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Controlling synthetic membraneless organelles by
a red-light-dependent singlet oxygen-generating
protein
Manjia Li 1, Byung Min Park 1, Xin Dai2,3, Yingjie Xu1,4, Jinqing Huang 2 & Fei Sun 1,4,5,6✉

Membraneless organelles (MLOs) formed via protein phase separation have great implica-

tions for both physiological and pathological processes. However, the inability to precisely

control the bioactivities of MLOs has hindered our understanding of their roles in biology, not

to mention their translational applications. Here, by combining intrinsically disordered

domains such as RGG and mussel-foot proteins, we create an in cellulo protein phase

separation system, of which various biological activities can be introduced via metal-

mediated protein immobilization and further controlled by the water-soluble chlorophyll

protein (WSCP)—a remarkably stable, red-light-responsive singlet oxygen generator. The

WSCP-laden protein condensates undergo a liquid-to-solid phase transition on light expo-

sure, due to oxidative crosslinking, providing a means to control catalysis within synthetic

MLOs. Moreover, these photoresponsive condensates, which retain the light-induced phase-

transition behavior in living cells, exhibit marked membrane localization, reminiscent of the

semi-membrane-bound compartments like postsynaptic densities in nervous systems.

Together, this engineered system provides an approach toward controllable synthetic MLOs

and, alongside its light-induced phase transition, may well serve to emulate and explore the

aging process at the subcellular or even molecular level.
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Eukaryotic cells use various organelles confined by lipid
membranes to ensure spatiotemporal control over intra-
cellular activities. In recent years, membraneless organelles

(MLOs) have also gained traction with biologists. These non-
canonical subcellular microcompartments ─ often the products of
liquid-liquid phase separation (LLPS) of biomacromolecules—can
selectively concentrate proteins and/or nucleic acids in specific
foci while allowing free exchange of molecules within and
without1,2. Accumulating evidence suggests that these con-
densates can fulfill a variety of physiological functions. Typical
examples include P bodies in the cytoplasm for translation reg-
ulation, Cajal bodies in the nucleus for genome organization, and
postsynaptic density (PSD) in the synapse for scaffolding and
signaling3–5.

The formation of phase-separated condensates is also highly
relevant to disease pathologies. Pathological aggregation, a type of
aberrant phase separation, of intrinsically disordered proteins
(IDPs) such as FUS, TDP-43, and Tau is believed to be critical for
neurodegenerative disorders and tumorigenesis6–8. The protein
condensates may transition from dynamic liquid droplets to static
solid particles with the passage of time and/or in response to
environmental stress, a process reminiscent of material aging9,10.
However, despite the tremendous efforts made to understand
them under physiological conditions, the exact roles in these
condensates in physiology and pathology, as well as the
mechanisms by which they are regulated, remain elusive.

A variety of optogenetic tools have been developed, enabling
delicate control within complex biological systems. Among the
first are rhodopsin proteins, a collection of light-gated ion
channels or pumps that have been engineered for controlling
electrical and biochemical events in a light-dependent manner11.
Another group of widely used optogenetic tools is derived from
plant or bacterial photoreceptor proteins, such as cryptochrome 2
(Cry2), light-oxygen-voltage-sensing domain (LOV), and
Dronpa, which undergo conformational changes on light expo-
sure, often accompanied with homo- or hetero-oligomerization as
well. These molecular tools have been adopted for modulating
biological signaling, regulating gene expression, controlling
intracellular phase separation, and even creating smart
biomaterials12,13. However, an obvious drawback of these opto-
genetic tools lies in their dependence on short-wave-length light
(e.g., blue light), which could be troublesome insofar as cyto-
compatibility and deep-tissue penetration are concerned. Efforts
have recently been shifted to develop red- or far-red-light-
dependent optogenetic tools, such as those based on plant or
bacterial phytochromes, PhyB/PIF and BphS, for biological reg-
ulation and biomaterial design14–17. However, the bulky size of
PhyB (~99 kDa) and the complexity of BphS, the latter involving
a cascade of c-di-GMP-mediated signaling events, have prevented
their wider use inside living cells. It is therefore desirable to
further enlarge the arsenal of optogenetic tools, especially the
long-wavelength-light-dependent ones, by tapping into some
different photochemistry.

Water-soluble chlorophyll proteins (WSCPs) from plants in
the Brassicaceae family have been known as a group of cyto-
plasmic photosensitizers capable of generating singlet oxygen on
light exposure, while their true physiological roles remain
mysterious18. A typical apoWSCP is monomeric and tetramerizes
upon binding to chlorophyll (Fig. 1). More importantly, unlike
most chlorophyll proteins that are membrane-bound, the WSCPs
are cytoplasmic and highly soluble in water. These photo-
sensitizers can absorb red light and convert ground-state oxygen
(3O2) into singlet oxygen (1O2)18. As reactive oxygen species
(ROSs) are involved in various biological processes, ranging from
nerve degeneration and aging to innate immunity, we envisioned
that this red-light-induced singlet oxygen generation by WSCPs

might provide an alternative approach for controlling biochem-
ical events at the cellular or subcellular level, whether natural or
synthetic.

In this study, we created an optically controllable MLO system
via the LLPS of a recombinant protein comprising a tyrosine-rich
mussel foot protein 3 (Mfp-3) domain flanked by two highly
positively charged arginine-glycine-glycine repeat (RGG)
domains. The resulting protein condensates can be readily
decorated by bioactive molecules such as WSCP via hydrophobic
effect and fluorescent proteins or caspase-3─a key player in
apoptosis—via His6-tag/metal coordination. The ensuing red-
light-induced generation of singlet oxygen by WSCP facilitated
oxidative crosslinking within the protein condensates, triggered
their liquid-to-solid phase transition, and ultimately shut down
the biochemical activities within. Moreover, these protein con-
densates, with marked membrane localization, retained the
photo-induced phase transition behavior inside living cells. This
study illustrates a powerful strategy for controlling biochemical
events, and even emulating aging processes, at the subcellular or
even molecular level.

Results
Design of protein construct capable of LLPS. We designed the
gene encoding a multi-domain recombinant protein, RGG-Mfp-
3-RGG (RMR) (Fig. 2a). This protein could serve to construct
membraneless organelles for two chief reasons. Firstly, the
intrinsically disordered RGG domain, which is prevalent and
evolutionarily conserved among a variety of protein isoforms, is
noted for its concentration- and temperature-dependent phase
separation behavior19–21. Secondly, mussel foot proteins (Mfps)
from Mytilus edulis have been widely known for their central
roles in underwater adhesion, a phenomenon which is often
attributed to their unique amino acid compositions, i.e., the high
proportion of DOPA—a noncanonical amino acid derived from
oxidation of Tyr—and positively charged Lys and Arg, as well as
their robust phase separation behavior on a variety of
substrates;22–25 the Mfp-3 used in this study, when produced
heterologously by Escherichia coli, is abundant in Tyr, which is
prone to oxidation and thus provides a opportunity for
mechanical tuning via oxidative crosslinking (Supplementary
Fig. 1). It is therefore conceivable that the combination of the
redox-responsive Mfp-3 motif and the RGG motif, both char-
acterized by robust phase separation, could serve to create a
smart, dynamically tunable MLO system.

We produced the RMR protein using an E. coli expression
system and purified it with Ni-NTA chromatography. The
purified protein exhibited a reversible phase separation behavior
in a temperature-dependent manner in vitro, in line with the
previous finding that the RGG motif has an upper-critical
solution temperature (UCST);19 protein condensates emerged as
the temperature dropped from 52 to 23 °C and disappeared
rapidly as the temperature returned to 52 °C (Fig. 3b). Moreover,
these condensates readily coalesced into larger ones at 23 °C,
suggesting dynamic, liquid-like properties (Fig. 3d and Supple-
mentary Movie 1). The absorbance at 600 nm, a measurement of
turbidity, increased as the RMR concentration did, indicative of
concentration-driven phase separation (Fig. 2b, c).

