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ABSTRACT: Many proteins harboring low complexity or intrinsically
disordered sequences (IDRs) are capable of undergoing liquid−liquid
phase separation to form mesoscale condensates that function as
biochemical niches with the ability to concentrate or sequester macromolecules and regulate cellular activity. Engineered disordered proteins
have been used to generate programmable synthetic membraneless
organelles in cells. Phase separation is governed by the strength of
interactions among polypeptides with multivalency enhancing phase
separation at lower concentrations. Previously, we and others demonstrated
enzymatic control of IDR valency from multivalent precursors to dissolve
condensed phases. Here, we develop noncovalent strategies to multimerize an individual IDR, the RGG domain of LAF-1, using
protein interaction domains to regulate condensate formation in vitro and in living cells. First, we characterize modular dimerization
of RGG domains at either terminus using cognate high-affinity coiled-coil pairs to form stable condensates in vitro. Second, we
demonstrate temporal control over phase separation of RGG domains fused to FRB and FKBP in the presence of dimerizer. Further,
using a photocaged dimerizer, we achieve optically induced condensation both in cell-sized emulsions and within live cells.
Collectively, these modular tools allow multiple strategies to promote phase separation of a common core IDR for tunable control of
condensate assembly.

C

ondensation of proteins and RNAs into micron size
“membraneless organelles” is a ubiquitous feature of all
cell types facilitating subcellular compartmentalization in the
absence of a lipid bilayer.1,2 Polymers can demix from solution
via liquid−liquid phase separation (LLPS), forming condensates via multiple weak interactions, often spreading across
the polypeptide chain of intrinsically disordered proteins
(IDPs).3,4 Many biomolecular condensates are dynamic and
exhibit liquid-like behavior including fission and fusion of
individual condensates as well as rapid recovery from
photobleaching both in vitro and in live cells.5−8 These
proteinaceous subcellular compartments serve a wide array of
functions, concentrating reactants to accelerate reaction rates
or sequestering client factors to shut down pathway activity.1,9
Over the past decade, a number of activities regulated by
biomolecular condensates have come into focus. These include
those involved in ribosomal biogenesis (nucleoli), RNA
processing (Cajal bodies), transcriptional regulation (enhancers and super enhancers), early development (P bodies),
and stress response (stress granules).5,10−17 Due to their
diverse functionality and feasibility of forming compartments
from a single type of disordered polypeptide, condensates are
an attractive target for protein engineering, synthetic biology,
and construction of new biologically inspired materials.
Unlike typical interactions in a protein complex among
folded proteins, disordered polypeptides can self-assemble via
© XXXX The Authors. Published by
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multiple, relatively weak interactions between amino acids in
the protein chain.18 Because individual interactions are weak,
valency is a fundamental strategy of increasing the propensity
for LLPS.19−21 If a short peptide sequence is repeated in a
larger multimer, the longer polymer has a higher probability of
homotypic and heterotypic interactions, thus lowering the
required free energy for phase separation.19,22−24 In short, the
multivalency of side chain interactions profoundly effects the
saturation concentration (Csat) for protein condensation, the
liquid versus gel-like properties of condensates, and the
kinetics of coarsening.25−28 The extent of multivalency can
be hard coded in the amino acid sequence or through posttranslational modifications.20,23,29−33 Both strategies have been
explored to fine tune the extent of protein condensation under
physiological conditions.20,25,31,34−36 In cells, the viscoelastic
properties of condensates can be altered by the presence of
other multivalent polymers such as RNA.37,38 For example, the
C. elegans P granule protein LAF-1 is capable of LLPS
independent of RNA in vitro, but the presence of RNA helps
fluidize LAF-1 condensates.6 In other cases, multivalency was
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used to lower the concentration of polypeptide required for
self-assembly of elastin and resilin-like polymers.39−41
A challenge in protein engineering is how to regulate the
valency of sequence-defined polymers in real time using
genetically encoded components under physiological conditions. Simply encoding a longer, higher repeat polypeptide
sequence removes the flexibility to alter polymer valency and
for temporal control of phase separation. Several strategies
exist to increase the chain length of existing polymers. One
strategy uses chemical cross-linking such as intermolecular
chain cross-linking via cysteine disulfide bonds.42 Such a
