REVIEW ARTICLE

nature
biotechnology

https://doi.org/10.1038/s41587-019-0341-6

Probing and engineering liquid-phase organelles
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Cells compartmentalize their intracellular environment to orchestrate countless simultaneous biochemical processes. Many
intracellular tasks rely on membrane-less organelles, multicomponent condensates that assemble by liquid-liquid phase sepa-
ration. A decade of intensive research has provided a basic understanding of the biomolecular driving forces underlying the
form and function of such organelles. Here we review the technologies enabling these developments, along with approaches to
designing spatiotemporally actuated organelles based on multivalent low-affinity interactions. With these recent advances, it
is now becoming possible both to modulate the properties of native condensates and to engineer entirely new structures, with

the potential for widespread biomedical and biotechnological applications.

ization across diverse length scales—from organs to sub-

micron intracellular organelles. Just as tissue-engineered
organs hold great promise for human health, efforts toward repro-
graming, mending or creating intracellular compartments through
organelle engineering have the potential to fundamentally change
our ability to modulate physiological processes. The best-known
organelles are membrane-bound structures, but cells also contain
many organelles without membranes that have diverse biological
functions. However, until recently, both the principles underly-
ing the assembly of membrane-less organelles and their biophysi-
cal properties have been largely unknown, hindering our ability to
rationally design and exploit them for biotechnological purposes.

Over the last decade, our understanding of these structures has
advanced rapidly, beginning with the discovery that membrane-less
organelles known as P granules assemble through the condensation
of various proteins and RNAs into liquid droplets'. This process,
known as liquid-liquid phase separation (LLPS), has since been
implicated in the assembly of dozens of membrane-less structures,
increasingly referred to as condensates, where it plays a central role in
thediverse structural and functional properties they exhibit (Fig. 1)>°.
For instance, coalescence of nucleoli’, reversible assembly and bio-
molecule sequestration of stress granules® and genome organization
by enhancer clusters and heterochromatin®'” are all thought to arise
from LLPS, which yields malleable and dynamic liquid-like struc-
tures that facilitate various biological functions. However, native
condensates are far from simple liquids; mixed biomolecular inter-
action modes and rich compositional heterogeneity within the non-
equilibrium intracellular environment yield complex viscoelastic
structures, which can be spatially patterned and multilayered and
can exhibit nonuniform material properties (Fig. 1).

The development of biomedical and biotechnological applica-
tions based on these fundamental advances requires a detailed
understanding of the molecular and biophysical principles underly-
ing condensate assembly. We know from nonliving polymeric and
soft-matter systems that a key requirement for constituent mol-
ecules to undergo phase separation is the presence of multiple inter-
action segments capable of forming low-affinity interactions' .
This feature, referred to as multivalency, enables interactions with
multiple partners, thereby creating a network of dynamically rear-
ranging crosslinks among the component molecules.

Q central feature of biological systems is compartmental-

Valence can be modulated through various post-translational
modifications, including the regulation of homo- and hetero-oligo-
merization domains. Apart from linking together multiple folded
interaction domains, evolution has yielded a more compact means
for multivalency through the use of self-associating intrinsically dis-
ordered protein regions (IDRs). These IDRs act as ‘sticky’ biopoly-
mers via short patches of interacting residues patterned along their
unstructured chain, which collectively promote LLPS. Despite this
increased understanding, key challenges remain in elucidating the
functional internal architecture that emerges from these underlying
molecular driving forces.

Much of the work in this field has relied on in vitro reconstitution,
or overexpression of proteins in living cells to examine their capac-
ity to condense into dynamic puncta. However, a growing suite of
new technologies is advancing our understanding of the biophysical
principles underlying intracellular phase separation, including the
role of the spectrum of condensate states—from liquid droplets to
more viscoelastic, solid-like hydrogels—in biological function and
dysfunction. Here, we discuss the development and application of
these state-of-the-art technologies. We begin by examining tech-
nologies being used to develop a quantitative and rigorous under-
standing of the structure-function relationships in native biological
condensates and then discuss how these technologies and insights
can be harnessed for novel bioengineering applications.

Probing the properties of phase-separated organelles
Several technologies are enabling elucidation of the precise compo-
sition of biomolecular condensates and interrogation of the mate-
rial properties and associated molecular transport dynamics within.
These are discussed in more detail below.

Composition, structure and dynamics. The composition of many
condensates has been arrived at piecemeal over the past several
decades through conventional molecular biology approaches, such
as antibody staining, mass spectrometry analysis and fluorescent
protein colocalization studies. However, many condensates appear
particularly labile and are therefore not well suited for intact puri-
fication”, requiring different approaches to study their properties
and the functional consequences in situ.