Modulation of RMR condensates by WSCP. Rapid coalescing of
the RMR condensates suggests a high surface tension between
water and these droplets, likely resulting from the hydrophobicity
of the unstructured RMR (Fig. 3b). Decorating these condensates
with hydrophilic molecules might help reduce the surface tension
and stabilize them in aqueous solutions. The WSCP, a tetrameric
chlorophyll-binding globular protein originated from Lepidium
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Fig. 1 Schematic illustration of a red-light-controlled protein condensate enabled by water-soluble chlorophyll-binding protein (WSCP). The protein
condensate formed via LLPS of RGG-Mfp-3-RGG (RMR) is decorated with WSCP (PDB: 2DRE), a tetrameric protein that generates singlet oxygen (1O2)
under red light irradiation. Upon photooxidation, the protein condensate undergoes a liquid-to-solid phase transition, which restricts the diffusion of
substrates into the enzyme-laden protein condensate and turns off the catalysis within.
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Fig. 2 Concentration-dependent liquid-liquid phase separation of RMR. a Schematic showing the phase separation of RMR. b Concentration-dependent
phase separation of RMR at room temperature (23 °C). Scale bar: 5 μm. Images representative of n= 3. c Optical densities at 600 nm at different RMR
concentrations. The threshold RMR concentration for phase separation at 23 °C is 4 μM. Data are presented as mean ± SD (n= 3).
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virginicum, is highly soluble in aqueous solutions and possesses a
rather hydrophilic surface18,26,27. We successfully produced
recombinant WSCP in its chlorophyll-bound form using E. coli
expression and a single-step reconstitution, where the E. coli cells
were mixed with spinach juice—the source of chlorophyll─and
homogenized prior to the protein purification. The reconstituted
WSCP was purified from the cell lysates first by Ni-NTA chro-
matography, and then by size-exclusion chromatography (SEC)
to ensure its purity. The resulting protein solution was green and
exhibited strong absorbance at 400–500 nm and 650–700 nm,
characteristic of a chlorophyll-binding protein (Supplementary
Figs. 2 and 3).

To examine the influence of WSCP on the RMR condensates,
we added WSCP (5 µM) into the phase-separated RMR system,
followed by gentle pipetting to achieve thorough mixing. The
resulting condensates remained dynamic and thermally sensitive;
they disappeared at an elevated temperature (52 °C), similar to
those in the absence of WSCP (Fig. 3b). On the other hand, these
condensates turned out to be more uniform in size and more
stable than those in the absence of WSCP; they did not coalesce
with each other even in proximity, which is highly indicative of
reduced surface tension, presumably because of the decoration by
hydrophilic WSCP (Fig. 3d and Supplementary Movie 2). The
intrinsic fluorescence of WSCP, arising from the chlorophyll
cofactor, enabled us to confirm its interaction with the RMR
condensates via confocal microscopy28. We observed an obvious
enrichment of WSCP by the RMR condensates, likely due to
hydrophobic effect (Supplementary Fig. 4); WSCP was present
not only on the surfaces but also inside of the condensates.
Although quantitative analysis on the exact distribution of WSCP
within a given condensate remains challenging, because of the
small size of the condensate (<5 μm in diameter) and the limited
resolution of the confocal microscope, it is conceivable that the
WSCPs on the surfaces of these condensates are likely to be the
major contributors to their reduced surface tension and increased
stability.

As WSCP has been known to be able to generate singlet oxygen
under the irradiation of red light (620–660 nm)29–34, we
envisioned that the introduction of WSCP would enable not
only physical but also chemical modulation of the protein
condensates; light-induced generation of singlet oxygen by WSCP
would oxidize and crosslink the unstructured, Tyr- and Trp-rich
RMR polypeptides35,36. Indeed, after brief red-light irradiation
(5 mW/cm2) for ~1 min, some RMR/WSCP condensates gradu-
ally transformed in shape, from uniform, smooth-surface micro-
spheres to irregularly shaped, shrunken particles, highly
indicative of the occurrence of a liquid-to-solid phase transition
(Fig. 4b and Supplementary Movie 3). Within 30 min, almost all
the condensates deswelled and transitioned into solid-like
particles (Fig. 4c and Supplementary Fig. 5). The observed
deswelling reflected the contribution from interchain crosslinking
among protein polymers, which was further confirmed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of the RMR condensates (Supplementary Fig. 6)37. This
liquid-to-solid phase transition was accompanied with a 3-fold
increase in fluorescence intensity (λex ¼ 280nm; λem ¼ 400nm),
pointing to the possible formation of fluorescent moieties due to
oxidative crosslinking of the aromatic residues, while the nature
of these fluorophores has yet to be determined (Supplementary
Fig. 7)38.

To confirm that it is the WSCP-bound chlorophyll, rather than
free chlorophyll dissociating from the protein, that contributed to
the observed oxidative crosslinking, we performed SEC analysis
on the reconstituted WSCP. It turned out that the protein was
predominantly tetrameric, in agreement with the formation of the
chlorophyll/WSCP complex (Supplementary Fig. 8)18. In addi-
tion, this complex has previously been shown to be remarkably
stable toward dissociation and protein denaturation even at
100 °C and extreme pH values (pH 0–14)18. Together, these
results rule out the possibility that free chlorophyll could
dissociate from the WSCP complex under the ambient conditions
(i.e., room temperature, pH 7-8) used in this study, not to
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Fig. 3 Temperature-dependent liquid-liquid phase separation of RMR in the presence and absence of WSCP. a Schematic showing temperature-
dependent phase separation of RMR. b Representative images showing temperature-dependent phase separation of RMR in the presence and absence of
WSCP. Scale bars: 5 μm. Images representative of n= 3. c Schematic showing stabilization of RMR condensates by WSCP. Two RMR condensates are
coalescing into a bigger one in the absence of WSCP, while remaining separate upon decoration with WSCP. Confocal imaging analysis revealed the
presence of WSCP both on the surfaces and inside of the RMR condensates (Supplementary Fig. 4). The cartoons of WSCP inside the condensates are
omitted for clarity. d Representative images showing RMR condensates in the absence and presence of WSCP at 23 °C with the passage of time. Scale
bars: 1 μm.
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mention the generation of singlet oxygen by any unbound
cofactor.

Contrary to the liquid condensates before irradiation, which
dissipated rapidly upon heating, the solid particles after
irradiation became resistant to heat, which remained intact at
the elevated temperature (52 °C), as expected for covalently
crosslinked solid materials (Supplementary Fig. 9). The Mfp-3
domain proved to be essential for the light-induced phase
transition, as the irradiated condensates comprising RGG-CarHC-
RGG (RCR)/WSCP, with Mfp-3 replaced with the folded globular
CarHC

39, remained thermally sensitive (Supplementary Fig. 9).
Intriguingly, throughout the light-heat cycling experiments with
varied light irradiation, the induced liquid-to-solid phase
transition was characterized by stochasticity, despite relative
uniformity and simplicity of the RMR/WSCP condensates in size,
geometry, and physicochemical composition (Fig. 4d). When
weak light irradiation (1 mW/cm2) was used, only a minor
portion (~15%) of the condensates transitioned from liquid to
solid and remained after the first light-heat cycle (Fig. 4e, f and
Supplementary Fig. 10). In the ensuing cycles, cooling to 23 °C led
to the reemergence of liquid protein condensates, though
decreasing in number, which subsequently transitioned into solid
particles under continuous light irradiation in a stochastic
manner. After four cycles, all the condensates became heat-
resistant, suggesting a complete liquid-to-solid transition (Fig. 4e,
f and Supplementary Fig. 10). Light intensity affects the efficiency
of the liquid-to-solid phase transition, presumably via the rate of
generating singlet oxygen. Increasing the irradiation power from
1 to 10 mW/cm2 facilitated the transition from liquid condensates
into solid particles; under the enhanced irradiation, it took merely

two light-heat cycles to complete the phase transition (>90% solid
particles) (Fig. 4f and Supplementary Fig. 11). The light-induced,
singlet oxygen-mediated liquid-to-solid phase transition of the
RMR/WSCP condensates is reminiscent of the pathological
protein aggregation in vivo—the epitome of aging—in that the
latter is often preceded by a physiological LLPS and accompanied
with accumulating reactive oxygen species40. Some common
features, such as stochasticity, heterogeneity, and gradualism, are
also shared between material aging and biological aging, as both
require continuous or repetitive cues such as oxidative stress, over
a timespan largely decided by the intensity of the stress.