strategy was used to condense oleosin in a redox-responsive
manner.42 Short, elastin-like polypeptides can assemble into
multivalent chains via cross-linking of non-native amino acids
to control gelation.43 However, due to their length, these
sequences are not compatible with tagging with larger folded
helices or domains, which in the case of IDRs would increase
Csat to ranges of expression that cannot be achieved in cells.
Native chemical ligation strategies can be used to multimerize
polypeptides, although the chemical conditions may not be
ideal for living systems.44 For example, the Spycatcher−spytag
system results in a covalent and irreversible conjugation of the
two target peptides.45 Alternatively, noncovalent interactions
offer an attractive strategy to rapidly multimerize polypeptides
using protein interaction domains.46−48 Examples include
coiled coils, small-molecule-induced dimerization of FRBFKBP, optogenetic dimerization of DHFR, Halo, and
optogenetic dimerization or multimerization domains.34,47,49
Given the established utility of LAF-1 RGG IDR for
engineering synthetic condensates6,20,29,50,51 and the wellcharacterized biophysical features of its condensates, we chose
to use this sequence for testing multimerization strategies in
the present study.
The structure, affinity, and design of helical coiled-coil
interaction domains are well characterized, inspiring a route for
noncovalent control of IDR multivalency compatible via
genetic encoding in living cells. Characterized by heptad
sequence repeats, alpha-helical coils are common in
endogenous proteins, and the rules of their interactions are
well established for protein−protein binding.52 They have been
engineered to generate orthogonal synthetic heterodimeric
helical peptides that have low nanomolar affinities and high
sequence selectivity.53−55 A growing body of literature has
implemented helical coiled coils to create new connectivities
and localizations in cells to regulate cellular functions. We
previously used coiled-coil motifs, attached to an IDR and
client proteins, to recruit clients to preformed IDR coacervates
in vitro and later to insulate endogenous client enzymes within
synthetic condensates to control the cell behavior.20,29
Although heterotypic coiled coils have been successful in
promoting scaffold−client interactions, their utility for
stitching together disordered polypeptides to control protein
phase separation has not been explored. Two well-validated
examples that we focus on in this work include SYNZIPs and
Parallel Peptide Pairs.55−57 In both cases, a variety of short,
parallel coiled-coil pairs have been constructed and shown to
be orthogonal, interacting with only its designated, cognate coil
and no others in the set.56,57 As such, these tools and others
like them are ideal for tagging exogenously or endogenously
expressed proteins without disrupting their functionality to
promote specific, noncovalent binding or dimerization.29
Additional strategies for inducible multimerization or
clustering of IDRs leveraged light-responsive protein inter-
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action domains, which have been instrumental in studying the
LLPS activity of a number of disordered sequences in cells
under illumination conditions.50,58,59 Such tools have been
used to enhance or control biochemical reactions in cell
culture using the presence and extent of illumination.60,61
Whereas optogenetics require sustained illumination and may
be challenging to implement biochemically in vitro, chemogenic and optochemical approaches utilizing small molecular
dimerizers and Halo-DHFR or FRB-FKBP domains have been
used both in vitro and in cells.49,62 For example, anchoring
native factors away from substrates either by relocalization to
other native organelles or by insulation within synthetic
condensates has been shown to be successful in controlling the
cell polarity and proliferation in a predicable manner.29,63,64
In this work, we characterized sets of short, heterodimeric
coiled-coil modules to promote the multivalency of a model
IDR, the Arg/Gly-rich RGG domain of C. elegans P granule
protein LAF-1 and regulate protein condensation in vitro and
in live cells. We chose the LAF-1 RGG IDR which has been
used to engineer synthetic condensates and whose biophysical
determinants for phase separation are understood.6,20,29,50,51
We first identified optimal strategies for tagging the RGG IDP
with coiled coils to promote dimerization and condensate
formation in vitro. To achieve temporal chemogenic control
over condensation, we constructed RGG domains fused to
FRB and FKBP domains in vitro and in cells. We also show
optical control of condensate formation using a photocaged
dimerizer within cell-like compartments in vitro and in live
cells, a strategy that requires only a short pulse of light to stably
form condensed phases. Collectively, this study reveals new
strategies for real-time control of IDP valency providing a
regulatory toolkit for protein condensate assembly with
applications in protocell engineering and synthetic biology.

