®’. From the perspective of
synthetic biology, an overlooked feature ishow to regulate the spatial
localization of biomolecules within cells, as most cellular reactions
happeninaspecific regioninside the cell'°. The ability to programme
condensate formation in cells provides new capabilities to organize
cellular processes with spatial precision, which is an additional step
forward for synthetic biology.

In this Review, we first discuss the molecular principles of con-
densate formation underlying the engineering of synthetic
condensates. Next, we discuss the relationship between conden-
sates’ properties and their cellular functions, which provides insights
into the design of componentsto create synthetic condensates with
programmable properties. We then describe recent examples of
synthetic condensates for cellular control to illustrate the current
state-of-the-art of synthetic condensates. We finally discuss some
design considerations and prospective applications of synthetic
biomolecular condensates.

Principles of condensate formation

To design synthetic systems capable of phase separation, it isimpor-
tant to understand how to form a molecular network that ena-
bles concentration-dependent molecular demixing. We describe
the molecular principles of phase separation using multivalent

macromolecules and genetically encoded biopolymers as exam-
ples" ™ and discuss how these principles provide generalizable design
strategies to engineer synthetic condensates.

Multivalent interactions

Multivalency — the interaction between molecules at multiple sites —
is one of the primary molecular principles by which biomolecular
condensates are formed"". Toillustrate this concept, we use asimple
patchy particle model, a classic colloid model that describes the self-
assembly of a molecular network by multivalent interactions”*%.Ina
patchy particle, the node (the small sphere) represents astereospecific
interaction motif, and the building block (the blue sphere) represents
the solvation volume (Fig. 1a). These particles can undergo valence-
dependent phase separation by assembling into large oligomers upon
mixing". Percolation of these molecules into a network decreases the
solubility of the molecules, thus promoting phase separation owing
to entropy-driven effects'>”. As illustrated by this model (Fig. 1b), the
key to forming a network is maintaining the high-order connectivity
between the patches”. Therefore, itis not only the valence of the inter-
actions that is important, but also whether the valence is ‘effective’,
whichsuggests that theinteraction should contribute to the expansion
of the condensate network, instead of blocking network formation®.
Examples of biomolecular condensates that form through multiva-
lency include proteins that contain several copies of an interaction
domain, multiple proteins scaffolded by a nucleic acid and repetitive
RNA molecules” (Fig.1c).

Thefirst demonstration of amultivalent phase-separation system
was atandeme-array signalling protein consisting of the SRC homology 3
(SH3) domain and its proline-rich motif (PRM) ligands". At a concen-
tration at which (SH3), and (PRM), remain soluble, increasing the
valency (N) of either SH3 or PRM or the affinity between the modules
promotes phase separation. Nucleicacids can also serve as scaffolds to
initiate phase separation'. Specific sequences that encode secondary
structuresin RNA can enable multivalent protein-RNAinteractions and
trigger phase separation’. For example, the SARS-CoV-2 nucleocapsid
proteininteracts with double-stranded RNA (dsRNA) in the SARS-CoV-2
RNA genome to initiate phase separation®-??, which has been impli-
cated in viral replication and packaging®. Moreover, the eukaryotic
genome uses a cluster of enhancer regions — DNA elements that bind
transcription factors® — tolocalize a high density of transcription fac-
tors. The transcription factors recruit transcriptional mediators and
RNA polymerase, forming a condensate that activates transcription®.
Condensates formed by such multivalent interactions between DNA
and multiple coactivators are essential to maintain the expression of
cellidentity genes®.

Multivalent RNA-RNA interactions can also drive phase sepa-
ration. For example, RNA multimerization can enable multivalent
base pairing between repetitive cytosine-adenine-guanine (CAG)
RNA molecules (for example, 47 CAG repeats) that drives the RNA to
undergo phase separation and gelation”. Such repeats of CAG triplets
inRNA are correlated with multiple neurological and neuromuscular
disorders, strongly implicating the role of phase transitions in these
diseases. Besides molecularly specific interactions to initiate phase
separation, complex coacervation, which involves oppositely charged
molecules, is another form of multivalent interaction that can result
in the formation of condensates®*”. However, these charged mole-
cules can also non-specifically interact with various molecules in
living cells*, which can limit their utility for engineering synthetic
condensates.

Nature Reviews Bioengineering



Review article

Intrinsically disordered protein

From the perspective of engineering condensates, a programmable
sole-driver of phase transition can be an ideal selection as a modular
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Fig.1|Principles of condensate formation. a, Patchy particle model that explains
the principle of multivalency mediated phase separation. b, Network formation

is determined by the valency and the connectivity within the network. ¢, Different
modes of multivalent interactions between different types of biomolecules.

d, Sticker-and-spacer model represents how intrinsically disordered proteins
(IDPs) undergo solvent-mediated phase transition. e, Phase diagram for upper-
critical-solution-temperature (UCST) phase behaviour, inwhichadecrease in the