Spatial modulation of RMR/WSCP condensates via optical
tweezers. Previous studies have established optical tweezers as a
versatile tool for controlling biomacromolecules and LLPS with
high spatial precision41,42. This technology enabled us to selec-
tively trap two protein condensates in the presence of 5 μM
WSCP, designated as Trap 1 and Trap 2, respectively. Irradiating
the designated site of the chosen condensate (Trap 1) with an
additional triggering laser beam subsequently triggered the liquid-
to-solid phase transition in a controllable manner (Fig. 5c and
Supplementary Movie 4). The trapped condensate (Trap 1)
started to shrink—a sign of solidification—first at its irradiated
site within 7 s and then across the entire condensate, resulting in
an irregularly shaped solid particle within 15 s, while the other
condensate (Trap 2) without the additional laser irradiation
remained intact throughout the experiment. WSCP proved to be
crucial for this precisely controlled phase transition, as no soli-
dification was observed in the absence of WSCP even under

a c
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0 8 20 30 38 52Time (s)

Fig. 4 Red-light-dependent liquid-to-solid phase transition of RMR/WSCP condensates. a Schematic illustration of red-light-induced liquid-to-solid
phase transition process. b Appearance of an RMR/WSCP condensate at 23 °C under irradiation with the passage of time. Images representative of n > 10.
c Percentages of solid particles throughout red-light irradiation with the passage of time. Solid particles were differentiated from the spherical liquid
condensates based on their irregular shapes (Supplementary Fig. 3). Data are presented as mean ± SD (n= 3). d Schematic showing light-heat cycling
experiments that comprise iterative red-light irradiation at 23 °C (5 min, 1 mW/cm2) and ensuing incubation at 52 °C in the dark (5min). Images were
taken at time points as indicated by red and black arrows. e Number of solid particles observed per image. Data are presented as mean ± SD (n= 4).
f Percentage of heat-resistant solid particles observed after each light-heat cycle. Data are presented as mean ± SD (n= 4).
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prolonged irradiation (41 s) (Fig. 5d). Decreased concentration of
WSCP (1 μM) led to decelerated phase transition (Supplementary
Fig. 12 and Supplementary Movie 5). Together, these results
demonstrated the possibility of optically modulating these protein
condensates at the single-condensate level, with high spatio-
temporal precision.

Metal-mediated immobilization of protein cargos. MLOs,
formed via LLPS, often serve to compartmentalize biosynthetic
pathways comprising one or several enzymes, spontaneously or in
response to certain cues, for improved efficiency or selectivity. For
example, the phase condensation of the complexes of cyclic
GMP-AMP synthase and DNA, promoted by transition metal
ions such as Zn2+, Mn2+ or Co2+, boosts the production of the
secondary messenger cGAMP and activates innate immune
signaling43.

Prompted by this metal-induced phase condensation, we
envisioned the possible use of metal/polyhistidine-tag (or His6-
tag) coordination as a general strategy to compartmentalize
functional proteins into MLOs (Fig. 6a). The putative metal-
binding motif, His6-tag, has been widely used in recombinant
proteins for purification purposes. The coordination interactions
between His6-tag and transition metal ions such as Ni2+, Zn2+,
Cu2+ or Co2+ have also proven to be effective in assembling
recombinant proteins into macroscopic hydrogel materials and
mesoscopic or microscopic liquid condensates44,45. To examine
the feasibility of recruiting functional proteins into the RMR
condensates via the metal/His6-tag coordination, we mixed the

cargo molecules, GFP, with the RMR solution in the absence or
presence of Ni2+. It turned out that a pronounced amount of GFP
molecules were enriched within the RMR condensates in the
presence of Ni2+ (50 μM), as evidenced by the fluorescence
emitted, which is substantially stronger than (3.4 times) that of
the surrounding solution (Fig. 6b, c). This drew a contrast with
the systems free of Ni2+ and treated with excess of the chelator,
ethylenediaminetetraacetic acid (EDTA) (2 mM), where the GFP
molecules were largely excluded from the condensates, resulting
in a fluorescence intensity less than half (~40%) that of the
surrounding solution. Moreover, other transition metal ions such
as Zn2+ also facilitated the recruitment of His6-tagged GFP into
the RMR condensates (Supplementary Fig. 13). Among many
possible interactions, the metal/ligand coordination is likely to be
the chief one responsible for the interaction between the protein
cargos and the condensates, given the latter’s sensitivity to EDTA
and dependence on metal ions like Ni2+ and Zn2+. In light of the
prevalence of the His6-tag motif, alongside a good enrichment
efficiency (~8.5 fold), the metal/His6-tag coordination indeed
provided us with a generalizable and efficient way to compart-
mentalize functional recombinant proteins.

Photo-controlled catalysis within RMR condensates. In nature,
subcellular organelles are beneficial to biosynthesis not only in
efficiency; they also constitute a fundamental mechanism by
which cellular organisms achieve controllability and specificity
within complex systems46. To recapitulate the sophistication of
the naturally occurring bioreactors, it is desirable to have the
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Fig. 5 Modulation of RMR/WSCP condensates with high spatial precision by optical tweezers. a Schematic illustration of the use of a modified optical
tweezer system consisting of trapping and triggering laser beams to modulate the protein condensates at the single-condensate level. Trapping laser:
1064 nm; 80mW. Triggering laser: 532 nm; 2.5 mW. b Schematic illustration of the trapping of two protein condensates (Trap 1 and Trap 2) by optical
tweezers, followed by selective irradiation of the chosen condensate (Trap 1; left) via the triggering laser beam. A live camera image of two trapped
condensates is shown. Scale bar: 5 μm. c Liquid-to-solid phase transition of the chosen RMR/WSCP condensate (left) under the irradiation of the triggering
laser beam within 15 s. The concentration of WSCP is 5 μM. Scale bar: 5 μm. Images representative of n= 9. d The RMR condensate in the absence of
WSCP is inert to prolonged irradiation. Scale bar: 1 μm. Images representative of n= 2.
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ability to design micro- or nano-structures with controllable
reactivities.

The WSCP-dependent, light-induced liquid-to-solid phase
transition system might provide us with the opportunity to
design such controllable mini-reactors, in which chemical
reactions can be modulated via altering the phase state of the
reactors. To examine the feasibility of controlling catalysis via
inducible phase transition, we chose as the model system caspase-
3, a protease that hydrolyses its cognate peptide substrate, DEVD,
and plays a central role in apoptosis47,48. Its enzymatic activity
can be readily assessed with the fluorogenic substrate, Z-DEVD-
AFC, which generates a fluorescent compound, 7-amino-4-
trifluoromethylcoumarin (AFC), upon hydrolysis (Fig. 7b)47,49.