■

MATERIALS AND METHODS

Protein Expression and Purification. Plasmids encoding
N-terminally 6xHis-tagged RGG constructs with coiled-coil
tags and 6xHis mCherry-FRB were transformed into BL21(DE3) E. coli cells (Thermo Fisher Scientific; Waltham, MA).
Cultures were grown in Luria Broth (LB) containing
kanamycin at 37 °C to an OD600 of 0.6−0.8, and expression
was induced by 0.5 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) at 16 °C overnight. Cell pellets were collected and
stored at −80 °C.
RGG-FKBP and RGG-FRB Purification. Bacterial cell pellets
were thawed, resuspended in lysis buffer (50 mM HEPES, pH
6.8, 1 M NaCl, 20 mM imidazole, 1 mM β-mercaptoethanol)
containing complete EDTA-free protease inhibitor cocktail
(Roche; Mannheim, Germany), and lysed for a total of 3 min
of sonication at 50% power using a Branson Sonifier. Lysates
were clarified by centrifugation at 13 000 rpm (20,064g) for 20
min in an F21S-8x50y rotor (Thermo Fisher Scientific) at 37
°C and incubated with 0.5 mL of Ni−NTA beads (Thermo
Fisher Scientific) at room temperature for 1 h. Beads were then
washed three times with 10 mL of lysis buffer. Proteins were
eluted by addition of lysis buffer containing 500 mM imidazole
and 1 mM DTT. Elutions were diluted to 3 mg/mL in lysis
buffer containing 1 mM DTT and dialyzed overnight into
single RGG storage buffer (500 mM NaCl, 20 mM HEPES,
pH 6.8, 1 mM DTT) using 10 kDa cutoff Slide-A-Lyzer
membrane cassettes (Thermo Fisher Scientific). Proteins were
concentrated by centrifugation in 4 mL of Amicon filter
concentrators with a 10 kDa cutoff (Millipore Sigma;
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Chemical Dimerization. The fluorescent tracer, RGG-GFPRGG, was present in the protein mixture at 0.1−0.2 μM to
track condensation in the 488 nm channel. Chamber wells had
been previously passivated overnight in a solution of 10 mg/
mL BSA (Thermo Fisher Scientific) at room temperature and
then rinsed with sterile ddH2O immediately prior to use.
Condensate formation of FRB and FKBP-tagged proteins was
induced by addition of rapamycin (Sigma-Aldrich) at a final
concentration of 10 μM per reaction. Tandem RGG constructs
in the same buffer conditions noted above formed condensates
in the absence of additional components. Condensate
formation was monitored by time-lapse imaging with brightfield transmitted light and via 488 nm fluorescence. FRAP
experiments were conducted on the same microscope using
405 nm light from an iLas targeted laser system. For
photobleaching of internal regions of droplets, ROIs of similar
sizes were selected and bleached. For photobleaching of whole
droplets, a circular ROI encompassing an entire droplet was
selected and photobleached as above.
Optical Uncaging of dRap for Light-Induced Condensation. Proteins mixtures were assembled in a dark room.
Proteins were diluted to 10 μM in a reaction in a buffer
containing 150 mM NaCl and 20 mM HEPES, pH 6.8, and
supplemented with 5 μM dRap. Each molecule of dRap, upon
uncaging, liberates two molecules of Rap. The protein mixture
was then encapsulated inside cell-size water-in-oil emulsions by
repeated pipetting of 1 μL of aqueous phase within 50 μL of a
5% (w/v) mixture of Cithrol DPHS (Croda, Inc. Edison, NJ)
dissolved in mineral oil (Sigma-Aldrich). This emulsion
mixture was then applied to wells in custom imaging chambers
that had been pretreated overnight with mineral oil. Emulsions
were allowed to settle for 20 min in the dark. To induce
condensation, emulsions were subjected to 30 s total of
continuous 405 nm light from a mercury lamp applied in steps
through the Z planes. Droplet formation inside emulsions was
then monitored via time-lapse microscopy. Occasionally,
emulsions would drift, and the field of view was recentered
manually between imaging intervals.
Yeast Procedures. Standard methodologies were followed
for all experiments involving S. cerevisiae.65,66 For Rap and
dRap-mediated droplet assembly, a tor1−1 f pr1Δ::KANMX6
strain in the BY4741 genetic background was used. All other
yeast strains were of the YEF473 genetic background. RGG
constructs with a coiled coil or FRB and FKBP tags were
cloned downstream of a galactose-inducible GAL1 promoter
and integrated into the yeast URA3 locus using the Yiplac211
integrating vector or LEU2 locus using the Yiplac128
integrating vector by linearizing plasmid with EcoRV just
before transformation. All yeast transformations were performed by the standard lithium acetate method.
To induce expression of RGG constructs in yeast, cells were
first grown to saturation overnight in liquid YPD media in a 25
°C shaking incubator. Cells were then washed three times in
sterile water, diluted in YP + 2% Raffinose, and incubated in a
25 °C shaking incubator for 6−8 h. Finally, yeast cells were
diluted to an OD600 of 0.3 in YP + 2% galactose. Induction was
allowed to proceed overnight in the same shaking incubator.
The final OD600 of cultures used for experiments was between
0.4 and 0.8.
Image and Data Analysis. Quantitation of In Vitro
Protein Condensate Formation. We used image segmentation
in ImageJ. Two-dimensional maximum intensity projections in
the 488 nm channel (RGG-GFP-RGG tracer) were generated