This challenge is being addressed by proximity-labeling
approaches, such as proximity-dependent biotin identification
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Fig. 1| Diversity of condensate forms and functions in living cells. Condensates within living cells have unique features that directly inform their function.
Images adapted with permission from AAAS'“#1°° Elsevier®7°%1%¢ PNAS*, Mateju et al.”” and H. Jastrow'®,

(BioID) and labeling via ascorbate peroxidase (Apex)'®", that
can reveal dynamic networks of interactions; in such approaches,
known condensate-enriched proteins are tagged with an enzyme
that biotinylates adjacent proteins, which can then be purified with
streptavidin-based precipitation techniques and analyzed via mass
spectrometry (Fig. 2a). This approach was recently used to unravel
the dynamics of the stress-granule proteome, as well as the compo-
sitional diversity associated with neurodegeneration-linked muta-
tions'. Analogous proximity-ligation approaches have been used
for interrogating the interactome in the vicinity of specific RNAs'>*’
or genomic loci’**. A recent adaptation incorporating DNA bar-
coding has begun to yield rich insights into the way in which nuclear
condensates organize chromatin architecture*.

In addition to biochemical techniques, microscopy has been
essential for gaining structural and biophysical insights into intra-
cellular condensates, beginning with the first bright-field imaging
of the nucleolus and other organelles in the 1800s and continuing
through more recent developments based on advanced confocal
techniques. As many condensates are sub-micron in size and there-
fore approach the diffraction limit of conventional fluorescence
microscopy, super-resolution imaging approaches, such as stimu-
lated emission depletion (STED)* microscopy, photoactivation
localization microscopy (PALM)* and stochastic optical recon-
struction microscopy (STORM)?¥, are beginning to have a large
impact on this field'**** and have revealed details of condensate
sub-structures (Fig. 2a). For example, super-resolution microscopy
of stress granules, nuclear speckles and paraspeckles have suggested
underlying core-shell architectures mediated in part by RNA*-!,

Electron microscopy techniques, such as in situ cryo-electron
tomography (cryo-ET), which have recently transformed structural
biology, are also beginning to have impact in the field of intracel-
lular phase separation by allowing visualization in a label-free and
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environmentally unperturbed manner™. For example, cryo-ET was
recently used to measure the pair correlation function of proteins
within the pyrenoid®, a protein body found in the chloroplasts of
most eukaryotic algae, providing direct evidence for an underlying
liquid-like structural organization, which contradicted the previ-
ously proposed crystalline organization. In other cases, cryo-ET has
been used to measure crowding effects in biological condensates*
and to observe the detailed structure that condensates may evolve
into as they transition to irreversible, and potentially pathogenic,
aggregates™.

Material properties. Various complementary tools have been used
to interrogate the material properties and associated molecular-
transport dynamics within condensates (Fig. 2b). Fluorescence
recovery after photobleaching (FRAP) and fluorescence loss in
photobleaching (FLIP) are two extensively used approaches that
take advantage of the characteristic ability of many fluorescent mol-
ecules to photobleach. In such approaches, a whole condensate or
part of it is bleached, and the fluorescence signal recovery is tracked
as unbleached molecules diffuse into the bleached region (Fig. 2b),
providing insights into molecular mobility, differential mobility
within a population and spatiotemporal changes in material state®.
However, multiple experimental nuances, including asymmetric
concentration gradient formed in half-FRAP experiments, asym-
metric point-spread function, nonspherical morphology of cellular
condensates and averaging over heterogenous subresolved struc-
tures, all can make diffusion-coefficient estimation a fitting-model-
dependent problem?”*.

Fluorescence correlation spectroscopy (FCS) provides a poten-
tially more accurate means to determine molecular diffusion coef-
ficients**** (Fig. 2b) and can in addition be used to measure local
concentration of biomolecules and the intermolecular interactions
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Fig. 2 | Techniques and technologies for interrogating membrane-less organelles. a, Structure and biomolecular composition can be achieved using
proximity labeling approaches, which allow high-throughput identification of organelle composition, whereas advanced microscopy techniques aid

in uncovering finer structural details, such as Cajal bodies seen by electron microscopy or nuclear speckles by super-resolution imaging. b, Material
properties can be probed with imaging-based techniques, including FRAP and FCS, which elucidate condensate fluidity through molecular mobility
(diffusion coefficient) and other parameters. Observation of fusion dynamics and probe particle diffusion (passive microrheology) can lead to additional
inferences of material properties and state. ¢, In vitro and in vivo reconstitution can be achieved through several approaches. Single-component or reduced
multicomponent systems can be used to form biomolecular droplets in controlled environments in vitro, whereas inducible systems based on optogenetics
or chemical induction can be used for actuatable in vivo reconstitution. Microscopy images adapted with permission from American Society for Cell