His6-tagged caspase-3 was immobilized onto the RMR/WSCP
condensates in the presence of Ni2+, followed by irradiation
under different light conditions. We subsequently assessed these
condensates using the standard fluorescence-based caspase-3
activity assay (Supplementary Fig. 14). It turned out that exposure
to red light (5 mW/cm2) for 2 h abolished the proteolytic activity
of these WSCP-laden condensates, while exerting little influence
over the condensates free of WSCP (Fig. 7c). For these WSCP-
laden condensates, the inactivation of caspase-3 was proportional
to light intensity and duration; lowered illumination intensity
(1 mW/cm2) or shortened exposure time (≤1.5 h) led to moderate
inhibition over the enzymatic reaction, pointing to the possibility
of fine-tuning these protein-based micro-reactors with light
(Fig. 7d).

We conjectured that the WSCP-dependent, photo-induced
liquid-to-solid phase transition, which rendered the protein
condensates impermeable and the caspase-3 within inaccessible
to the DEVD substrates, might constitute the underlying
mechanism for the decrease in proteolytic activity after light
irradiation. To verify this and rule out the possibility that singlet
oxygen may simply impair the caspase-3 activity by chemically

damaging the enzyme, we examined the influence of light
irradiation on free caspase-3 in the presence of WSCP. After 30-
min irradiation (5 mW/cm2), the activities of free caspase-3 were
barely affected, suggesting the negligible influence of photo-
oxidation on the free enzyme (Supplementary Fig. 15). Together,
these results demonstrated the use of the light-induced phase
transition to modulate substrate accessibility as a feasible strategy
for controlling the chemical reactivity of synthetic organelles.

RMR condensates in living cells. To assess the phase separation
behavior of RMR in living cells, we introduced into HEK293 and
Hela cells the gene encoding RMR-mCherry. The protein indeed
phase-separated in both cell lines (Fig. 8a, b and Supplementary
Fig. 16). The Mfp-3 domain was crucial for the observed phase
separation, as replacing it with GFP significantly diminished the
percentage of cells that possessed puncta, from (73.4 ± 10.0)% to
(2.9 ± 5.1)% (Fig. 8a, b).

RMR condensed not only in the cytoplasm but also, to a larger
extent, along the cell membrane (Fig. 8c). A collection of z slices
obtained using confocal microscopy, alongside the reconstituted
3D image, revealed the enrichment and uneven distribution of
RMR-mCherry along the cell membrane (Fig. 8c and Supple-
mentary Movie 6). One possible explanation is that the
coagulation of two oppositely charged polymers—the positively
charged Mfp-3 domains and the negatively charged membrane
lipids—facilitates the clustering and phase separation of RMR on
cell membranes. It is corroborated by the fact that the RGG-GFP-
RGG (RGR) protein exhibited significantly diminished abilities to
cluster on the cell membranes, confirming the importance of the
positively charged Mfp-3 domain for the observed protein/
membrane interactions50,51. In addition, according to the
fluorescence recovery after photobleaching (FRAP) assay, the
puncta comprising RMR-mCherry in the cytoplasm and on the

c

a

b d

His6-tagged GFP

Ni2+ 

His6-tagged RMR

+ Ni2+

+ Ni2+ - Ni2+ + Ni2+ + EDTA

Fig. 6 Decoration of RMR condensates with His6-tagged GFP via metal coordination. a Schematic illustration of Ni2+-induced recruitment of His6-
tagged GFP into RMR condensates. b Fluorescence micrographs showing GFP-deprived and GFP-laden RMR condensates in the absence and presence of
Ni2+ (50 μM), as well as those in the presence of Ni2+ (50 μM) and excess of EDTA (2mM). Scale bars: 10 μm. Images representative of n= 3. c Relative
distribution of GFP inside and outside RMR condensates. Enrichment efficiency was calculated using the equation, Enrichment ¼ GFPðinÞ=GFPðoutÞ. Data are
presented as mean ± SD (n= 10); two-side t-test, p-value: **** < 0.0001 [p= 2.75 × 10−8 (+ Ni2+ vs - Ni2+); p= 3.19 × 10−5 (+ Ni2+ vs.+Ni2++ EDTA)].
d Representative micrograph of a GFP-laden condensate and its normalized fluorescence intensity profile. Scale bar: 1 μm.
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Caspase-3 substrate

Liquid Solid
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Caspase-3-enriched
condensate

Caspase-3

D E V D
AFC

D E V D
AFC

His6-tagged
caspase-3

Fig. 7 Photo-controlled catalysis within RMR condensates. a Schematic illustration of the mechanism for controlling catalysis within the caspase-3-laden
condensate via red-light-induced phase transition. Substrates readily diffuse into a liquid condensate, but not into a solid particle. b Schematic illustration of
the fluorogenic caspase-3 substrate, Z-DEVD-AFC. AFC, 7-amino-4-trifluoromethylcoumarin, with λex ¼ 405nmand λem ¼ 500nm. c Influence of light and
WSCP on bound caspase-3. Light intensity: 5 mW/cm2; irradiation duration: 120min. Data are presented as mean ± SD (n= 3); two-side t-test, p-value:
**** < 0.0001 (p= 3.41 × 10−7 (Light+WSCP vs Light -WSCP)); p= 7.92 × 10−7 (Light+WSCP vs. Dark+WSCP). d Influence of irradiation duration and
intensity on catalysis. Data are presented as mean ± SD (n= 3).
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Fig. 8 Phase separation in living cells. a Fluorescent images of HEK293 cells transfected with the gene encoding RGG-Mfp-3-RGG-mCherry (RMR-
mCherry), mCherry, or RGG-GFP-RGG (RGR). Scale bars: 5 μm. b Percentage of HEK293 cells that exhibit LLPS. Data are presented as mean ± SD (n= 8);
two-side t-test, p-value: **** < 0.0001, p= 9.30 × 10−6 (RMR vs RGR); p= 8.89 × 10−6 (RMR vs mCherry). c 3D rendering and representative z-slice
images of HEK293 cells producing RMR-mCherry. Scale bars: 10 μm. FRAP assays of RMR condensates in the cytoplasm (d) and in the outer membrane of
HEK293 cells (e). The plots show the normalized fluorescence recovery after photobleaching. Scale bars: 10 μm. Data are presented as mean ± SD (n= 8 in
d and n= 16 in e).
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cell membrane recovered rapidly, pointing to their dynamic
liquid-like property (Fig. 8d, e). These dynamic puncta, with their
interaction with the cell membrane, are reminiscent of those
natural ones formed via 2D LLPS along the cell membrane, such
as semi-membrane-enclosed postsynaptic densities (PSDs) and
endocytic vesicles52–54.

Light-induced liquid-to-solid phase transition in living cells.
To accomplish light-induced phase transition in living cells, the
key is to deliver the photoreceptor, chlorophyll, into the cells.
Spinach homogenates, which were dissolved in dimethyl sulfoxide
(DMSO), were added into the cell cultures as the source of
chlorophyll. Because of its lipophilicity, chlorophyll turned out to
be able to cross the cell membranes and enter the cells efficiently,
as evidenced by fluorescence imaging (Fig. 9b and Supplementary
Fig. 17). The resulting cells were then transfected with the genes
encoding RMR-mCherry and WSCP-EGFP. After culturing for
14–16 h, we observed the formation of protein condensates using
fluorescence microscopy, during which these condensates were
irradiated with 405-nm laser for ~5 min (15 mW). These con-
densates in the living cells exhibited good co-localization with
chlorophyll, but not with WSCP-EGFP (Fig. 9b). The sizable
EGFP fused with WSCP significantly altered the overall physical
properties of this client molecule, which might account for the
discrepancy in relation to the in vitro studies, where a neat WSCP
construct was spontaneously recruited into the RMR condensates
(Supplementary Fig. 4). The FRAP assay was further used to
examine the dynamics of these irradiated condensates in the
living cells. Contrary to those in the absence of WSCP and
chlorophyll, of which the fluorescence quickly recovered to ~60%
of their original about 1 min after photobleaching (Fig. 8c, d), the
photobleached condensates in the presence of WSCP-EGFP and
chlorophyll, both cytoplasmic and membrane-associated, barely
recovered their fluorescence (<20%) after 1 min (Fig. 9c, d). The
poor recovery of fluorescence strongly suggests the solid nature of
these intracellular protein condensates. The realization of this

chlorophyll-dependent, light-induced liquid-to-solid protein
phase transition in living cells promises an alternative optical
approach for interrogating intracellular signalling.