system temperature results in strong intermolecular interactions and drives phase
separation. f, Phase diagram for lower-critical-solution-temperature (LCST) phase
behaviour, inwhich anincrease in temperature increases the entropic penalty of
water solvating the protein backbone and drives phase separation. g, Different
double phase behaviours (UCST + LCST) are dictated by the differences in the tran-
sition temperatures of UCST and LCST systems. h, Effect of modulating the valency
of site-specific interactions in an IDP-containing domain on its phase boundary.
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IDPs can phase-separate through homotypic interactions, defined as
interactions between the same molecules. Their phase behaviour can
beillustrated by a linear sticker-and-spacer model® (Fig. 1d), where
asticker represents specific amino acids or short linear motifs that
exhibit short-range attractive interactions (for example, Arg-Tyr,
Tyr-Tyr), and a spacer represents the sequences between the stickers
and consists of amino acids that largely interact with the solvent (for
example, Gly and Ser). When the net attraction (for example, electro-
static interactions)’* between polymer chains makes water a poor
solvent for the polymer, the polymer undergoes chain compactionand
phase separation to create two immiscible phases —adilute phaseand a
dense phase®. Therefore, even though the spacers are not directly
involvedininter/intrachaininteractions, their roleininteracting with
solvents can be crucial to modulate the phase behaviour of an IDP**,
To illustrate the principles of IDP-mediated phase separation,
we discuss synthetic IDPs (synIDPs)*™*° that are genetically encoded
polymers of short peptide repeats. They have also been previously
called intrinsically disordered protein polymers (IDPPs)* or artifi-
cial IDPs (A-1DPs)*. These synIDPs exhibit upper-critical-solution-
temperature (UCST) or lower-critical-solution-temperature (LCST)*
phase behaviour, similar to many naturally occurring IDPs (for example,
low-complexity sequence of fused in sarcoma protein (FUS)*, hetero-
geneousnuclearribonucleoproteins (hnRNP) Al (ref.43), Sup35 (ref. 44)).
Because of their simplicity, their phase behaviour can be rationally
tuned at the molecular level by control of their sequence, composition
and chain length far more readily than natural IDPs, thereby being
extremely useful for the design of synthetic biomolecular condensates.
For IDPs that exhibit UCST phase behaviour, at afixed concentra-
tion (volumefraction), decreasing the temperature of the system below
athreshold temperature (cloud point) triggers phase separation of
the IDP (Fig. 1e). Many native IDPs, such as hnRNP Al (ref. 43), FUS*
and Lafl (ref. 46), exhibit UCST phase behaviour, indicating thatinter-
molecularinteractionsin these IDPs are enhanced relative to entropic
contributions at lower temperature*. Tounderstand how suchinterac-
tions can be programmed, we have systematically studied a synIDP —
resilin-like polypeptide (RLP)*® — that exhibits UCST phase behaviour,
to uncover the underlying molecular principles that drive UCST phase
transition. Informed by sequence heuristics developed in previous
studies®®*’, a wild-type (WT) RLP with a [GRGDSPYS], sequence was
synthesized with arepeat number (N) ranging from 20-80.
Systematic mutational studies of the WT RLP sequence demon-
strate that the phase diagram of RLPs can be programmed by control
of three orthogonal variables™: first, the number of repeat units of the
RLP; second, the frequency of aromatic residues, in the order of Trp
(W) >Tyr (Y) > Phe (F) asdrivers of phase separation; and third, the frac-
tion of positively charged residues, with arginine (R) as astronger driver
of separation thanlysine (K) under the condition that the RLP has abal-
anced distribution of oppositely charged residues and a fixed frequency
ofaromaticresidues. Together, these variables can tune the saturation
concentration at which phase separation occurs by over seven orders
of magnitude. As a repetitive homopolymer, within a lattice model,
alonger RLP chain correlates with a higher probability for chains to
overlap in a fixed volume*, thereby increasing the propensity for
phasetransition. For N = 20, substituting Tyr with Val (V) eliminates the
UCST phase behaviour, which is observed within 5-90 °C, indicating
theimportance of cation-mand t-Tinteractions on phase separation.
Substituting Tyr with Trp, however, promotes t-based interactions and
increases the cloud-point temperature, indicating the enhancement
of phase transition by m-based interactions. Substituting Lys for Arg

substantially decreases the propensity to phase separation, indicating
that Arg is not only important to balance electrostatic interactions
but is also crucial for cation-Tt interactions*®. This systematic study
of RLPs highlights the important contributions of cation-m and -1
interactions to phase separation. Simulations and experimental evalu-
ations also show theimportance of t-based interactions in stabilizing
the dense phase***°.

Another strategy to control phase behaviour is to modulate the
pattern of sticker residues. For example, WT RLP is a polyampholyte
with a uniform pattern of charged (R/D) and aromatic (Y) residues.
By segregating the oppositely charged residues into long stretches
of like charges, the strengthened electrostatic interactions result in
a conformational change (that is, compaction between N-terminus
and C-terminus of the protein) at the single-chain level’**, which is
directly correlated with their propensity for phase separation®. Simi-
larly, by patterning the aromatic residues into patches, local m-based
interactions are enhanced withinthe dense phase, thereby resultingin
anincreased concentration and decreased molecular mobility in the
dense phase®*. Theoretical studies provide quantitative parameters
oftheresidue pattern, such asanaromatic residue pattern parameter
(Q)**, charge pattern parameter (x)*>and sequence charge decoration
pattern parameter®’, which canbe used directly to quantitatively guide
the design of synIDP sequences to form condensates.

In contrast to many native IDPs that exhibit UCST phase behaviour,
fewer native IDPs exhibit LCST phase behaviour. Examplesinclude the
poly (A)-binding protein instress granules™, the nucleocapsid protein
of SARS-CoV-2 (ref.22) and ELF3 of Arabidopsis thaliana®. For IDPs that
exhibit LCST phase behaviour, atafixed concentration, increasing the
temperature above the cloud-point temperature triggers phase separa-
tion* (Fig. 1f). Fromthe perspective of the temperature dependency of
the free energy of solvation, anincrease in temperature increases the
entropic penalty incurred in organizing solvent molecules around
the protein backbone, and the system gains entropy through the release
of solvent molecules from the backbone, thus triggering LCST phase
transition®.

Building on previous studies>’ °°, we have extensively investigated
a class of synIDPs called elastin-like polypeptides (ELPs)****'-** and
their fusions to soluble proteins®*®to understand the underlying driv-
ing forces for LCST phase transition. ELPs are composed of arepetitive
Val-Pro-Gly-Xaa-Gly sequence, where Xaa is any amino acid except
proline®. The LCST phase behaviour of ELPs can be tuned by the num-
ber of repeats (V) and the identity of the guest residue, Xaa. The LCST
phase transition of ELPs is a hydrophobicity-driven effect, such that
increasing the hydrophobicity of Xaa enhances phase separation by
lowering the cloud-point temperature. For example, the cloud-point
temperature of [VPGVG]y is lower than that of [VPGSG], because Ser
is less hydrophobic than Val”. By using ELPs with different hydropho-
bicity, amultiphase condensate can be constructed”, suggesting that
the dense-phase environment and surface properties such as surface
tension of the condensate can also be modulated by choice of the
guestresidue.

Inaddition to theimportance of hydrophobicity asadriving force
for ELP phase transition’?, another important question in the design
of synthetic condensates is how this hydrophobic sequence can avoid
the formation of fibrils, such as ordered amyloid beta-sheets”, which
is an aggregation phenomenon’. To realize the amorphous internal
structure of a condensate, we suggest that the existence of a proline
residue may be necessary’>”, which can ensure the extended confor-
mation of the polypeptide chain within the dense phase. Forexample,

57-60
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in a polypeptide, the hydrogen-bonded backbone turn content is
inversely correlated with the backbone hydration’, which is impor-
tant to maintain conformational disorder. Comparing sequences
consisting of repeats of PGVGVA or GGVGVA”, the inclusion of pro-
line is shown to enhance the backbone’s rigidity. A rigid backbone
decreases the probability of the formation of intramolecular hydrogen
bonds, thus increasing the hydration of the protein backbone. The
increased hydration allows the polypeptide to maintain a disordered
single-chain state, resulting in an amorphous structure within the
condensate.