Burlington, MA). TCEP (1 mM) was added prior to snap
freezing and storage at −80 °C
Purification of Tandem, RGG-RGG, Fluorescent Tracer
(RGG-GFP-RGG), 6xHis-RGG Domains Tagged with CoiledCoil Dimerizers (P3-6, SZ1/2), and 6xHis-mCherry-FRB.
Pellets were thawed and resuspended in lysis buffer. RGG
polypeptides that included P3-6 or tags and mCherry-FRB
were resuspended in lysis buffer containing 50 mM Tris-HCl,
pH 8.5, 1 M NaCl, 20 mM Imidazole, 1 mM βmercaptoethanol, and a dissolved tablet of protease inhibitor
cocktail (Roche). RGG constructs with SZ1/2 tags were
treated similarly, but lysis buffer contained 20 mM HEPES pH
6.8. Cells were lysed, cleared by centrifugation, and incubated
with Ni−NTA beads as above. Beads were then washed in
three column volumes of lysis buffer and eluted with lysis
buffer containing 500 mM imidazole and 1 mM DTT. Elutions
were diluted to 3 mg/mL in lysis buffer containing 1 mM DTT
as above and dialyzed overnight into storage buffer. Constructs
with P3−P6 and mCherry-FRB: 1 M NaCl, 20 mM Tris-HCl,
pH 8.5, 1 mM DTT. Constructs with SZ1 and SZ2: 1 M NaCl,
20 mM Tris-HCl, pH 6.8, 1 mM DTT. Proteins were
concentrated by centrifugation in Amicon filter concentrators
with a 10 kDa cutoff before addition of 1 mM TCEP and
storage at −80 °C. In all cases, protein concentrations were
determined by A280 and Bradford assay (BioRad).
Turbidity Measurements. Protein aliquots were thawed
and solubilized at 50 °C and then diluted to 6 μM in buffer to
adjust to a final salt concentration of 150 mM in 20 mM, TrisHCl, pH 8.5. SYNZIP-tagged constructs were similarly
adjusted to 10 μM in 150 mM NaCl, 20 mM HEPES, pH
6.8. The protein mixture, 60 μL in volume, was added to
quartz microcuvettes (10 mm path length) (Starna Cells, Inc.
Atascadero, CA). Cuvettes were inserted into a Cary 3500
UV−vis spectrophotometer controlled by an Agilent multizone
Peltier temperature controller (Agilent Technologies; Santa
Clara, CA). To test kinetics of rapamycin-induced dimerization
and phase separation of FRB and FKBP-tagged RGG
constructs, rapamycin (Sigma-Aldrich; St. Louis, MO) was
spiked into the protein mixtures to a final concentration of 10
μM and absorbance at 600 nm was measured over time. For
mapping the temperature-dependent phase separation, protein
mixtures were applied to quartz cuvettes preincubated at 50
°C. Cuvettes were then inserted into the preheated
spectrophotometer, set to 50 °C, and samples were cooled
to 5 °C at a rate of 1 °C/min while measuring the absorbance
at 600 nm.
Imaging of Protein Condensation In Vitro. Fluorescence microscopy imaging of protein droplet formation was
performed at ambient temperature (approximately 22 °C) on
an Olympus IX81 inverted confocal microscope (Olympus Life
Science; Tokyo, Japan) equipped with a Yokogawa CSU-X1
spinning disk, mercury lamp, 488 and 561 nm laser launches,
iLas-targeted laser system for photobleaching and an iXon3
EMCCD camera (Andor; Belfast, UK). Multidimensional
acquisition was controlled by MetaMorph software (Molecular
Devices; Downingtown, PA). Samples were illuminated using a
488 nm laser and imaged through a 100×/1.4 NA oilimmersion objective. To image in vitro droplet formation,
proteins were thawed at 50 °C, diluted to 4 μM in a buffer
containing 150 mM NaCl and 20 mM Tris-HCl (pH 8.5 unless
otherwise specified), and placed on custom-fabricated acrylic
gasket chambers adhered to glass coverslips.
C
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Figure 1. Tuning Csat for condensation using noncovalent RGG multimerization via coiled-coil pairs. (A) Schematic of assembly of higher order
RGG disordered polypeptides by genetic fusion to cognate pairs of helical coiled coils. In OFF (monomer) state, monomer concentrations should
be below their Csat, and in ON (dimer) state, higher polymer valency (length) lowers Csat such that the dimer condenses into liquid-like droplets.
(B, D, and F) Representative fluorescence microscopy images of condensates formed using 4 μM RGG monomer concentrations, 150 mM salt, pH
8.5. (B) images of SZ1-RGG, RGG-SZ2, and a mixture of SZ1-RGG and RGG-SZ2. (C) Turbidity measurements at A600 for 6 μM concentration
of the control RGG-RGG dimer, indicated monomers, or mixtures of monomers, over a range of temperatures. (D) Images of P3-RGG, RGG-P4,
and combination of P3-RGG and RGG-P4. (E) Turbidity measurement using a 6 μM concentration of the indicated control, monomer, and mixed
monomer over a range of temperatures. (F) Representative images of RGG-P5, RGG-P6, and a mixture of RGG-P5 and RGG-P5. (G) Turbidity
measurement using a 6 μM concentration of the indicated control dimer, monomer, and mixed monomer over a range of temperatures.

for each time point and converted to 8-bit images. A binary
mask was generated by automated thresholding with the
Intermodes algorithm, objects were cleared from the boundary,
and a watershed function was used to split objects. The particle
analysis function in ImageJ was used to segment condensates.
This provided the droplet number and areas from maximum
intensity projections at each time point. Conversion of the
droplet areas to volume was performed assuming a spherical
shape.