Discussion
We have reported a red-light-induced liquid-to-solid phase
transition system that can be employed to control the chemical
reactivities of protein condensates and even to emulate their aging
under physiological conditions. The key to this system is the
decoration of the protein condensates with WSCP, a plant-
derived chlorophyll-binding protein that generates singlet oxygen
in response to red light. Incorporation of relatively hydrophilic
WSCP stabilized the protein condensates and prevented their
coalescence by reducing their surface tension in aqueous solu-
tions. Moreover, singlet oxygen generated by WSCP under light
irradiation triggered the phase transition of the protein con-
densates via oxidative crosslinking, a process that resembles the
pathological protein aggregation in vivo often associated with
aging and/or nerve degeneration. Unlike the natural process,
where biological aging often occurs with a time scale of days or
even years10, our system can “age” precisely and rapidly; the use
of optical tweezers enabled the spatiotemporal modulation of
these protein condensates at the single-condensate level, within a
timespan of a few minutes or even seconds, thus offering a
sophisticated platform to study the interplay between biological
aging and regulation.

As to the biofunctionalization of synthetic MLOs, we devel-
oped a strategy based on metal/His6-tag coordination for
immobilizing protein cargos onto the protein condensates. This
method circumvents the additional genetic manipulation needed
for recombinant protein as previously reported19,55. While a good
number of studies have focused on enzymatic assembly or con-
densation for improved efficiency, this study has been eyeing an
alternative mechanism for controlling catalysis within an MLO;
the light-induced liquid-to-solid phase transition restricts the

c Bleach

0 s 24 s 43 s 75 s 0 s 17 s 34 s 68 s

d Bleach

a b
RMR-mCherry ChlorophyllWSCP-EGFP Merge

Fig. 9 Light-induced liquid-to-solid phase transition in HEK293 cells. a Schematic illustration of light-induced phase transition in cells. b Fluorescent
images of the cells harbouring chlorophyll (λex, 405 nm; λem, 640 nm) while expressing RMR-mCherry and EGFP-WSCP. Scale bar: 10 μm. Images
representative of n= 5. FRAP assays of RMR condensates in the cytoplasm (c) and in the outer membrane of HEK293 cells (d). The plots show the
recovery of the fluorescence (normalized) after photobleaching. Scale bar: 10 μm. Data are presented as mean ± SD (n= 9 in c and n= 10 in d).
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diffusion of substrates into the enzyme-laden protein condensate,
thus shutting down the biochemical reactions within.

It is also noteworthy that the RMR protein exhibited a robust
2D phase separation behavior along the cell membrane in living
cells. The Mfp-3 domain, a putative water-resistant adhesive
motif, has proven to be essential for the observed 2D phase
separation. While the previous studies have mostly been focused
on the binding of Mfp-3 to nonbiologic substrates, such as mica,
iron sheet, polystyrene, or polymethylmethacrylate25,56,57, this
study suggests that Mfp-3, even in the absence of post-
translationally modified DOPA moieties, might well be adhesive
to biologic substrates such as the lipid bilayers of cell membranes.
Since 2D protein phase separation on cell membranes is not only
crucial for the formation of the semi-membrane-bound assem-
blies such as PSDs, but also for the interplay between those
membrane-closed and membraneless organelles, ranging from
cargo trafficking to junction connection, liposome delivery, and
endocytic vesicle formation, this RMR-based system, with its
engineerability, offers a opportunity for studying the roles of 2D
phase separation in various biological processes52,58–60.

Although several optogenetic tools have been adopted for con-
trolling intracellular LLPS in a blue-light-dependent manner, the
ability to induce liquid-to-solid phase transition in living cells via a
red-light-responsive photoreceptor has yet to be developed61,62.
The facile delivery of chlorophyll, a ubiquitous photoreceptor in
plants, into mammalian cells has been encouraging, which might
open up a new dimension for optogenetics, given the wide avail-
ability of chlorophyll and its broad responsiveness to blue
(400–500 nm) and red (650–700 nm) light. Besides, under light
irradiation, chlorophyll alone proved sufficient to trigger the phase
transition of RMR in the living cells (Supplementary Fig. 18),
suggesting that this small-molecule natural product might well act
as a tool for optical control in biological systems, independent
of WSCP.

Last but not least, despite their prevalence in nature and
established biochemical profiles, plant-derived WSCPs have yet to
be explored for biological applications. This study represents a
rare example of using WSCP to control a delicate biochemical
system. While the WSCP used in this study senses and responds
to both blue light (400–500 nm) (Supplementary Fig. 3 and 19)
and red light (650–700 nm) (Fig. 3), further red-shifted chlor-
ophyll derivatives (>700 nm) are not uncommon in nature,
holding the promise to extend optical control to the far-red light
region33. For example, the recently designated chlorophyll f
absorbs maximally at 706 nm, and bacteriochlorophyll b at
~800 nm63–65. The diversity of these chlorophyll cofactors,
alongside powerful protein engineering, can be tapped to develop
more red- or far-red-light-dependent optogenetic tools.

Methods
Gene construction. The mfp-3 gene was purchased as a gBlocks gene fragment
from Integrated DNA Technologies. The gene encoding RGG was amplified from
the construct pET-RGG purchased from Addgene (Plasmid #124929). The plasmid
pQE80l::His6-RGG-mfp-3-RGG was constructed by inserting the RGG and Mfp-3
genes into pQE80l::AAA66 using the restriction sites including NheI/SalI, SacI/SpeI,
and XhoI/KpnI. Escherichia coli strain DH5α was used for cloning and plasmid
amplification. The plasmid pCAGGS::RGG-mfp-3-RGG-mCherry was constructed
by GENEWIZ. All plasmids used in this study are summed up in Supplementary
Table 1.

Expression and purification of RMR. E. coli strain BL21(DE3) harboring
pQE80l::His6-RGG-mfp-3-RGG was grown in Luria broth (LB) containing 100 mg/
L ampicillin at 37 °C till the optical density at 600 nm (OD600) reached 0.6-0.8.
Protein expression was induced by adding 400 µM isopropyl β-D-1-
thiogalactopyranoside (IPTG) at 16 °C. After overnight, cell cultures were har-
vested by centrifugation and resuspended in the lysis buffer [500 mM NaCl, 20 mM
Tris, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), pH 7.5]. Resuspended cells
were disrupted by sonication, followed by centrifugation to collect the cell pellets
containing the inclusion bodies of the RMR protein. The cell pellets were then

washed with the lysis buffer supplemented with 1M urea. The resulting pellets
were then resuspended and incubated with the lysis buffer containing 8 M urea at
30 °C for 1 hour, followed by another centrifugation to separate the supernatants
from the insoluble fractions. The solubilized RMR protein was purified using Ni-
nitrilotriacetic acid (NTA) affinity chromatography. Briefly, the supernatants were
loaded into a Ni-NTA column, washed with five column volumes of the wash
buffer (500 mM NaCl, 20 mM Tris, 25 mM imidazole, 8 M urea, pH 7.5), and then
eluted using two-column volumes of the elution buffer (500 mM NaCl, 20 mM
Tris, 500 mM imidazole, 8 M urea, pH 7.5). Protein purity was assessed by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). After purifica-
tion, proteins were dialyzed against the storage buffer (500 mM NaCl, 20 mM Tris,
pH 7.5) at an elevated temperature, 52 °C, to avoid phase separation. After dialysis,
aliquots of the protein were flash-frozen with liquid nitrogen and stored in −80 °C.