Theoretically, ifasequence that exhibits UCST phase behaviour is
embedded withinor appended to asequence that exhibits LCST phase
behaviour, this chimeric sequence could exhibit both UCST and LCST
phasebehaviours*”® (Fig. 1g). For example, in synthetic polymers that
exhibit phase transition behaviours, inserting ablock of poly(ethylene
glycol) (a polymer with LCST phase behaviour) into an acrylamide-
acrylonitrile copolymer (a polymer with UCST phase behaviour)”
generatesablock copolymer with double thermoresponsive behaviour,
with an LCST transition at lower temperatures and a UCST transition
at higher temperatures. Such dual phase behaviours have not been
reported in any native proteins, although a synIDP of Recl-resilin has
been shown to exhibit such behaviour®’. Using this approachinliving
cellswould diversify the stimulus-responsive controls to modulate the
formation and dissolution of condensates.

Combination of different interactions

Although an IDP alone is sufficient to drive condensate formation, in
native condensates, site-specific interactions are often coupled with
IDP-IDP interactions to dictate condensate assembly and functional
specificity. The site-specific interactions mediate oligomerization to
enrich the IDP-rich proteins to promote phase separation® (Fig. 1h). For
example, the proteins nucleophosmin1(NPM1) in the nucleolus®>** and
G3BPlinstress granules®*® contain a self-oligomerization domain that
provides ahomotypicdriving force to promote phase separation. Such
site-specific homotypic interactions have also been implemented in
the design of a synthetic phase-separation system, OptoDroplets®®.
Inthis system, the light-activated oligomerization of the Cry2 domain
increases the effective valence of IDP interactions, thereby promoting
phase separationupon lightactivation. In contrast, arecent study shows
the opposite behaviour of oligomerization on phase separation¥, in
which the enhanced helical propensity in the glutamine-rich domain
of afungal RNA-binding protein, Whi3, mediates dimer formationin
the dilute phase, thereby suppressing phase separation.

Heterotypic site-specificinteractions are also crucial to modulate
phase separation. For example, Whi3, an RNA-binding protein respon-
sible for spatial regulation of RNA transcripts®, can drive condensate
formation through a polyglutamine-based disordered domain. In
the presence of target mRNAs that interact with Whi3’s RNA-binding
domain, the phase boundary of Whi3 is altered to a lower concentra-
tion®s. Similarly, in the case of SARS-CoV-2 nucleocapsid condensate,
the nucleocapsid protein undergoes LCST phase transition driven by
its intrinsically disordered region (IDR) domain. The incorporation
of favourable dsRNA interaction sites in the RNA-binding domain of
nucleocapsid proteins increases the phase-separation propensity
ofthe nucleocapsid protein®. These studiesillustrate theimportance of
the quantity and the affinity of the valence on modulating phase sepa-
ration. From an engineering perspective, modulating the effective
valence of IDPs is therefore another useful tool to programme their
phase behaviour.

In synthetic condensates, homotypic and heterotypic interac-
tions are coupled together. Homotypicinteractions driven by IDPs can
mediate phase transitionand modulate the physical properties of the
condensate. Heterotypic interactions driven by site-specific interac-
tions, instead, provide functional specificity. Therefore, understanding
how the cooperativity between these interactions can tune the phase
diagramis a crucial first step to engineer functional condensates.

Condensate properties and function

Increasing evidence suggests that the material properties of conden-
satesarerelevant to their function*****°°, although much remains to be
determined experimentally about their precise correlation. Experimen-
tally, the material properties of condensates are commonly character-
ized by microrheology, fluorescence recovery after photobleaching
(FRAP), and the partitioning of molecules of different sizes within con-
densates’’. These techniques provide information about the viscosity,
molecular diffusivity and pore size of condensates (Fig. 2a), which can
serve as thebasic design considerations for synthetic condensates. We
herein discuss some examples that demonstrate how these properties
candictate cellular functions.

Phase separation can be coupled with percolation® that leads
to the formation of a network by the phase-separation drivers in the
dense phase, which can alter their diffusive behaviour compared with
molecules in the dilute phase (Fig. 2b). For example, stress granules,
whichare multicomponent condensates, protect mRNA when the cell
encountersstress’”. Inmammalian cells, stress granules undergo fusion
and fission, and most components exchange and diffuse rapidly with
the dilute phase as evaluated by FRAP®>. However, FRAP of the core
of the stress granule, which is responsible for interacting with poly-
somes, reveals that there are immobile fractions within the granules®.
This observation suggests that these static components selectively
reduce the dynamics of molecules within the core, thereby mediating
stress-dependent inhibition of protein translation. Another example
of an arrested dense phase that dynamically regulates condensate
function comes from SARS-CoV-2 (ref. 94). In condensates of the nucle-
ocapsid protein of SARS-CoV-2 with viral genomic RNA, the protein and
the RNA show slowrecoveryrates, as evaluated by FRAP, and the fusion
of condensatesis also slow. These datasuggest that the long viral RNA
is stably trapped inside the nucleocapsid condensate, whichis consist-
entwith the function of the nucleocapsid protein to package the virus
before assembly of the viral particle®. In both examples, the phase-
separation drivers of the condensates exhibit dynamically arrested
behaviour, which prevents material exchange, and thereby serve as
storage compartments for specific molecules.

Condensates can also serve as reaction crucibles to recruit and
enrich specific molecules and accelerate the reactions in which they
are involved”. The reaction products typically need to be able to dif-
fuse out of the condensate. For this to happen, the condensates must
be liquid-like or have large pores to allow the exchange of molecules
in and out of the condensate (Fig. 2c). For example, transcriptional
condensates, mediated by super-enhancer DNA elements and IDRs
of transcriptional factors, drive robust gene expression that plays a
prominent role in determining cell identity*“*. FRAP of the transcrip-
tional factors within the transcriptional condensate show rapid recov-
ery*”’ whichindicates dynamic reorganization and rapid exchange of
molecules within the condensate. This dynamic environment drives
a transcriptional burst during RNA production®® and the produced
RNAs do not change the material properties of the condensates. Once
a certain level of RNA is transcribed, resulting in a charge imbalance
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in the condensate, the transcriptional condensate dissolves, thus
terminating transcription. This self-regulating process demonstrates
how initiation and termination of condensate function are modulated
through afeedback loop determined by the condensate composition
andits dynamics.