Biology“® and The Company of Biologists, Ltd.*".

that drive condensate formation®"*; nevertheless, using FCS within
the dense condensate remains challenging, due to the high biomo-
lecular concentrations in condensates and refractive index changes
within cells. A complementary approach is fluorescence lifetime
imaging (FLIM), which exploits an intrinsic sensitivity of fluoro-
phores to features of their microenvironment and has recently been
used to detect time-dependent changes in protein concentrations
in various native condensates”’. Although still largely underex-
ploited to study intracellular LLPS, FLIM, as well as Forster reso-
nance energy transfer (FRET), are powerful techniques that can be
used for monitoring subsequent transitions into protein aggregative
states in vivo*“*.

The liquid-like nature of many condensates gives rise to mea-
surable fluid properties, from classic wetting upon contact of two
immiscible liquids to dripping in response to shear forces"***; in
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many cases, these dynamics provide a more reliable indication of
bulk material state than FRAP and other molecular mobility—based
approaches. When two condensates of the same phase contact one
another, they coalesce into a single larger body. The dynamics of
coalescence gives rise to distinct condensate size distributions. For
example, nucleoli in Xenopus laevis oocytes display a power-law size
distribution, characteristic of a slowly coarsening emulsion*, which
spontaneously coalesces into a single large condensate when the
surrounding actin matrix is disrupted®. The shape of two coalesc-
ing droplets exhibits exponential relaxation to a single large sphere,
on a timescale dictated by the ratio of viscosity to surface tension™
(Fig. 2b). Such dynamics have been widely used to characterize flu-
idity in reconstituted systems’' as well as in live cells'®*>*. Using
these analyses following biological perturbations can yield insights
into the factors that may actively fluidize’ native condensates***.
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A more direct interrogation of condensate material state can be
obtained using microrheology approaches. Passive microrheology
relies on tracking the Brownian motion (i.e., thermal fluctuations)
of probe particles embedded within soft materials, and determining
viscoelasticity using a generalized Stokes-Einstein framework®*
(Fig. 2b). The P-granule protein LAF-1 has been interrogated with
passive microrheology’' and was shown to exhibit an effective mesh
size of 3-8 nm, which sets the length-scale threshold at which dif-
fusion and permeability are sterically constrained by the conden-
sate’’. A passive microrheology approach has also been recently
implemented in live cells using self-assembled tracer protein par-
ticles, revealing dramatic changes in the biophysical properties of
the cytoplasm upon cellular metabolism regulation, which in turn
tune biomolecular condensation™.

A conceptually similar approach exploiting shape fluctuations
has recently been used to probe the surface tension of nucleoli’}
despite the likely importance of surface tension for many aspects
of condensate function, to date only a very small number of direct
measurements of surface tension have been undertaken®’. By them-
selves, such passive microrheology approaches are limited by the
assumption of thermal equilibrium, which may be true in some* but
not all cases. Recently, active microrheology approaches have been
used that are based on deforming reconstituted condensates using
microfluidic-controlled shear stresses” or optically trapped parti-
cles™, providing insights into the salt-dependent interplay between
the viscosity and elasticity of condensates. Active microrheology
is particularly attractive for non-equilibrium systems where ther-
mal fluctuations may be dominated by active (for example, ATP-
dependent) fluctuations, since information about the amplitude
and timescales of these fluctuations can be extracted. However, such
measurements are very challenging to achieve on micron length
scales, particularly due to the need for disentangling the role of sur-
face tension in the deformation response.

Building biomimetic organelles invitro

Despite the complex composition of in vivo condensates, compa-
rable, albeit greatly simplified, phase-separated protein droplets can
be created in vitro. Assays to detect LLPS typically involve tracking
of the macroscopic change in turbidity, or microscopic observation
of droplet formation during perturbations of the environment of the
purified protein (for example, perturbation of salt, RNA, tempera-
ture and pH; Fig. 2¢)*. These studies have been critical for elucidat-
ing the way in which multivalency is typically achieved through a
combination of (i) fluctuating IDRs with multiple self-associating
patches, such as those commonly found in nucleic-acid-binding
proteins®; (ii) protein homo- or hetero-oligomerization domains;
(iii) repetitive folded interaction domains or their short binding
partners, which are ubiquitous in signaling clusters'**'"** and (iv)
nucleic acids scaffolds (Fig. 3a). Each of these can be understood
as driving phase separation by decreasing the relative contribution
of entropy compared to favorable interaction energy (see Box 1).
These multivalent interaction modes can be regulated biologically,
for example through post-translational protein modification, to
amplify or suppress phase separation.