Expression and purification of caspase-3. The caspase-3 enzyme, procaspase3, in
this study is an engineered version of caspase-3 with two mutations, D9A and
D28A. The plasmid, pET21b::procaspase-3 was obtained as a gift from Prof. A. Clay
Clark at North Carolina State University.

E. coli strain BL21(DE3) harboring pET21b::procaspase3 was grown in LB
supplemented with 100mg/L ampicillin at 37 °C till OD600 reached 0.6–0.8. Protein
expression was induced by addition of 200 µM IPTG at 30 °C for 4 h. Cells were
harvested by centrifugation and resuspended in the lysis buffer (300mM NaCl,
20 mM Tris, 0.1 mM PMSF, 1 mM 2-Mercaptoethanol, pH 7.5). The cells were
disrupted by sonication, followed by centrifugation to collect the supernatants. The
protein was then purified by a Ni-NTA column, the wash buffer (300 mM NaCl,
20 mM Tris, 25 mM imidazole, 1 mM 2-mercaptoethanol, pH 7.5), and the elution
buffer (300mM NaCl, 20mM Tris, 500mM imidazole, 1 mM 2-mercaptoethanol,
pH 7.5). The protein purity was assessed using SDS-PAGE. The purified caspase-3
was then dialyzed against the storage buffer (300mM NaCl, 20mM Tris, pH 7.5) at
4 °C overnight. After dialysis, glycerol [20% (v/v)] was added into the protein
solution which was then flash-frozen in liquid nitrogen and stored at −80 °C.

Cloning, expression, purification and reconstitution of WSCP. The gene
encoding WSCP was synthesized and cloned into pET22b and pEGFP-N1 by
GENEWIZ. E. coli strain BL21(DE3) harboring pET22b::WSCP was grown in LB
supplemented with 100 mg/L ampicillin at 37 °C till OD600 reached 0.6–1.2.
Protein expression was induced by addition of 500 µM IPTG at 37 °C for 4 h. Cell
pellets were harvested by centrifugation.

To incorporate chlorophyll into WSCP, spinach leaves were mixed with the
bacterial cell pellets and the lysis buffer (300mM NaCl, 20mM Tris, 0.1mM PMSF,
pH 7.5) at a mass ratio of about 8:1:8. The mixture was then homogenized in a
household blender, followed by sonication. The resulting homogenates were further
centrifuged to separate the supernatants from the insoluble fractions. The
reconstituted protein was purified from the supernatants using the standard Ni-NTA
chromatography, involving the wash buffer (300mM NaCl, 20mM Tris, 25 mM
imidazole, pH 7.5) and the elution buffer (300mM NaCl, 20mM Tris, 500mM
imidazole, pH 7.5). The protein might further be purified using size exclusion
chromatography (SEC). The protein purity was assessed using SDS-PAGE.

The purified protein was dialyzed against MilliQ water. After dialysis, it was
either used freshly or stored at −80 °C after flash-freezing in liquid nitrogen.

Phase separation and turbidity tests of RMR. Frozen protein aliquots were
thawed in a 52 °C water bath to ensure the solubility of the protein. The phase
separation was initiated by moving the protein samples out of the water bath to
room temperature (23 °C). Turbidity tests were performed by monitoring their
absorbance at 600 nm using a UV-Vis spectrophotometer (NanoDrop 2000c;
Thermo Fisher). Three independent experiments were performed to ensure
consistency.

Phase transition of RMR/WSCP. To the phase separated RMR solution was
added LvWSCP (5 µM). The liquid-to-solid phase transition process was triggered
by red LED light (630 nm). The light intensity was measured by a power meter
(PM100D-THORLABS) with a standard photodiode power sensor (S120VC-
THORLABS).

Light-heat cycling of RMR/WSCP condensates. In each light-heat cycle, protein
solutions containing the RMR/WSCP condensates was first irradiated with red light
at 23 °C for 5 min, subsequently incubated in 52 °C water bath in the dark for
5 min, and then moved back to 23 °C in the dark for 5 min prior to the next cycle.
Samples were taken from the solutions at the end of each step within the cycle for
imaging analyses. Protein condensates were counted manually from the
photographs taken.

Modulation of protein condensates by optical tweezers. The experimental
platform integrates a dual-beam optical tweezer system with an additional laser
source in an inverted microscope. The dual-trap optical tweezers and bright-field
imaging are the built-in features of the optical-tweezer microscopy system (m-trap,
LUMICKS). The 1064-nm laser (80 mW) was split into two via a polarizing beam

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30933-0

10 NATURE COMMUNICATIONS |         (2022) 13:3197 | https://doi.org/10.1038/s41467-022-30933-0 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


splitter and focused inside the sample cell by a 60× water immersion objective with
a 1.2 numerical aperture (N.A.) for dual-beam trapping. A 532-nm laser (MLL-III-
532, CNI) was introduced into the same microscope as the additional laser source
for triggering the liquid-to-solid phase transition. The triggering laser was aligned
with the trapping laser via the stereo double-layer-pathway of the optical tweezer
microscope with a 750-nm long-pass dichroic mirror to focus at the center of
sample chamber. Adjusted by ND filters in the beam path to generate 2.5-mW
input, the power density at the focus of the triggering laser was estimated to be
3.2 × 105W/cm2.

Protein immobilization onto RMR condensates. To the RMR solution at 52 °C
was added NiCl2 (50 μM) or ZnSO4 (50 μM) and His6-GFP (2.5 μM) or His6-
caspase-3 (2.5 μM). For the control experiment, EDTA (2 mM) was added into
RMR solution with NiCl2 and His6-GFP. The mixture was incubated at 52 °C for
1 h and then cooled down to 23 °C to initiate phase separation. The resulting
condensates were imaged using confocal microscopy.

Photo-controlled catalysis within RMR/WSCP condensates. To the caspase-3-
laden RMR condensates was added WSCP (5 µM). The mixtures were then exposed
to red light or kept in the dark as designated. The resulting condensates were
separated from the solvent via centrifugation (20,000 g; 10 min) and then resus-
pended in the reaction buffer (20 mM HEPES, 20 mM EDTA, 50 mM DTT, pH
7.5) supplemented with 10 mM fluorogenic Caspase-3 Substrate IV (Sigma-
Aldrich). The reactions were incubated in the dark for 2 h and then analyzed using
fluorometric assays.

The reaction solutions (100 μL) were transferred to a 96-well TC-treated plate
(Sangon Biotech) and measured by a Varioskan LUX multimode microplate reader
(Thermo Fisher) with the excitation and emission wavelengths at 400 and 505 nm,
respectively. At least three independent experiments have been performed to
ensure consistency.

Cell culture and transfection. HEK293 [American Type Culture Collection
(ATCC)] and Hela (ATCC) cells were cultured in DMEM (Sangon Biotech) sup-
plemented with 10% (v/v) FBS (Sangon Biotech) and 1% (v/v) penicillin-
streptomycin solution (Sangon Biotech) in a 5% CO2 atmosphere at 37 °C and
passaged every 3 days. At 70–80% confluence, cells were detached with 1 mL of
0.25% trypsin solution (Sangon Biotech) followed by addition of 5 mL of DMEM to
neutralize the trypsin. Around 20,000 cells were further cultured for 36 h before
transfection. Transfection was accomplished using the Lipofectamine 3000 reagent
(Thermo Fisher) mixed with 1 μg of the plasmid, pCAGGS::RGG-mfp-3-RGG-
mCherry or pcDNA::RGG-gfp-RGG, per dish, according to the manufacturer’s
transfection protocol. Transfected cells were further incubated under the standard
culturing condition for 12–16 h before imaging.