Another example is the P granules of Caenorhabditis elegans,
which was one of the first systematically studied biomolecular con-
densates**”, Pgranules contain a heterogeneous mixture of RNAs and
proteinsthatare associated with RNA metabolism, whichis essential to
post-transcriptional regulation'*’. This function requires the conden-
satesto be highly permeable and allow the free diffusion of molecules
in and out. FRAP analysis demonstrates that the key component of
Pgranules —the LAF1 protein — exhibits dynamic behaviour with more
than 80% fluorescent recovery*’. As evaluated by ultrafast-scanning
fluorescence correlation spectroscopy and dextran partitioning'”’,
the density of LAF1in the dense phase of P granules is around two
orders of magnitude lower than other known phase-separating pro-
teins, with amesh size of ~3-8 nm, indicating a solvent-rich and per-
meable condensate. These properties could assist the function of
P granule as intracellular RNA microreactors*®'%, which require
the RNA transcripts to berecruited, processed and released from the
condensate.

These examples suggest that to design functional synthetic biomo-
lecular condensates, their material properties must be carefully con-
sidered torealize atarget function, whichinturninformsthe selection
of the phase-separating macromolecules that will yield condensates
with the desired material properties.

Synthetic biomolecular condensates
The goal of synthetic biology is to engineer biology through the
synthesis of complex, biologically based (or inspired) systems that
display functions that do not exist in nature, or to modulate biologi-
cal functions by an orthogonal set of molecules'*'**, To this end, the
use of synthetic condensates offers acompartmentalization-dependent
approach that is complementary to conventional methods to control
cell function. In this section, we first highlight some recent examples
of synthetic biomolecular condensates for synthetic biology toillus-
trate the rationale behind their application to regulate cellular pro-
cesses, the methods used for the construction of synthetic condensates
and the new cellular functions achieved by these synthetic systems.
Next, we describe optogenetics-based synthetic condensates and under-
score how the programmability and modularity of these engineered
platforms enable spatiotemporal control of phase behaviourin cells.
Phase-separation-mediated compartmentalization can dictate
cellular functions through three distinct attributes of condensates
(Fig. 3a). First, the molecules undergoing phase separation can be
fused to other molecules to endow the synthetic condensate with func-
tional specificity. Second, phase separation results in a concentrated
dense phase, inwhich the enrichment of molecules in condensates can
boost kinetics of reactions in which these molecules participate. Third,
formingadistinct compartment can serve as a protection strategy for
moleculesthatare sequesteredinthe compartment and protect them
from participatingin biochemical reactions that occur in the cytosol.
Examples of synthetic biology applications that exploit these distinct
features of biomolecular condensates are described next.

Nature Reviews Bioengineering



Review article

Regulation of cellular processes

Condensates can enhance reaction specificity. An approach to
increase the chemical diversity of genetically encoded polypeptides
isthesite-specificincorporation of non-canonicalamino acids during
translation that contain functional groups not found in native proteins.
The most common approach uses atransfer RNA (tRNA) synthetase and
tRNA pair thatare orthogonal to the native tRNA-synthetase-tRNA pairs
inacell'®. The tRNA synthetase recognizes a non-canonical amino acid
ofinterestand attaches it to its cognate tRNA. The charged tRNA then
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by sequestering endogenous proteins of interest''’. FUS, fused in sarcoma protein;
GFP, green fluorescent protein; MCP, MS2 coat protein; ncAA, non-natural amino
acid; PN, N peptide; PyIRS, pyrrolsyl tRNA synthetase. Panel b from Reinkemeier, C.D.,
Girona, G.E. & Lemke, E. A. Designer membraneless organelles enable codon
reassignment of selected mRNAs in eukaryotes. Science 363, eaaw2644 (2019).
Reprinted with permission from AAAS ref. 107, AAAS. Panel c reprinted fromref. 95,
Springer Nature Limited. Panel d reprinted from ref. 110, Springer Nature Limited.
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domains of FUS and Ewing sarcoma RNA-binding protein 1(EWSR1) can
be fused to the pyrrolysyl tRNA synthetase and an RNA-binding pro-
tein, the MS2 coat protein (MCP) that binds a specific mMRNA motif'”’
(Fig.3b). The IDP-tRNA-synthetase-MCP fusionrecruits atarget mMRNA
transcript that hasan MCP-binding RNA tag to the synthetic condensate.
Translation of the target mRNA then occurs preferentially in the con-
densate compared with the cytosol, andit also decreases the off-target
incorporation of the non-canonical amino acid at the many TAG stop
codons that populate the genome of the cell. A follow-up study demon-
strated the integration of a membrane-binding domain that spatially
localizes the synthetic condensates next to different membrane-based

organelles such as the Golgi body and mitochondria'®,

Condensates can accelerate reaction kinetics. Phase separation
resultsinadense phase with aconcentration that is higher than the total
solution concentration of the molecules participating in phase separa-
tion®. Therefore, synthetic condensates are useful for applications in
whichahighlocal concentration of specific moleculesis advantageous.
In metabolic engineering, compartmentalization of specific molecules
involvedin an enzymatic pathway can maximize product yield and mini-
mize side-product production'”’. For example, light-controlled phase
separation can be used to mediate the assembly of synthetic conden-
sates to regulate metabolic flux” (Fig. 3¢c). To initiate phase separation,
alight-activated oligomerization domain, Cry2, is fused to an IDP — the
FUS N-terminal domain (FUS") — and to the enzymes of interest, VioE
andVioC, whichare crucial to catalyse the production of deoxyviolacein.
Light-induced oligomerization of Cry2 in the ternary fusion of VioC
and VioE with Cry2-FUSN raises the local concentration of VioE and
VioCinirradiated regions of the cell and triggers their phase separation
into a condensate, which leads to a high local concentration of the two
enzymes, shifting the flux of metabolic reactions to favour the produc-
tion of the product of interest. This approach increases the product
formation by 6-fold and the product specificity by 18-fold compared with
the samereactioninthe absence of condensate formationinthe cytosol.