Several studies have placed particular emphasis on the impor-
tance of IDRs, which in many cases can be both necessary and suf-
ficient for phase separation, at least when present at sufficiently
high concentrations in vitro. This work includes the use of nuclear
magnetic resonance (NMR) to elucidate the regulated IDR inter-
actions and conformations that promote LLPS*-*. Careful study
of IDR sequences has shown that they often are enriched in a
subset of amino acids, and they are thus commonly referred to as
low-complexity sequences. These sequences can drive IDR self-
association through many classes of interactions, including dipole-
dipole, ionic, cation-pi and pi-pi interactions and the hydrophobic
effect”-* (Fig. 3a). Interestingly, amino acid patterning and spac-
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ing in the sequence, and not solely the presence of certain residues,
are important determinants of phase separation®”’. These findings
have been described in detail elsewhere'*”".

Progress toward engineering applications has also been made
with simplified models of IDRs. Elastin-like peptides (ELPs) are
polypeptide repeats of the hydrophobic sequence VPGXG, where
the X residue (guest residue) determines physicochemical proper-
ties’>”*. Phase separation of ELPs is entropically driven by the free
energy gain associated with the release of solvent molecules, and
thereby exhibits a lower critical solution temperature’ (LCST; i.e.,
phase separation upon increasing temperature) type of transition as
opposed to the molecular-interaction-driven ‘upper critical solution
temperature’ (UCST) type associated with most intracellular pro-
teins. Interestingly, the critical transition temperature can be tuned
through the selection of the guest residue composition and the
number of polypeptide repeats’”. A simple set of ELPs comprising
only valine and alanine as the guest residue at different fractions
and spacings within the polymer were able to recapitulate layered
liquid droplets in vitro™ (Fig. 4a). This is reminiscent of native con-
densates, such as the nucleolus, which forms a tripartite layered
droplet in the nucleus (see Fig. 1)¥. Another study extended the
repetitive polypeptide framework to include differing amino acids,
to develop heuristics for designing sequences with tunable LCST or
UCST”. We are still far from being able to design sequences with
the complexity of native IDRs to yield condensates with specific
properties and functions, but there increasingly appears to be a clear
path toward this goal.

Efforts aimed at uncovering the sequence-encoded biomolecu-
lar features driving phase separation are ongoing, but recent work
has brought us to the point where we can exploit some basic prin-
ciples to design synthetic organelles. For instance, repetitive chains
of Src homology 3 (SH3) domains and their binding partners have
been shown to form liquid-like droplets in vitro, in a manner spe-
cific to the concentration of each component’’. Furthermore, these
systems can simultaneously recruit additional proteins (‘clients’)
containing one or more corresponding interaction domains. Such
clients do not contribute to the network of interactions yielding
the cluster, but instead can introduce functionality into the con-
densate. Notably, tunable compositional control of clients has been
achieved based on the number of fused interaction domains”. One
study applied a similar approach to IDRs: multivalent repeats of the
IDR from the RNA helicase LAF-1 (RGG domain) were fused to
promote phase separation in vitro, with each additional domain in
the construct lowering the saturation concentration for phase sepa-
ration. Client proteins tagged with tandem LAF-1 RGG domains
are efficiently recruited to these condensates™. In vitro work with a
related RNA helicase, DDX4, which is capable of phase separating,
has revealed that lower-stability nucleic acid sequences (i.e., single-
stranded nucleic acids with weak secondary structure) are prefer-
entially recruited to condensates, whereas more stable structures
are excluded®””. Moreover, the DDX4 condensates can destabilize
nucleotide duplexes”, suggesting that local chemical properties
within condensates can be engineered to achieve specific molecular
processing functions.

Optogenetic and chemical actuation of invivo condensates
In vitro studies have helped elucidate many of the fundamental bio-
molecular driving forces of phase separation, but it has not always
been clear that the concentration and composition of in vitro mim-
ics are physiologically relevant. Moreover, from an engineering
perspective, building actuatable condensates for biomedical appli-
cations within living cells is particularly attractive (Fig. 2c). Several
technologies for controlling intracellular phase separation have
recently emerged, leveraging the insights gained from studies of
the multivalent biomolecular interactions underlying endogenous
condensates (Fig. 3a). Valence amplification, for example through
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Fig. 3 | Multivalency in native and engineered condensates. a, In native condensates, multivalency is achieved in the following manner: (i) among
repetitive ‘sticky’ residues within transiently interacting IDRs; (ii) through protein quaternary structures mediated by oligomerization domains; (iii) with
repeated protein interaction domains and (iv) through scaffolding on nucleic acids via RNA recognition motifs and/or DNA-binding domains. The intrinsic
multivalency of native IDRs is typically insufficient to drive intracellular LLPS at physiological protein concentrations. b, Currently available engineered
systems that modulate multivalency using blue light to noninvasively promote or reverse intracellular LLPS (see Box 1). The degree of multivalency, which
can be achieved by combining one or more of the modes shown in a, is directly linked to the protein concentration necessary to trigger LLPS*.

protein-oligomerization domains, can drive phase separation by
decreasing the relative importance of entropy (see Box 1), and this
has been a key design concept for the nascent field of condensate
engineering. Below, we discuss approaches using either light or
chemicals to control oligomerization or other biomolecular interac-
tions driving phase separation.