Delivery of chlorophyll into living cells. Spinach extracts were prepared following
a reported methodology67. Leaves from 500 g of fresh spinach were washed, boiled
for 1 min, and then dried with towel paper. Acetone (800 mL) was added to
immerse the spinach leaves. The mixture was stirred at room temperature in the
dark for 4 h. The resulting homogenate was then filtered, concentrated under
reduced pressure, and lyophilized to generate a black hygroscopic solid. It was
stored in −20 °C before use.

The spinach extract was dissolved in DMSO at a concentration of 10 mg/ml.
HEK293 cells with ~70% confluency were washed with PBS, followed by the
addition of the pre-warmed DMEM culture medium (37 °C) supplemented with
the spinach extract (0.25 mg/ml). The cells were cultured under the standard
culturing condition for 6 h. The cells were then washed with PBS twice to remove
the medium supplemented with the spinach extract, followed by the addition of
fresh DMEM for imaging or transfection.

Light-induced phase transition in HEK293 cells. HEK293 cells harbouring
chlorophyll and transfected with the genes encoding RMR-mCherry and WSCP-
EGFP were cultured for 14–16 h before imaging. The phase transition of the RMR
condensates in HEK293 cells were triggered by irradiation with a 405-nm laser
beam from the confocal microscope (Nikon C2) for 5 min, followed by the FRAP
assay to detect the dynamics of the RMR condensates in the cytoplasm and in the
outer membrane.

Fluorescence confocal microcopy and fluorescence recovery after photo-
bleaching. Cells were imaged using a confocal microscope (Nikon C2) with a 63X
oil-immersion objective and incubated with an incubator (Chamlide TC) during
imaging. For chlorophyll signal, imaging was conducted by the 405 nm laser. In the
FRAP assays, photobleaching was accomplished with a 561-nm laser. The fluor-
escence intensities arising from GFP and mCherry were quantified using the NIS-
Elements software.

Statistics and reproducibility. All data were derived from at least three independent
experiments unless indicated in the figure legends. Statistical analyses were performed

using unpaired, two-tailed Student’s t-test via GraphPad Prism 8. NIS-Elements AR
software was used for micrographs collection, and NIS-Elements AR software and
ImageJ 1.49 were used for image analysis.

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

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Materials. The crystal structure of WSCP shown in Fig. 1 is available
from the Protein Data Bank, with the PDB ID, 2DRE. Figure Source data are provided
with this paper.

Received: 12 January 2022; Accepted: 19 May 2022;

References
1. Feng, Z., Chen, X., Wu, X. & Zhang, M. Formation of biological condensates

via phase separation: Characteristics, analytical methods, and physiological
implications. J. Biol. Chem. 294, 14823–14835 (2019).

2. Lyon, A. S., Peeples, W. B. & Rosen, M. K. A framework for understanding the
functions of biomolecular condensates across scales. Nat. Rev. Mol. Cell Biol.
22, 215–235 (2021).

3. Correction for Jang. Processing bodies control the selective translation for
optimal development of Arabidopsis young seedlings. Proc. Natl Acad. Sci.
USA 116, 12575 (2019).

4. Wang, Q. et al. Cajal bodies are linked to genome conformation. Nat.
Commun. 7, 10966 (2016).

5. Zeng, M. et al. Phase transition in postsynaptic densities underlies formation
of synaptic complexes and synaptic plasticity. Cell 166, 1163–1175 e1112
(2016).

6. Zbinden, A., Perez-Berlanga, M., De Rossi, P. & Polymenidou, M. Phase
separation and neurodegenerative diseases: a disturbance in the force. Dev.
Cell 55, 45–68 (2020).

7. Patel, A. et al. A liquid-to-solid phase transition of the ALS protein FUS
accelerated by disease mutation. Cell 162, 1066–1077 (2015).

8. Jiang, S., Fagman, J. B., Chen, C., Alberti, S. & Liu, B. Protein phase separation
and its role in tumorigenesis. Elife 9, e60264 (2020).

9. Anand, B. G., Prajapati, K. P., Shekhawat, D. S. & Kar, K. Tyrosine-generated
nanostructures initiate amyloid cross-seeding in proteins leading to a lethal
aggregation trap. Biochemistry 57, 5202–5209 (2018).

10. Jawerth, L. et al. Protein condensates as aging Maxwell fluids. Science 370,
1317–1323 (2020).

11. Deisseroth, K. Optogenetics. Nat. Methods 8, 26–29 (2011).
12. Lyu, S. et al. Optically controlled reversible protein hydrogels based on

photoswitchable fluorescent protein Dronpa. Chem. Commun. (Camb.) 53,
13375–13378 (2017).

13. Krueger, D. et al. Principles and applications of optogenetics in developmental
biology. Development 146, dev175067 (2019).

14. Shao, J. et al. Synthetic far-red light-mediated CRISPR-dCas9 device for
inducing functional neuronal differentiation. Proc. Natl Acad. Sci. USA 115,
E6722–E6730 (2018).

15. Schneider, N. et al. Liquid-liquid phase separation of light-inducible
transcription factors increases transcription activation in mammalian cells and
mice. Sci. Adv. 7, eabd3568 (2021).

16. Horner, M. et al. Phytochrome-based extracellular matrix with reversibly
tunable mechanical properties. Adv. Mater. 31, e1806727 (2019).

17. Yu, Y. et al. Engineering a far-red light-activated split-Cas9 system for remote-
controlled genome editing of internal organs and tumors. Sci. Adv. 6,
eabb1777 (2020).

18. Palm, D. M. et al. Water-Soluble Chlorophyll Protein (WSCP) stably binds
two or four chlorophylls. Biochemistry 56, 1726–1736 (2017).

19. Schuster, B. S. et al. Controllable protein phase separation and modular
recruitment to form responsive membraneless organelles. Nat. Commun. 9,
2985 (2018).

20. Seydoux, G. The P Granules of C. elegans: A genetic model for the study of
RNA-protein condensates. J. Mol. Biol. 430, 4702–4710 (2018).

21. Thandapani, P., O’Connor, T. R., Bailey, T. L. & Richard, S. Defining the
RGG/RG motif. Mol. Cell 50, 613–623 (2013).

22. Stanković, I. M. et al. Interactions of aromatic residues in amyloids: a survey of
protein data bank crystallographic data. Cryst. Growth Des. 17, 6353–6362
(2017).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30933-0 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3197 | https://doi.org/10.1038/s41467-022-30933-0 | www.nature.com/naturecommunications 11

https://www.rcsb.org/structure/2DRE
www.nature.com/naturecommunications
www.nature.com/naturecommunications


23. Lee, J., Ju, M., Cho, O. H., Kim, Y. & Nam, K. T. Tyrosine-rich peptides as a
platform for assembly and material synthesis. Adv. Sci. (Weinh.) 6, 1801255
(2019).

24. Barber, S. C. & Shaw, P. J. Oxidative stress in ALS: key role in motor neuron
injury and therapeutic target. Free Radic. Biol. Med 48, 629–641 (2010).

25. Yang, B., Jin, S., Park, Y., Jung, Y. M. & Cha, H. J. Coacervation of interfacial
adhesive proteins for initial mussel adhesion to a wet surface. Small 14,
e1803377 (2018).