Similarly, asynIDP based on an RLP can be fused to the a-peptide
(ap) of LacZ B-galactosidaseto recruit the otherinactive fragment of the
enzyme (LacZAM15), resulting in an active enzyme in a synthetic con-
densate®®. This synthetic condensate catalyses the cleavage of a small
molecule substrate, di-B-D-galactopyranoside (FDG), which fluoresces
greenupon cleavage. Increasing the number of the repeats of the synIDP
decreasesthe saturation concentration (C,,) for condensate formation,
whichinturnleadstoafour-foldincrease in the enzymatic reaction effi-
ciency. This study suggests that programming the C,, of condensates
canbe a powerful strategy to regulate the functional efficiency of the
condensates in cells. Using the same principle to acceleration reac-
tion, a synthetic condensate was designed to amplify transcription®.
AsynIDP-DNA-binding-protein fusionand a synIDP-transcription fac-
tor fusion collaboratively contribute to phase separation and recruit
atarget plasmid and RNA polymerase into the synthetic condensates
formedin Escherichia coli, achieving transcription amplification. This
study shows that condensate material properties, which dictate the
free exchange of molecules based on the dynamics of phase-separating
components and the pore size of the condensates, are crucial to the
amplification function, establishing a direct correlation between
the material properties and the function of the condensates.

Condensates can silence functional pathways. Condensates can
alsobe used todownregulate or silence endogenous pathwaysin a cell
by sequestering target molecules within a condensate. For example,

a synthetic condensate was designed to sequester enzymes, thereby
removing them from the endogenous pathway in the cytosol™ (Fig. 3d).
The RGG domain of LAF1, which enables phase separation, was fused
to different functional domains that target the enzymes of interest.
This modular approach enables control of various cellular behaviours,
including proliferation, division and cytoskeletal organization, by
simply changing the functional domain to target a specific enzyme
of interest.

With the same modular approach based on a phase separation
driver and a functional domain, an RNA-based phase-separating sys-
tem was created by fusing phase-separable RNA repeats of rCAG to
anaptamer that binds to a target protein that specifically recruits the
target protein into the condensate™. This approach enables the repres-
sion of the lycopene pathway by sequestering the CrtBl enzyme into
the condensate and away from the subcellular location — the cellmem-
brane —whereit normally functions. Notably, whena phase-separating
RNA element is transcriptionally fused with a ribosome-binding-site
(RBS)/green-fluorescent-protein (GFP) gene, GFP expressionis signifi-
cantly repressed compared with untagged RBS-GFP RNA, indicating
that the ability of synthetic condensates to repress a specific cellular
functionisarobustapproachandis likely to be generalizable through
such modular engineering strategies.

Studyingintracellular phase behaviours

Synthetic systems that can undergo controllable phase transition in
living cells can be used as model systems to test new hypotheses and
expand our knowledge on the possible mechanisms of condensate
formationin living cells. To enable a stepwise study of phase separa-
tion from subsaturated clusters to phase-separated condensates'?
and map theintracellular phase diagram, the synthetic system should
exhibit reversible phase behaviourin cells, anditslocal concentration
shouldbe tunable over awide range. We next discuss examples of light-
dependent intermolecular interactions that enable spatiotemporal
control of phase transitions within cells.

Light-dependent oligomerization of IDPs to control phase
behaviour. Interactions between native IDPs can be modulated by self-
oligomerization and heterotypic interactions''”, External control of
the timing and spatial location of phase separation provides a powerful
toolto probetheirintracellular phase behaviour. For example, alight-
activated condensation strategy, OptoDroplets® (Fig. 4a), has been
designedinwhichanIDRis fused with alight-activated oligomerization
domain, Cry2. Inthe presence of blue light, Cry2 mediates the forma-
tion of amultivalent IDR cluster, resulting in reversible condensate for-
mation. Because the intensity of the blue light is positively correlated
with the association strength between Cry2 domains, increasing the
lightintensity modulates the location of the OptoDropletsin the two-
phase regime of the phase diagram. Based on this light-tunable interac-
tion of Cry2 domains, a correlation between the location in the phase
diagram and ageing of the condensate (for example, a liquid-to-solid
transition of condensate material properties) could be established.
In contrast to the polydisperse oligomers created by light-
triggered Cry2 oligomerization, another system enables precise con-
trol of the oligomerization state of IDPs®". To do so, a core of 24 human
ferritin heavy chain subunits that self-assemble into a micelle was used
asthehigh-valence scaffold to mediate association with an IDR-module
through light-dependent heterodimerization between improved
light-induced dimer domain (iLID) and stringent starvation protein B
(SspB). This associationresultsina defined valency of the IDR particle.
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Based on the ratio between the IDR and the ferritin core, different
regions of the phase diagram could be accessed in cells by control of
theintracellular expressionlevels of the multivalent IDR particle, such
that a higher IDR to ferritin core ratio results in lower phase bound-
ary. The intracellular phase diagram shows typical features of phase
separation, including spinodal decomposition, nucleationand growth,
and Ostwald ripening. Thereis also astrong dependence of the phase
behaviour onthesequence of the IDRs, such that condensates formed
by C-terminal IDR of TAR DNA-binding protein 43 (TDP43) or N-terminal
IDR of FUS show different morphology. These studies confirm that
the concepts of phase separation are valid intracellularly and provide
amodular synthetic system for the systematic study of intracellular
phase behaviours.

Condensate formation on genomic loci can sense and restructure
the genome. Besides optically triggered condensate formation by
proteins, nucleic acids have also been used as ascaffold to achieve local
enrichment of IDPs through light-regulated assembly. For example,
an enzymatically dead Cas9 (dCas9) was used to guide IDP-mediated
condensation at specific genomicloci through twointeracting modular
proteins'* (Fig.4b). First, dCas9 was fused with SunTag (ST), a scaffold
containing multiple repetitive epitopes'. The second construct is a
single-chain variable fragment (scFv) antibody that binds ST, fused to
superfolder GFP (sfGFP) and the optogenetic dimerization proteiniLID.
When co-expressed in cells, the IDP-mCherry-sspB fusion interacts
withiLID upon light activation, thereby mediating the formation of
condensates at the genomic locitargeted by the dCas9-gRNA complex.
This synthetic condensate excludes bulk chromatin and senses the
presence of mechanical stress. Furthermore, when two condensates
seeded on different telomeres fuse to each other, these two distinct
loci targeted by gRNA are pulled into proximity, thus restructuring a
specific region of the genome. These results show how condensate-
condensate interactions can mediate functional selectivity while
mechanically excluding the non-targeted ‘stiff” heterochromatin.
These examplesillustrate how synthetic condensates can contribute
to fundamental studies of phase separation and condensate behaviour
inliving systems. Such tunable condensation systems allow the under-
standing of phase behaviourinliving cells and interface withendogenous
environments to uncover unknown cellular principles such as capillary
forces generated by condensates®. The integration of optogenetic
control into condensate formation further diversifies the available
toolstoachievein situspatiotemporal regulation of cellular processes.