Light-activated phase separation. The field of optogenetics utilizes
proteins whose interactions or activities depend on incident light of

NATURE BIOTECHNOLOGY | VOL 37 | DECEMBER 2019 | 1435-1445 | www.nature.com/naturebiotechnology

a particular wavelength. The first system combining optogenetic-
based oligomerization with IDR-driven intracellular phase separa-
tion is called ‘optoDroplet™ (Fig. 3b). This system takes advantage
of two central features of endogenous phase-separated organelles:
higher-order oligomerization and weak multivalent interactions
of self-associating IDRs. IDRs from proteins known to drive phase
separation in living cells were fused to Cry2, an Arabidopsis thaliana
protein domain that forms oligomers following blue-light activa-
tion® (Fig. 3b). When expressed in cells, these constructs undergo
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Box 1| Thermodynamic basis for condensate engineering

Oligomerization-induced phase separation can be quantitatively
described by Flory-Huggins solution polymer theory'-'*, in
which a binary mixture is modeled as an infinite lattice filled with
mean-field interacting solvent and solute particles. The free energy
of mixing per lattice site (panel a) is the sum of the entropy of
mixing of the solvent and solute particles, which opposes phase
separation, and the particle interaction energies (enthalpy), which
favors phase separation for favorable homotypic interactions des-
ignated by a positive Flory-Huggins interaction parameter .

The schematics in b display representative two-dimensional
lattices  describing phase separation driven by induced
oligomerization from a solvent-size particle (N = 1) into an N =
8 oligomer. This results in thermodynamic instability, which is
resolved by phase separation of a well-mixed solution, with a mean
solute volume fraction ¢, into two coexisting compositionally
distinct phases (one dilute in solute, ¢,, and the other rich in
solute, ¢b3). Panel ¢ displays how, mechanistically, oligomerization
decreases the solute entropy of mixing, and hence reduces the
overall entropic barrier for phase separation. The solvent entropy
of mixing (red dashed line in ¢) remains unchanged upon solute
oligomerization, representing the entropy of mixing at infinite
oligomerization. The change in free energy in response to induced
oligomerization (d) can result in phase separation, where the free

energy change associated with phase separation is given by the
tangent line to the free energy curve, and the composition of the
dilute and dense phases is defined at the tangent points (green dots).

The two-phase coexistence regime can be described in a phase
diagram as the area under the binodal coexistence line. Phase
diagrams, which are often plotted as temperature (y axis) versus
concentration (x axis), can also be plotted with reference to the
interaction parameter y on the y axis (e), which could represent
how biomolecular modifications, such as protein phosphorylation
or other post-translational modifications, or sequence changes
can regulate LLPS. At conditions outside of binodal curve, system-
wide phase separation is not possible and a single mixed phase
is observed (top right cartoon). However, as the oligomerization
state increases, a system may move within the binodal curve, as
demonstrated with the transition from N = 1 to N = 2. Phase
separation can then occur through a nucleation and growth
mechanism (bottom left and rightmost cartoons) or spinodal
decomposition (central cartoon), depending on the degree of
supersaturation (for more information, see ref. '%). Instead of
plotting a x-dependent phase diagram, the chain length, N, can
also be shown on the y axis, as in f; this can be thought of as the
degree of protein oligomerization, as manifested in engineered
optogenetic systems™.

a b @ Oligomerizable component
A _ an(qﬁ) +(1=@)In(1 — D) + XD(1 - D) (O Solvent
kT N
R a0
[4 d 0.2 )
o L )
& )
= )
A )
a(
i )
N |
3 G0sE0s8s00008)
Induced
oligomerization
< )
9. )
<)
e £ -
1.0 )
080,
Spontaneous
transition
‘X 0.5 Fh o8 )
o )9
& )
I [
< ( )
<
0 t oy
- ' A o L . .
0% o022 0.5 ﬁf)g 1 o‘bA 0.22 0.5 5 1 E 7 922

The thermodynamics of phase separation and organelle engineering. a, Equation describing the free energy of mixing, AF,, where ki is the Boltzmann
constant, ¢ is the polymer/IDR volume fraction, N is the polymer/IDR chain length and y is the Flory-Huggins interaction parameter. The first two terms
represent the entropy of mixing, AS./k,, of the polymer and the solvent, respectively, and the third term is associated with the enthalpy of mixing,
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Box 1| Thermodynamic basis for condensate engineering (continued)