FRAP experiments were analyzed by placing an appropriately sized ROI over the photobleached area of each droplet.
The fluorescence profile over time for each ROI over time was
recorded, and the maximum value prior to photobleaching was
set to 1. Results from FRAP experiments for each type of
droplet were then pooled, and the average recovery is shown
with standard deviation.
Analysis of condensate formation in cells was performed in a
similar manner in ImageJ. Time-lapse images were converted
to maximum intensity projections. Individual objects (cells)
D
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were first cropped to facilitate condensate segmentation.
Images were corrected for bleaching using an exponential fit.
Condensate masks were generated from 8-bit images thresholded by the intermodes algorithm. In a small number of cases,
despeckling was required prior to thresholding. Cells that
could not be reliably thresholded were excluded from analysis.
After generating a mask, particle analysis was performed in
ImageJ as above to generate the object number and size. The
number of droplets is reported as generated by this analysis,
and volumes were calculated from the 2D areas assuming
objects are spherical.
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important feature in the phase separation of disordered
proteins; single-chain collapse theory has been used to predict
phase boundaries of disordered proteins.3,71,72 It is plausible
that by introducing a motif with reciprocal charge, we
promoted increased chain collapse, leading to a lower overall
Csat and greater propensity to phase separate in the conditions
used in the assay.
Because individual RGG domains tagged to SZ1 with SZ2
formed condensates on their own in the OFF state of our assay
conditions, we chose to characterize additional coiled-coil
pairs. LAF-1 RGG domains tagged with different parallel coiled
coils (P3 or P4) at either terminus do not condense at
physiological conditions at a 4 μM protein concentration
(Figure 1D, Figure S1B). Yet, when paired, they form micron
scale condensates within minutes of mixing protein solutions.
By increasing the protein concentration, we identified the
phase boundary for RGG-P4 alone, yet P3-RGG remained
miscible, suggesting the monomers indeed have a higher Csat
than the dimer (Figure S1B). By varying the position of the P3
and P4 tags on the RGG termini, we observed no coacervation
of any of the monomer variants under these experimental
conditions. Of the mixed pairs at the same molar
concentrations, P3-RGG + RGG-P4, RGG-P3 + P4-RGG,
and RGG-P3 + RGG-P4 displayed condensation (Figure S1C).
Importantly, this condensation is specific to heterodimerization
as mixtures of noncognate pairs of tagged RGG did not
generate condensates (Figure S1D). The lowest critical
concentration appeared to be for P3-RGG + RGG-P4 as it
formed the largest condensates. The mixed pair of P3-RGG +
P4-RGG did not form condensates, suggesting that N-terminal
tagging may have an effect on either dimerization or RGG
condensation. We note that RGG contains an important 10 aa
patch, residues 21−30, which promote condensation.51
Turbidity measurements on P3-RGG and RGG-P4 support
the microscopy results and suggest that they are an excellent
pair to control RGG valency and Csat (Figure 1E). We also
tested the phase separation of RGG tagged with a different set
of parallel coiled coils, P5 and P6 (Figure 1F and 1G). At a 4
μM protein concentration, pH 8.5, and physiological salt, the
P5-RGG and RGG-P6 monomers showed no visible
condensation in the OFF state (Figure 1F). The monomers
also showed very little turbidity, even at lower temperatures,
and appeared to heterodimerize nicely, creating a large increase
in cloud point for the mixed pair, features that suggest they
might be an ideal pair for controlling RGG valency. However,
at pH 6.8, the same concentration of individual monomers
condenses on their own (Figure S1E). Notably, the P3- and
P4-tagged RGG monomers do not exhibit such pH sensitivity.
Taken together, this data suggested that it is feasible to
increase valency via protein interaction tags and that the type
and position of the coiled coil influences the level of miscibility
in the OFF (monomer) state and efficacy of condensates in the
ON state (pair, heterodimer). In addition, these data suggest
that the P3 and P4 heterodimers are quite compatible with
dimerization and condensation of the LAF-1 RGG IDP and
may be broadly useful for generating higher order disordered
polymers.
Having validated LAF-1 RGG heterodimerization as a means
to increase polymer valency and self-assembly into condensates, we sought to induce coacervation with temporal
precision by adding a small molecule. We fused chemically
responsive FRB and FKBP tags to the RGG domains (Figure
2). FRB and FKBP domains form a ternary complex with