Functional synthetic condensates

Design considerations

Establishing the modularity and programmability of synthetic conden-
satesis challenging. For example, synIDPs have along history of in vitro
applications, ranging from protein purification to drug delivery and
regenerative medicine®®*0¢>¢711718 However, with only afew excep-
tions***°, applications of synIDPsinliving cells are rare, probably owing
toanincomplete understanding of all the molecular features that drive
phase separation, the material properties of synthetic condensates and
how these properties can be exploited to control their function. Devel-
oping a molecular level understanding of the relationship between
sequence, structural ensembles and the property of synthetic con-
densatesis essential to provide robust, quantitative tools for de novo
engineering of designer condensates for specific applicationsin cells.
Inthis section, we discuss some of the considerations for engineering
synthetic biomolecular condensates in living cells.
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consists of alight-activated Cry2 domain fused to an IDP. Activation of light
intensity tunes the intermolecular interaction strength®. b, The CasDrop system
mechanically restructures the genome by light-activated condensate formation
onatargeted genomic locus™. Cry2, cryptochrome 2; dCAS9, enzymatically dead
Cas9;iLID, improved light-induced dimer; mCh, mCherry; scFV, single-chain
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with permission fromref. 86, CellPress, Elsevier. Part b reprinted with permission
fromref. 114, CellPress, Elsevier.
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Phase transition and condensate formation. Cellular condensates are
thought as an isotropic cluster of molecules forming a condensed net-
work?™ thereby enabling the partitioning and sequestration of selected
moleculestoregulate cellular functions asamembraneless compartment,
which suggests that the molecules should be ‘included’ in the conden-
sates. However, other types of topologies can also be achieved through
phase transition (Fig. 5a), such as vesicles™ or micelles”. For example,
asynIDPsuchasanELPfusedtoaproteincanbeamphiphilicandundergo
micelle formation. The micelle displays multiple copies of the functional
domain onits corona and exposes the fused protein to the dilute phase
environment'?, the opposite of the sequestration that condensates typi-
cally offer. Fromadesign perspective foramodular phase-separation sys-
tem, considering the relative hydrophobicity of the phase-separation
moduleand the functional domainis thereforeimportant toregulate the
topology of the condensate and achieve the desired function.

Nature Reviews Bioengineering



Review article

a Topology C Condensates possess chemical selectivity d Interfacial properties govern
Condensate condensate-condensate interaction
//' / \ Repulsed
/’g&w ‘ ‘ Multilayered
IDP fusion &\(/
‘\t Fused
Selective partitioning “
of small molecule
\f\/‘
Micelle
b Kd CSG! Csat Kd
| | | - |
NS | | — i ®
@ C | a ] ~ o ! T M
. N Ny | Wy S04
0 D /&; &,/ 8 ol ‘\/\_‘ ;J | \/\ & Functional domain
| // | | . Q | )-’" . Q
s Nt Wad o | o ,
! ! ! ! () Target molecule

A condensate recruits its target

Fig. 5| Design considerations for synthetic condensates. a, Phase separation
of intrinsically disordered protein (IDP) fusion can result in macromolecular
complexes with different topology. b, The relationship between binding affinity
K, of afunctional domain for a target molecule and the saturation concentration
C,,.of the IDP dictates whether the condensate can recruit the target molecule.
¢, Condensates formed by different molecular components possess distinct

A condensate inhibits its own function

chemical environments. A condensate with a hydrophobic environment can
attract hydrophobic-type interactions. d, Condensate-condensate interactions
can be modulated by interfacial properties, which can be regulated by the
molecular components within the condensate, solvent environment and
biomolecular surfactants.

Interplay between sequestered components and condensates.
The function of many biomolecular condensates is directed by the
components sequestered in the condensate, such asan mRNA or pro-
tein®"%"! However, the sequestered molecules in a condensate are
not necessarily passive participants but can themselves modulate the
formation and dissolution of the condensate". For example, in con-
densates involved in transcriptional control, low abundance of RNA
promotes condensate formation through electrostatic-interaction-
mediated complex coacervation, whereas higher abundance of RNA
will dissolve the condensate because of charge repulsion®. Therefore,
whendesigning asynthetic condensate torecruitatarget molecule, it
isimportant to consider how the site-specificinteractions of the target
moleculeatits physiological concentration affect the phase boundary
ofthe phase-separation driving molecule (the scaffold). This scenario
has been discussed in polyphasic linkage theory'?, in which a ligand
might be able to move the phase boundary of the scaffold depending
onthe relative affinity between scaffold-scaffold and scaffold-ligand,
andthe concentration of the ligand. Another considerationis how the
target molecule modulates the physical properties of the condensate.
Forexample,inthe DEAD-box ATPase Dhhlcondensate, the presence of
structured RNAresultsindynamically arrested condensates, whereas
unstructured poly(U) RNA maintains the fluidity of the Dhh1lconden-
sate'”*. Therefore, from an experimental perspective, a systematic
investigation of the effect of homotypic and heterotypic components

on phase separation and the physical properties of the condensate
are crucial to predict how the engineered condensates can dictate
cellular functions.