AH,./k,T. b, Two-dimensional lattices describing phase separation driven by a transition from solvent-size monomer (N = 1) to octameric chain

(N = 8). ¢, and ¢, designate polymer volume fraction in the dilute and dense phases, respectively. ¢, System entropy of mixing for monomer

(N =1) and multimers (N = 2, 4, 8). Red dashed line indicates the contribution of the solvent entropy of mixing to the system entropy. Inset shows the
gradual decrease in the entropy of mixing at a fixed ¢. d, System free energy of mixing upon oligomerization. Blue arrow shows change in free energy

in response to induced dimerization (from red dot as monomer to blue dot dimer with y = 2, N = 2), and green arrows show how resulting phase
separation (green points) lowers the free energy of the system. The red dashed line represents the free energy at maximal oligomerization, when all
solute molecules are interconnected and the change in the entropy of mixing originates only in solvent molecules. Colors of arrows refer back those
shown in b. e, Phase diagram of two-phase coexistence regime plotted with respect to the interaction parameter y and as a function of volume fraction,
¢. Red and blue dots in d are colocalized and represented as a half-red, half-blue dot; circles contain carton representations of phases. Colors of arrows
and dots as in d. f, Phase diagram plotted with respect to the chain length, N, on the y axis with the solute volume fraction on the x axis. Colors of

arrows and dots as in d.

LLPS in response to blue-light activation, as evident from the exis-
tence of a well-defined saturation concentration required for drop-
lets to appear. Interestingly, a spectrum of material states could be
achieved depending on the degree of supersaturation, suggesting
the occurrence of a concentration-dependent gelation process that
could underlie protein aggregation pathologies® (Fig. 4b).

The optoDroplets system is being employed in an increasing
number of phase-transition studies, as a means to interrogate the
role of condensates in promoting biological function or dysfunc-
tion®¥-*, Of particular interest is the recent use of optoDroplets to
investigate the role of TDP43 in the pathogenesis of amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FID), in
which pathological phenotypes were observed in neuronal cell
cultures upon extended light activation® (Fig. 4b). This and other
recent efforts have also used the Cry2olig system, which relies
on a variant of Cry2 with a point mutation that promotes potent
oligomerization, leading to light-dependent aggregation/gelation
behavior®. Fusing Cry2olig with nucleolar proteins allows light-
dependent gelation of the nucleolus, which leads to ribosomal RNA
(rRNA)-processing defects®.

Despite the power of the Cry2-based systems, the oligomeriza-
tion state of Cry2 is poorly defined, and Cry2-Cry2 interactions
may confound the contribution of IDR to observed phase behavior.
To overcome these challenges, a next-generation optogenetic sys-
tem for phase separation, called Corelets, has recently been devel-
oped®. The Corelet system mimics the defined oligomerization of
many endogenous proteins implicated in phase separation (such
as the pentameric nucleolar protein Npm1), making it very power-
ful for quantitative interrogation of intracellular phase separation.
The Corelet system uses a spherical protein core, based on the self-
assembling 24-mer ferritin, in which each monomer is fused to the
light-activatable protein iLID (Fig. 3b). Upon activation, iLID binds
to its cognate partner (SspB), thereby recruiting any protein fused to
SspB to the ferritin complex. By incorporating IDRs into these fusion
proteins, Corelets are induced to phase separate into droplet conden-
sates. The Corelet system has enabled precise quantification of the
concentration and valence dependence of phase behavior, generat-
ing the first full intracellular phase diagrams, including binodal and
spinodal boundaries* (Fig. 4c, see also Box 1 for underlying theory),
within the complex cellular environment. This system has provided
insights into the protein sequence dependence of the phase bound-
ary (Fig. 4c) and revealed that the saturation concentration may be
substantially decreased through nonequilibrium dynamics (i.e., local
protein recruitment). A related method, PixELL, has been developed
in which light is used to specifically disassemble phase-separated
condensates; in the PixELL system, IDRs are fused to the PixE/PixD
optogenetic proteins, which undergo oligomeric assembly in the
dark and disassembly upon blue-light activation®® (Fig. 3b).

Chemical control of phase separation. The iPOLYMER system is
conceptually related to the optogenetic platforms discussed above;
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it is also based on the association of multivalent chains of interac-
tion domains, which can be used to form inducible hydrogels®. In
place of endogenous protein interaction domains, chains of FK506
binding protein (FKBP) and the FKBP-rapamycin binding protein
(FRB), which associate in the presence of rapamycin, are used.
Pentameric linear polymers of FKBP and FRB form clusters within
minutes, and continue to grow as more FKBP and FRB protein mol-
ecules are produced by translation. An extension of this approach,
iPOLYMER-LI, enables the study of reversible and light-inducible
clusters formed through the association of hexameric chains of iLID
and SspB* (Fig. 3b).