■

RESULTS AND DISCUSSION
Modular, short protein helical coiled-coil bundles have been
used to dimerize and target components in cells for nanoscale
origami of protein structures and to generate switches via
protein engineering.67−69 Previously, we demonstrated the
feasibility of recruiting exogenous proteins to an IDP
condensate by tagging scaffold and client proteins with cognate
SYNZIP (SZ1 and SZ2) coiled coils.29 We wondered whether
we could also use these coiled coils to stitch together higher
order assemblies of the model IDR from LAF-1, the RGG
domain. We decided to test a handful of coiled coils including
the 48 aa SYNZIPs56 and 33 aa Parallel Peptide Pairs.57 We
cloned these coiled coils on the N or C terminus of the LAF-1
RGG domain and characterized the phase separation behavior
of individual and paired sets of proteins using microscopy and
spectrophotometric turbidity assays (Figure 1). The LAF-1
RGG domain displays the upper upper critical solution
temperature (UCST) behavior; it is miscible at high
temperatures and as the temperature is lowered will condense
at its phase boundary or “cloud point”, resulting in turbid
solutions.70 Using microscopy, we could image condensate
assembly at ambient temperature either in bright field or with
fluorescence using a small amount of fluorescent RGG tracer
(RGG-GFP-RGG) significantly below its Csat, such that it
would not condense alone. As a validation of our biochemical
conditions, we show that RGG-RGG (constitutive dimer)
formed robust condensates that could be visualized by
fluorescence microscopy. (Figure S1A). Under these same
conditions, the single RGG domain will not condense because
of its much higher Csat.20
Using these assay conditions, we set out to test whether
tagged RGG remains miscible (OFF) in the monomer form
but could condense (ON) as a mixed heterodimer. We first
tested tagging a single RGG domain tagged with a folded SZ1
or SZ2 coiled coil under physiological conditions at 4 μM
protein concentration. Somewhat unexpectedly, SZ1-RGG and
RGG-SZ2 both formed condensates on their own (Figure 1B),
suggesting a lower Csat than that of the untagged RGG alone.20
By mixing this cognate pair we expected the RGG domain to
dimerize and for condensates to grow larger. Indeed, we
observe this behavior and a shift in critical temperature in the
turbidity assay (Figure 1C). The lowered Csat of SYNZIPtagged single RGG constructs may be explained by chain
collapse due to reciprocal charges between the RGG domains
(positively charged) and the coiled-coil tag (negatively
charged). The RGG domain is enriched with positively
charged arginine residues across its sequences, which are
involved in π−π contacts and contribute to its phase
separation.51 Electrostatic interactions between the SYNZIPs
and the RGG domain could result in partial chain collapse, and
several studies have demonstrated that chain collapse is an
E
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Figure 2. Temporal control of IDR multimerization and phase separation in vitro. (A) Schematic representation for chemogenic dimerization of
RGG polypeptides to form mesoscale liquid-like protein condensates. (B) Representative images of liquid droplet formation through increased
domain valency upon addition of dimerizer, Rap. Recombinant RGG-FKBP and RGG-FRB proteins, in the absence of Rap, do not form
condensates in a buffer containing 10 μM protein and 0.2 μM tracer (RGG-GFP-RGG). Scale bar, 10 μm. Addition of Rap to the reaction rapidly
induces dimerization, causing condensate formation similar to the RGG-RGG constitutive dimer. (C and D) Quantitation of the kinetics of droplet
formation upon equimolar addition of Rap. Average of three independent trials. Shaded area, StDev. (E) Kinetics of solution clouding after addition
of dimerizer in spectrophotometric turbidity assays; average of three experiments area shown. (F) Phase transition temperature measured by
turbidity assay shows induced dimerization of RGG-FKBP and RGG-FRB with Rap shifts the cloud point to higher temperatures, similar to
constitutive RGG-RGG dimer; average of three experiments. (G) Representative images from photobleaching and recovery of condensates
composed of Rap-mediated RGG-FKBP/RGG-FRB dimers marked by 0.2 μM RGG-GFP-RGG tracer. Scale bar 5 μm. (H) Quantification of
FRAP indicating similar recovery kinetics of Rap-induced vs constitutive RGG-RGG dimers. n = 30 condensates from two independent trials.

rapamycin (Rap), and thus, when linked to RGG domains, Rap
induces formation of a divalent RGG polymer (Figure 2A).
Because folded FRB and FKBP domains are larger than the
coiled coils, they more significantly alter the order-to-disorder
ratio of the polypeptide and increase Csat. As a result, a slightly
higher protein concentration was needed to visualize
condensation of the dimerized state. A covalently linked
RGG-RGG control dimer robustly phase separates into liquid
droplets at ambient temperature and 10 μM concentration,
consistent with previous observations. Monomeric RGG
domains fused to FRB and FKBP tags are miscible in the
same aqueous solution (Figure 2B). Addition of Rap triggers
rapid and robust phase separation to form micrometer-scale
condensates that enrich with the RGG-GFP-RGG tracer
(Figure 2B−D, Movie S1). To quantify the kinetics of the
heterodimer assembly, we measured turbidity over time in
spectrophotometric turbidity assays after addition of Rap
(Figure 2E). Reactions lacking Rap do not become turbid,
consistent with in vitro microscopy. Addition of Rap results in
rapid solution turbidity with a t1/2 of ∼10 s (Figure 2E),
demonstrating efficient system responsiveness resulting from
multimerization of RGG domains. We also used turbidity
assays to compare the UCST behavior of Rap-induced RGG
dimers to our control RGG-RGG (Figure 2F). Monomeric