Binding affinity of folded domains and saturation concentration of
IDPs. A simple strategy to construct afunctional synthetic condensate
isto combine a phase-separation domain —anIDR — and a functional
domain. The phase-separation domain will mediate the formation and
modulate the physical properties of the condensates, whereas the
functional domain canrecruit the target molecule to dictate theroles
of the condensate. Therefore, it isimportant to consider the relative
concentration threshold for both domains to function. Considering
ascenario in which the heterotypic interactions — those of the func-
tional domain withits ligand — do not change the phase behaviour of
the IDP, so that the phase diagram is not perturbed by ligand bind-
ing, if the binding affinity (K;) of the functional domain for its ligand
is substantially lower than C, of the IDP, then most of the ligand-
binding events will occur at concentrations lower than C,,. Inthis case,
after the expression level of the IDP reaches Cg,, the system would
phase-separate and incorporate the bound ligand into the condensate
(Fig. 5b).Incontrast, if the K; of the functional domainis considerably
higher than C, of the IDP, then phase separation will happen before
the ligand-binding event (Fig. 5b). In this scenario, if the condensate
isdesigned to sequester the target molecule, the physical properties
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of the condensate could possibly prevent interactions between the
ligand and the functional domain, and the extent of this would depend
on the physico-chemical properties of the condensate that control
molecular transportinand out of it. Therefore, the condensate would
not function as designed.

Anotherimportantaspectdictated by the binding affinity between
the functional domain and the target molecule is the mobility of the
target. Assuming that the phase-separation domain mediates the for-
mation of adynamically arrested network within the dense phase does
notnecessarily mean that the target molecule should also be dynami-
cally arrested. It is possible that the dynamically arrested network
would hinder molecular diffusion based onacondensed poresize of the
condensate, whereas a biophysical parameter directly modulating
the diffusive behaviours of the binding partner is the rate of dissocia-
tion (k) between the binding domain and the target. For example,
quantitative FRAP experiments have revealed strong correlation
between the molecular mobility and its binding dynamicsin vivo'>'%.

Chemical environment of condensates dictates their selectivity.
The partitioning of biomolecules into a condensate and their move-
mentinand out ofthem canbe dictated by the physico-chemical envi-
ronments of the condensate. For example, in transcriptionalinitiation,
RNA polymerase Il partitionsinto the transcriptional condensate with
the mediator complex subunit1 (ref. 4). On hyperphosphorylation of
RNA polymerase I, it exits the transcriptional condensate and moves
into RNA-splicing condensates during the transcription elongation
stage'?, suggesting that the selectivity of amolecular component for
different condensates canin turnbe dictated by the physico-chemical
properties of the condensate. Furthermore, small molecules (in this
case, cancer drugs) with distinct chemical features can selectively
partitioninto condensates, suggesting that the chemical environment
of thelatter can dictate its affinity for the former™?® (Fig. 5¢).

These examples suggest that the specific and often unique chemi-
calenvironment of acondensate should be considered inits design for
aspecificfunction. For example, one application of synthetic conden-
satesis toselectively enrich functional enzymesinto the condensate,
regulating metabolic flux®. An important assumption for this is that
thesubstrate freely diffusesinto and out of the condensate. However,
an enzymatic condensate contains various molecular components'”
that regulate its chemical environment™. Given the complexity of these
environments and their diversity across condensate types, it might be
inaccurate to assume that the small size of substrate molecules allows
them to diffuse freely into and out of the condensates.

Condensate surface properties modulate condensate functions.
Condensates can coalesce, repulse or engulfeach other (Fig. 5d). These
interactions are dictated by their surface properties™. Understand-
ing how to modulate the interfacial properties of condensate at their
liquid-liquid interface is therefore crucial in designing synthetic
condensates that do not exhibit crosstalk with endogenous conden-
satesinthe cell. Forexample, P granules consist of RNA molecules and
P granule abnormality protein 3 (PGL3) that form dispersed emulsion-
like droplets in cells. A protein called maternal-effect germline defec-
tive 3 (MEG3) resides on the surface of the PGL3-RNA condensate,
reducing the surface tension of the droplet and preventing the droplet
from coarsening'. Such Pickering agents, like MEG3, maintain the
structural integrity of the condensate. The molecules assembling
the condensates can also modulate their surface properties, such
as their viscoelasticity®*'*, In a protocell, for example, the size of

a condensate of a monoblock ELP can be tuned by the addition
of adiblock ELP that acts as a temperature-sensitive amphiphile”**,
By controlling the molar ratio of the diblock to monoblock ELP, the
size of the condensate droplets can be tuned by over three orders of
magnitude from ~100 nm up to several tens of micrometres. Building
on these insights to control the size and orthogonality of synthetic
condensatesin living cellsis ripe for exploration.

Outlook

Prospects of condensate functions

Phase separation provides a new approach to regulate cellular pro-
cesses compared with current approaches in synthetic biology. The
main question to address is defining the kind of cellular function that
synthetic biomolecular condensates are best suited to control. Existing
examples suggest that cellular functions that depend on spatial locali-
zation of specific molecules within the cell, or that benefit from high
local concentrations, are ideal candidates. However, whether synthetic
biomolecular condensates are necessary for a specific function needs
to be clarified. In other words, can the target function be realized by
traditional single-molecule-based lock-and-key interactions instead
of forming a distinct compartment? If the answer is yes, a follow-up
question is whether there is an advantage in using condensates to
achieve this function, or whether it provides features that are difficult
to realize by molecular recognition. We next discuss some attributes
of condensates that could help answer these questions.

Condensates enable reversible control of cellular function. An
important feature of phase separation is its reversibility on a change
in the environment. Condensates are extremely sensitive to post-
translational modifications (for example, phosphorylation), and phase
separation can be driven by changes in temperature or pH conditions".
Equilibrium phase behaviour is thermodynamically reversible simply
by reversing the stimulus that drives condensate formation®, which
suggests that functions encoded by biomolecular condensates can be
designed a priorito be reversible. Such programmable reversibility is
not always possible with simple lock-and-key interactions. Forexample,
translational repression, which can be achieved by simple RNA inter-
ference™, canalso berealized through biomolecular condensates, as
shown in fragile X messenger ribonucleoprotein (FMRP)-based neu-
ronal condensates™® and in protocells™’. Phase-separation-mediated
condensate formation represses translation by selectively seques-
tering mRNA in the condensate, thereby reducing its access to the
translational machinery of the cell (Fig. 6a). Dissolving the condensate
in response to an external stimulus then rescues translation of the
sequestered mRNA. Such reversible control of RNA regulation is not
possible with RNA interference techniques.