These systems have provided insights into the behavior of arse-
nite-induced stress granules, condensates that have biomedical
importance in both neurodegeneration and viral infectivity. The
RNA recognition motif of TIA-1 fused to one of the iPOLYMER
chains yielded rapamycin-induced granules that colocalized with
mRNA-associated proteins recruited to native stress granules®.
However, one caveat to this and other approaches is that the syn-
thetic structures formed may not recruit all the key stress granules
proteins found in vivo, nor recapitulate the biophysical properties,
organization and function of native stress granules.

Engineering condensates in and around the genome. Phase
transitions within the nucleus are particularly interesting because
nuclear condensates must directly interact with chromatin, and
thus may potentially control its organization and gene expression.
Much work has focused on the nucleolus, the largest nuclear con-
densate, which assembles around ribosomal DNA (rDNA) repeats.
However, increasing evidence suggests that smaller nanoscale
liquid-phase droplets assemble at transcriptional sites throughout
the genome®'*” and may even be key for heterochromatin com-
paction”®. Although optoDroplets, Corelet and PixELL can be used
in the nucleus as well as the cytoplasm, they are not designed for
specifically targeting phase separation to different regions of the
genome.

To address this challenge, a system termed CasDrop has been
introduced. CasDrop uses an enzymatically dead dCas9 to cause
phase separation at defined locations on the genome of living cells
as dictated by a guide RNA’. CasDrop is also light activated and
can be used to temporally control the assembly of condensates
(Fig. 3b). Studies with this system have shown that IDRs from
various nuclear proteins phase separate into liquid condensates
that preferentially form in regions of low chromatin density and
that mechanically exclude chromatin as they grow. These findings
have led to the proposal that nuclear condensates can function as
mechanoactive chromatin filters, causing distal-targeted genomic
elements to be pulled together while mechanically excluding non-
specific background components of the genome (Fig. 4d). Given
the apparent nucleic acid melting capacity of IDR-containing
proteins such as DDX4, IDRs could play a role in enhancing the
accessibility of DNA at sites of transcription, or could potentially
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permission from Springer Nature Limited’?, Elsevier®#¢9%> and AAAS™?,

be used to engineer protocell systems’~** in which cycles of DNA
melting could facilitate replication.

Another set of promising approaches allows the engineering of
genomic interactions with phase-separated bodies. For example, the
CRISPR-GO system causes particular genomic loci to interact with
native nuclear bodies™. Recruitment of such loci to Cajal bodies
leads to long-range transcriptional repression at distal loci up to 575
kb from the recruited site. Another system, called light-activated
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embrane-less organelles. Microscopy images adapted or reproduced with

dynamic looping (LADL), takes advantage of Cry2 to drive local
genomic rearrangements through engineered looping interac-
tions™. In combination with recent approaches, such as split-pool
recognition of interactions by tag extension (SPRITE)*, to probe
genomic organization in relation to native condensates, these tools
will enable a high degree of programmability when engineering
condensate behavior and reading out the corresponding structural
and functional consequences for the genome.

NATURE BIOTECHNOLOGY | VOL 37 | DECEMBER 2019 | 1435-1445 | www.nature.com/naturebiotechnology


http://www.nature.com/naturebiotechnology

NATURE BIOTECHNOLOGY

Controlling intracellular biochemistry with synthetic
condensates

Colocalizing the enzymes of a particular pathway is a common
cellular mechanism for enhancing metabolic efficiency. Many
membrane-bound organelles are used for this purpose, including
mitochondria in the case of cellular respiration or the peroxisome
for B-oxidation of fatty acids. Likewise, pathways engineered to
localize into particular organelles enhance product titer through
mitigation of intermediate loss to competing pathways and seques-
tration of toxic intermediates”. Even without membranes, conden-
sates can contribute a similar means of intermediate channeling
to enhance product yield from recruited pathways”. For example,
purinosomes dynamically form in tissue culture cells deprived of
purine precursors and are enriched in the enzymes that constitute
the de novo purine biosynthesis pathway*.

Enzyme recruitment to synthetic organelles can induce pref-
erential carbon flux through a branched metabolic pathway.
OptoDroplet- and PixELL-based organelles have been functional-
ized with a two-enzyme pathway that catalyzes the formation of a
product through an intermediate which is spontaneously and non-
enzymatically oxidized to a by-product. Fusion of these enzymes
to the clustering components leads to enhanced product biosyn-
thesis when condensate formation is induced in either optogenetic
system” (Fig. 4e). Although this is promising proof-of-principle
evidence supporting the adoption of synthetic condensates for met-
abolic engineering, the research has also encountered shortcomings
that need to be addressed in order for this approach to be robustly
applied to pathways of interest: fusion of large clustering tags to
enzymes can reduce enzyme activity, and some enzyme fusions lead
to constitutive clusters that defeat the benefits of light control”.