RGG domains fused to FRB or FKBP in the absence of Rap
have critical temperatures similar to single RGG domains,20
and dimerization in the presence of Rap results in turbidity
curves similar to the RGG-RGG control. Finally, we assayed
the liquidity of these condensates using fluorescence recovery
after photobleaching (FRAP) to measure the dynamics of a
fluorescent tracer localized to the condensed phase.
Fluorescence of the RGG-GFP-RGG tracer in control
condensates and those formed by Rap-mediated dimers rapidly
recovers after photobleaching and shows very similar recovery
kinetics both via internal diffusion of fluorescent molecules as
well as via diffusion from outside condensates (Figure 2G and
2H and Figures S2A and S2B). Taken together, these data
demonstrate a strategy for chemogenic heterodimerization of
IDP scaffolds to increase the valency and induce formation of
liquid-like condensates.
A useful feature of the FRB and FKBP domains is that their
dimerization can also be optically regulated.73 A challenge of
optogenetic dimerization domains is that their association
requires sustained illumination, and many of these systems are
difficult to reconstitute in vitro. We sought to trigger
irreversible condensation in vitro using only seconds of
illumination. To achieve this, we utilized a photocaged version
of rapamycin (dRap)47,73 in which a cage occludes the FRB
F
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Figure 3. Optochemical regulation of IDR condensation. (A) Chemical structure of photocaged rapamycin, dRap. (B) Schematic of approach:
RGG domains fused to FKBP or FRB tags do not dimerize in the presence of dRap. Upon illumination, dRap is uncaged to Rap, resulting in
dimerization of RGG-FKBP and RGG-FRB. (C) Pre- and postillumination images of water-in-oil emulsions, stabilized by Cithrol DPHS surfactant,
encapsulating 10 μM each of RGG-FKBP and RGG-FRB, 0.2 μM RGG-GFP-RGG as a fluorescent tracer, and 5 μM dRap. Dotted line is the
emulsion boundary. Prior to illumination, GFP signal is diffuse, indicating no condensation. After 30 s of illumination and uncaging of Rap, RGG
condensates appear, indicating dRap uncaging and protein dimerization. Scale bar 10 μm. (D) Kinetics measured from images of optically induced
droplet formation inside emulsions, as in C. n = 10 emulsions. Shaded area, StDev.

Figure 4. Leveraging induced dimerization to trigger synthetic condensate formation in living cells. (A) Scheme for encoding and expression of
RGG polypeptides in cells, sensitive to small-molecule-induced dimerization and condensation. RGG-GFP-FKBP and RGG-FRB constructs are
integrated into the yeast genome controlled by an inducible GAL1 promoter. (B) Representative images for strains described in A, showing
addition of 20 μM Rap triggers condensate formation within minutes in live cells. (C) Average number of droplets formed per yeast cell in the n =
105 cells. Shaded area, 95% CI. (D) Optical regulation of condensation in cells following illumination to photouncage dRap. (E) Average number
of droplets formed per cell following 10 s of 405 nm laser illumination (n = 66 cells). Shaded area, 95% CI.
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Figure 5. Selective cargo recruitment to condensates via chemogenic dimerization. (A) Schematic of RGG-RGG condensates, which cannot
selectively recruit FRB-tagged client protein (mCherry-FRB). Client does not enrich in condensates because it cannot interact with free RGG
polypeptides. (Right) Representative fluorescent images of condensates from 10 μM RGG-RGG marked with 0.2 μM RGG-GFP-RGG tracer and 5
μM of client mCherry-FRB. Client is excluded from RGG-RGG condensates. (B) Scheme for cargo recruitment via rapamycin through
dimerization with RGG-FKBP which partitions to condensed phase. (Right) Representative images of condensates from 10 μM each of RGGFKBP and RGG-FRB in the presence of 10 μM Rap and 0.2 μM RGG-GFP-RGG tracer. Addition of 5 μM mCherry-FRB (client) results in robust
and selective enrichment to condensed phase. (C) Kinetics of client enrichment after addition of mCherry FRB as in A and B from three
independent experiments. Shaded area, 95% CI.

short period of light exposure. Using the same strain and
encoded constructs as above, we added the photocaged dRap
to the cells in media. Upon a 10 s pulse of 405 nm light, round
puncta appeared and grew in number and size over time
(Figure 4D and 4E), Rap addition or dRap optical uncaging,
condensates also grew in size (Figure 4E and Figure S3B).
Further, the kinetics of droplet formation is very similar in both
strategies above (Figure S3C). In contrast to the available
optical LLPS systems in vitro, this strategy requires only a
single short pulse of light to induce dimerization of a
disordered sequence and cause protein coacervation.
We also wanted to test whether chemogenic dimerization
could be utilized to control recruitment of clients or cargo to
the condensed phase, mimicking enzyme partitioning to
membraneless organelles. To test the specificity and temporal
kinetics of client recruitment, we used a model cargo,
mCherry-FRB, and imaged its enrichment in condensates
formed from either RGG-RGG or heterodimers of RGG-FKBP
+ RGG-FRB in the presence of Rap (Figure 5A and 5B). The
cargo does not enrich in control RGG-RGG condensates,
whereas it is recruited to and enriched in condensates of
dimerized RGG-FKBP + RGG-FRB (Figure 5C). This
suggests selective client recruitment to the condensed phase
dependent on dimerizing to RGG-FKBP. Overall, these data
demonstrate a proof-of-concept for rapid and stable multimerization to form condensates both in vitro and in cell culture
and provide new avenues for temporally regulating condensates assembly and composition, useful features for cellular
engineering.