Phase separation can regulate reaction kinetics. Phase separation
drives condensate formation when the expression level of the phase-
separable componentsinacellrises above C,. The C,,, of condensates
isatunable parameter — for example, in RLPs, the C,, has been tuned
by their repeat sequence and chain length over seven orders of mag-
nitude — that can be exploited to control the kinetics of biochemical
processesin a cell. For example, for an enzymatic reaction where the
substrate concentration is saturated, the rate of the reaction is deter-
mined by the amount of the enzyme-substrate complex formedin the
cell, which speeds up reaction kinetics by lowering the free energy of
thereaction™® Therefore, froma cellular perspective, the expression
level of the enzyme becomes the rate-determinant step by dictating
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the frequency of collisions between the enzyme and the substrate
(Fig. 6b).Ifthe enzymeis fused with aphase-separable domain capable
of phase-separating at a concentration below the binding affinity of the
enzyme and the substrate, the formation of acondensate with a higher
concentration of enzyme in the dense phase (relative to its total con-
centrationinthe cell) will produce the enzymatic productin an earlier
time point within a cell cycle than a cell containing the same amount
of the enzyme but without a phase-separation domain®®, This scenario
suggests that regulating the saturation concentration of condensates
can manipulate ‘when’ the designed cellular functions happen within
acell cycle®™

Condensate architecture can augment cellular function. The nucle-
olus provides a powerful demonstration of how physico-chemically
distinct multilayers of acondensate can dictate different cellular func-
tions based on the difference between the componentsin each layer'.

A remarkable feature of the nucleolus is the coordination between
multiple layers of the nucleolus andits functionin ribosome biogenesis,
in which the biogenesis process starts from the inner layer and ends
atthe outer layer of the condensate®. From an engineering perspective,
the ability to create suchmultilayered condensates presents an oppor-
tunity to encode assembly line logic into biological systems. We have
demonstrated the use of synIDPs to create such multilayer condensate
in vitro”.. The next, immediate challenge is to recapitulate multilayer
condensatesinvivoand to encode distinct —but connected — functions
into eachlayer, suchthat the output of each layer becomes the input of
an adjacent one, enabling directional biochemical or chemical trans-
formations to be encoded (Fig. 6¢). Creating directionally encoded
multilayer functional condensates presents an exciting challenge and
anew opportunity for synthetic condensates.

Besides layered structures, different condensates that do not
interact with each other can also be useful for synthetic biology.
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Forexample, to develop artificial cellular systems, instead of engineer-
ing membrane-bound organelles, the use of biomolecular condensates
canbeasimple strategy to create distinct functional compartments'*°.
For this purpose, the condensates must not interact or fuse with each
other. Decoding the molecular grammars that regulate the fusion and
repulsion of condensates is animportant next step to create synthetic
condensates that talk to and work with each other to realize a specific
function. With this in hand, a condensate network can be designed
within cells and used to create multicompartment synthetic protocells
that begin to mimic the sophisticated internal architecture of cells.

Condensate regulation acts beyond a single cell and not only in
the dense phase. The fact that condensates are spatially localized
compartments offers another opportunity to control cell function'*?,
because theinhomogeneous spatial distribution of biomolecules can
itself be a powerful strategy for biological control**°, For example,
a cytoplasmic pole-organizing protein (PopZ), containing an IDR,
selectively enriches phospho-signalling proteins into the new pole of
the bacterium Caulobacter crescentus, resulting ina signal propagation
gradient during asymmetric cell division'’. This observation suggests
thatif condensate formation can happen with spatial selectivity, such
as at one pole of the cell, then on cell division, the daughter cell and
the progenitor cell will have different components defined by the
molecules sequestered by the condensates (Fig. 6d). For example, if
thatsequestered moleculeisaplasmid, thenthe spatial condensation
would resultinasymmetric plasmid partitioning, which could regulate
population-level cellular behaviours’®'**, The same rationale can be
appliedtoregulate molecules that are crucial to cellular identity or cell
fate upon cell division. Furthermore, condensation-mediated asym-
metric distribution of biomolecules could provide a control strategy
tobufferintracellular concentration fluctuations""*%, because phase
separation would result in a fixed concentration of the dilute phase.
Further expression of biomolecules after phase separation would
only change the volume fraction of the two phases, thereby maintain-
ing a concentration homeostasis within the cytoplasm of the cell. For
example, inthe exponential growth stage of cells, the change of cellular
volume would require anincreased rate of production of biomolecules
tomaintain cellular fitness'”. Therefore, if a synthetic condensate can
maintain astable concentration of molecules that are essential for cel-
lular functions (for example, transcription), phase separation can be
used as a generalizable strategy to modulate cellular fitness.

Crosstalk with endogenous systems. Another important aspect to
consider is whether the introduction of new phase-separable compo-
nents to create engineered condensates would interfere with endog-
enous condensates in cells. Phase separation is typically mediated by
weak multivalentinteractions, suggesting that the specificity of these
interactions can be difficult to programme. For example, when cells
areinfected with SARS-CoV-2 virus, the nucleocapsid protein of SARS-
CoV-2 also interacts with G3BP1, a component of endogenous stress
granules, diminishing the innate immune response™. To circumvent
thisissue, two approaches can be considered: first, most IDP-mediated
phase-separable systems are mediated by enthalpy-driven electrostatic
interactions and m-based interactions®™'. Therefore, if phase separa-
tion by asynIDP is instead mediated by entropy-driven temperature-
dependent dissolution of hydrophobic residues™?, potential crosstalk
between the synthetic condensate and native condensates could be
reduced. Second, phase separation is a concentration-dependent
process, suggesting that if the C,, of the synthetic condensate is

considerably lower than that of endogenous condensates, the phase
separation of the synIDP might not interfere with native condensates.
Another unresolved issue is the extent to which the introduction
of asynthetic condensate will change cellular fitness, as endogenous
condensates are known to do so™. For example, condensates can affect
cellular fitness, depending on their material properties™. Other factors
thatrequire furtherinvestigation are the proteinexpressionlevel of the
IDPs used to create synthetic condensate, the copy number of the plas-
mids thatencode the IDPs needed to create asynthetic condensate, the
role of functional domains that are fused to an IDP to confer function
to the synthetic condensates and their potential toxicity to the cells.
In summary, synthetic biomolecular condensates provide a new
strategy for biological design. Interdisciplinary contributions from
polymer physics, genetically encoded materials science, cell biology and
biochemistry are beginning to converge on anew approach toengineer
cellsusing phase separation. The development of new types of synthetic
condensates willnot only provide new toolsto engineer biology and treat
condensate-related diseases but will also provide biological insights
into this fundamental mechanism by which cells regulate themselves.
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