The ability of condensate organelles to behave as reaction cru-
cibles is not limited to metabolic pathways. Biomimetic dextran
droplets have been shown to drive >1,000-fold RNA enrichment
that can enhance the kinetics of ribozyme cleavage of substrate RNA
by 50-fold as compared with a diffuse control’>. Moreover, microtu-
bule growth is increasingly viewed as linked to condensate nucle-
ation, with key steps having been reconstituted in vitro, including
the liquid-like centrosome’s ability to enrich tubulin and nucleate
microtubule asters'®. Reconstituted signaling condensates can
nucleate actin filaments important for the T cell response'”’, which
could suggest approaches for immune therapies based on creating
synthetic condensates. Progress toward engineered signaling con-
densates has also been made with membrane-bound optoDroplets
that cause light-activatable clustering of the receptor tyrosine kinase
of fibroblast growth factor receptor (FGFR), wherein cross-phos-
phorylation leads to a measurable increase in ERK signaling and
cell migration®.

Finally, novel functionalities can be incorporated into engi-
neered condensates that take advantage of their unique attributes. A
striking example is ‘orthogonally translating’ organelles, which offer
a new approach to genetic code expansion that reduces off-target
utilization in native proteins'®. Typically, genetic code expansion is
achieved with tRNA-tRNA synthase pairs that introduce unnatural
amino acids in place of a stop codon. The amber stop codon is often
targeted for suppression as it is used in fewer than 10% of genes in
Escherichia coli. This is more problematic in human cell lines, in
which the amber stop codon is used in ~20% of the genome, so that
the resulting suppression could yield substantial off-target effects.
To mitigate this problem, mRNAs targeted for stop codon suppres-
sion and the unnatural tRNA synthase can be coenriched into con-
densates engineered with IDR tags (Fig. 4f). Notably, highly specific
stop codon suppression is only achieved when the components are
also localized to microtubule ends, potentially allowing effective
condensate nucleation by inducing IDR multivalency'”>. A con-
densate organelle is arguably critical for this function, as it allows
partitioning of the numerous components necessary for translation
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as well as endoplasmic reticulum accessibility for the translation of
membrane-bound proteins with noncanonical amino acids.

Outlook

Methods inspired by engineering and physics have had an increas-
ingly large impact on elucidating the biophysical driving forces
underlying intracellular condensates. Burgeoning knowledge about
these structures has advanced to the point where we can not only
understand but also manipulate endogenous condensates and even
engineer completely novel structures.

Accounting for and controlling the thermodynamics underlying
the way these structures form will be a critical for future engineer-
ing efforts (see Box 1). For example, tuning oligomerization in a
localized region of the cell can lead to global changes in the entropy
of mixing by creating site-specific ‘entropic sinks’ that allow phase
separation, even at low protein abundance®. Alternatively, per-
turbing biomolecule interaction energy, either through manipula-
tion of IDRs or through multiple folded interaction domains (for
example, post-translational modifications or mutagenesis), can
likewise modulate phase separation’>®. Techniques such as those
described in Fig. 3b, particularly those using rapid and reversible
optogenetic control, can successfully drive condensate assembly
and disassembly at spatiotemporally definable locations in the cell.
These approaches have yielded several examples of condensate
engineering, from control of genomic organization and function to
metabolic flux enhancement and design of bio-orthogonal protein
translation compartments. Together with our increasing under-
standing of the principles underlying multiphase condensates*"’%,
these studies provide a foundation for engineering even more com-
plex functions into living cells.

As has been the case in the fields of tissue engineering and syn-
thetic biology, progress in the condensate field is emerging from
a close interplay between basic science and engineering. We can
now envision applications ranging from drug-delivery platforms'®®
to therapeutic approaches'™ targeting diverse condensates asso-
ciated with oncogenic transformation or those underlying ALS,
Alzheimer’s and various other protein-aggregation diseases. Future
studies will continue to build on ongoing fundamental studies and
define new engineering modes that interface with endogenous bio-
logical structures, from the cytoskeleton to the endomembrane sys-
tem and beyond. Phase transitions reflect an underlying collective
biomolecular organization, and our ability to harness this funda-
mental self-assembly principle for engineering applications is the
basis for the emerging new field of condensate engineering.

Reporting Summary. Further information on research design is
available in the Nature Research Reporting Summary linked to this
article.
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