binding sites, thereby preventing FRB-FKBP dimerization in
the dark state (Figure 3A and 3 B). To achieve sufficient levels
of illumination and mimic a cellular context, we encapsulated
RGG-FRB and RGG-FKBP proteins with dRap in cell-size
water-in-oil emulsions. This approach confines the reaction to
picoliter volumes which can be entirely illuminated on a
microscope. Prior to illumination, we observed an evenly
dispersed signal from our RGG-GFP-RGG tracer, indicating
that no LLPS had occurred (Figure 3C). Upon exposure to
405 nm light, we observed rapid formation of protein droplets,
visible within tens of seconds (Figure 3C and 3D, Movie S2).
These data demonstrate a robust method for control of RGG
domain valency in real time to drive stable protein
condensation, responsive to both small-molecule and optical
triggers.
To demonstrate that our inducible RGG dimerization and
condensation system can be extended to living systems, we
encoded the monomer scaffold in a model single-cell organism.
Budding yeast, S. cerevisiae, is a well-established system for
studying aggregate formation and LLPS in vivo (Figure 4). We
genomically integrated sequences encoding single RGG
domains fused to FRB and FKBP under the control of an
inducible yeast GAL1 promoter. We included a GFP tag on
one of the constructs (pGAL1-RGG-GFP-FKBP) in order to
visualize condensate formation (Figure 4A). We induced
expression of these single RGG constructs via galactose and
observed only a diffuse GFP signal, indicating that without
dimerizer they do not undergo LLPS (Figure 4B). Upon
addition of Rap, fluorescent puncta appeared. Condensates
could be initially observed within tens of seconds and formed
micron-size structures on the order of minutes (Movie S3),
increasing in both number and size over time (Figure 4C and
Figure S3A). We then tested whether we could induce the
assembly of stable membraneless organelles using a single,

■

CONCLUSIONS
Characterizing the behavior of disordered protein sequences
that self-assemble into condensed phases is important for
understanding the biology of membraneless organelles and in
H
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bioengineering to generate gel-like and other materials for a
range of therapeutic and industrial applications.40,61,74−76
Similar to previous work with multivalent folded domains,36,77
we demonstrated that the valency of an IDR determines critical
concentrations for phase separation in vitro.20 Although
proteolytic cleavage has been used to reduce IDR valency,20,78
we were interested in the converse, building up multivalency of
an IDR sequence to regulate protein condensation in a
predictable manner. Here, we systematically engineered
noncovalent dimerization of the LAF-1 RGG domain via
coiled-coil motifs and further demonstrated real-time control
of IDR condensation and client recruitment using folded
optochemical dimerization domains. On the basis of our initial
findings, one can also imagine increasing valency to trimeric
and tetramer IDRs to alter Csat or promote temperatureresistant LLPS in cells and also to fine tune the desired
physicochemical properties of the condensed phase.
We note there may be several reasons why the terminal
position of the coiled coil can influence the LLPS of the
monomer IDR. First, the LAF-1 RGG domain harbors a wellconserved and critical motif at its N-terminal end, aa 21−30;51
and thus, tagging may interfere with clustering of this motif.
Also, the RGG domain has well-dispersed charge along the
polypeptide chain, but it also has slightly more positive charge
at its C-terminal end, which may interact with the net negative
charge of the helical coils whose isoelectric points are between
4 and 5 and thus affect phase separation by altering the kinetics
of chain collapse. Future study using positively charged coiled
coils would be of interest. Despite the size and structured
nature of FKBP and FRB tags, these tagged constructs formed
condensates that behaved similarly to dimeric RGG controls,
suggesting that tagging with folded domains did not
significantly alter condensation behavior. We note that this is
likely due to use of a 168 aa IDR, and the ratio of IDR to
folded protein molecular mass can certainly affect LLPS.
Multivalency has been used as a useful strategy for driving
self-assembly and coacervation for both structured and
disordered proteins.20,23,33 Our study provides paradigms for
sequential multimerization of IDRs for applications in
materials science, synthetic biology, and cellular engineering.
The short coiled coils are readily knocked in using CRISPR to
native gene loci without disrupting endogenous protein
function.29 Further, more complex assemblies using multiple
sets of coiled coils in protein origami could be used to build
novel architectures that potentially nucleate condensation.
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