26. Bednarczyk, D., Takahashi, S., Satoh, H. & Noy, D. Assembly of water-soluble
chlorophyll-binding proteins with native hydrophobic chlorophylls in water-
in-oil emulsions. Biochim Biophys. Acta 1847, 307–313 (2015).

27. Bektas, I., Fellenberg, C. & Paulsen, H. Water-soluble chlorophyll protein
(WSCP) of Arabidopsis is expressed in the gynoecium and developing silique.
Planta 236, 251–259 (2012).

28. Maxwell, K. & Johnson, G. N. Chlorophyll fluorescence—a practical guide. J.
Exp. Bot. 51, 659–668 (2000).

29. Triantaphylides, C. & Havaux, M. Singlet oxygen in plants: production,
detoxification and signaling. Trends Plant Sci. 14, 219–228 (2009).

30. Faries, K. M. et al. Photophysical properties and electronic structure of
chlorin-imides: bridging the gap between chlorins and bacteriochlorins. J.
Phys. Chem. B 119, 7503–7515 (2015).

31. Cosma, P. et al. Phototoxicity and cytotoxicity of chlorophyll a/cyclodextrins
complexes on Jurkat cells. Bioelectrochemistry 74, 58–61 (2008).

32. Maleeva, Y. V., Neverov, K. V., Obukhov, Y. N. & Kritsky, M. S. Water soluble
chlorophyll-binding proteins of plants: structure, properties and functions.
Mol. Biol. 53, 876–888 (2019).

33. Palm, D. M. et al. Chlorophyll a/b binding-specificity in water-soluble
chlorophyll protein. Nat. Plants 4, 920–929 (2018).

34. Palm, D. M. et al. Stability of Water-Soluble Chlorophyll Protein (WSCP)
depends on phytyl conformation. ACS Omega 4, 7971–7979 (2019).

35. Sjoberg, B. et al. Protein reactivity with singlet oxygen: Influence of the solvent
exposure of the reactive amino acid residues. J. Photochem Photobio. B 159,
106–110 (2016).

36. Nakane, K. et al. Proximity histidine labeling by umpolung strategy using
singlet oxygen. J. Am. Chem. Soc. 143, 7726–7731 (2021).

37. Klotz, L.-O., Kröncke, K.-D. & Sies, H. Singlet oxygen-induced signaling
effects in mammalian cells. Photochem. Photobiol. Sci. 2, 88–94 (2003).

38. Liu, X. et al. Versatile engineered protein hydrogels enabling decoupled
mechanical and biochemical tuning for cell adhesion and neurite growth. ACS
Appl. Nano Mater. 1, 1579–1585 (2018).

39. Wang, R., Yang, Z., Luo, J., Hsing, I. M. & Sun, F. B12-dependent
photoresponsive protein hydrogels for controlled stem cell/protein release.
Proc. Natl Acad. Sci. USA 114, 5912–5917 (2017).

40. Sies, H. & Jones, D. P. Reactive oxygen species (ROS) as pleiotropic
physiological signalling agents. Nat. Rev. Mol. Cell Biol. 21, 363–383 (2020).

41. Dai, X. et al. Optical tweezers-controlled hotspot for sensitive and
reproducible surface-enhanced Raman spectroscopy characterization of native
protein structures. Nat. Commun. 12, 1292 (2021).

42. Walton, F. & Wynne, K. Using optical tweezing to control phase separation
and nucleation near a liquid–liquid critical point. Soft matter 15, 8279–8289
(2019).

43. Du, M. & Chen, Z. J. DNA-induced liquid phase condensation of cGAS
activates innate immune signaling. Science 361, 704–709 (2018).

44. Hong, K., Song, D. & Jung, Y. Behavior control of membrane-less protein
liquid condensates with metal ion-induced phase separation. Nat. Commun.
11, 5554 (2020).

45. Jiang, B. et al. Injectable, photoresponsive hydrogels for delivering
neuroprotective proteins enabled by metal-directed protein assembly. Sci. Adv.
6, eabc4824 (2020).

46. Kerfeld, C. A., Aussignargues, C., Zarzycki, J., Cai, F. & Sutter, M. Bacterial
microcompartments. Nat. Rev. Microbiol. 16, 277–290 (2018).

47. Poreba, M., Strozyk, A., Salvesen, G. S. & Drag, M. Caspase substrates and
inhibitors. Cold Spring Harb. Perspect. Biol. 5, a008680 (2013).

48. Pop, C. et al. Removal of the pro-domain does not affect the conformation of
the procaspase-3 dimer. Biochemistry 40, 14224–14235 (2001).

49. Timmer, J. C. & Salvesen, G. S. Caspase substrates. Cell Death Differ. 14,
66–72 (2007).

50. Ou, X. et al. Structure and sequence features of mussel adhesive protein lead to
its salt-tolerant adhesion ability. Sci. Adv. 6, eabb7620 (2020).

51. Mulgrew-Nesbitt, A. et al. The role of electrostatics in protein-membrane
interactions. Biochimica et. Biophysica Acta (BBA)-Mol. Cell Biol. Lipids 1761,
812–826 (2006).

52. Day, K. J. et al. Liquid-like protein interactions catalyse assembly of endocytic
vesicles. Nat. Cell Biol. 23, 366–376 (2021).

53. Zhang, H. et al. Liquid-liquid phase separation in biology: mechanisms,
physiological functions, and human diseases. Sci. China Life Sci. 63, 953–985
(2020).

54. Zeng, M. et al. Reconstituted postsynaptic density as a molecular platform
for understanding synapse formation and plasticity. Cell 174, 1172–1187.
(2018).

55. Wei, Q., He, S., Qu, J. & Xia, J. Synthetic multienzyme complexes assembled
on virus-like particles for cascade biosynthesis in cellulo. Bioconjug Chem. 31,
2413–2420 (2020).

56. Lu, Q. et al. Adhesion of mussel foot proteins to different substrate surfaces. J.
R. Soc. Interface 10, 20120759 (2013).

57. Kim, S. et al. Complexation and coacervation of like-charged
polyelectrolytes inspired by mussels. Proc. Natl Acad. Sci. USA 113,
E847–53 (2016).

58. Zhao, Y. G. & Zhang, H. Phase separation in membrane biology: the interplay
between membrane-bound organelles and membraneless condensates. Dev.
Cell 55, 30–44 (2020).

59. Beutel, O., Maraspini, R., Pombo-Garcia, K., Martin-Lemaitre, C. &
Honigmann, A. Phase separation of zonula occludens proteins drives
formation of tight junctions. Cell 179, 923–936 e911 (2019).

60. Stolz, A., Ernst, A. & Dikic, I. Cargo recognition and trafficking in selective
autophagy. Nat. Cell Biol. 16, 495–501 (2014).

61. Shin, Y. et al. Spatiotemporal control of intracellular phase transitions using
light-activated optodroplets. Cell 168, 159–171 e114 (2017).

62. Zhao, E. M. et al. Light-based control of metabolic flux through assembly of
synthetic organelles. Nat. Chem. Biol. 15, 589–597 (2019).

63. Li, Y., Scales, N., Blankenship, R. E., Willows, R. D. & Chen, M. Extinction
coefficient for red-shifted chlorophylls: chlorophyll d and chlorophyll f.
Biochim Biophys. Acta 1817, 1292–1298 (2012).

64. Canniffe, D. P. & Hunter, C. N. Engineered biosynthesis of
bacteriochlorophyll b in Rhodobacter sphaeroides. Biochim Biophys. Acta
1837, 1611–1616 (2014).

65. Chen, M. et al. A red-shifted chlorophyll. Science 329, 1318–1319 (2010).
66. Sun, F., Zhang, W.-B., Mahdavi, A., Arnold, F. H. & Tirrell, D. A. Synthesis of

bioactive protein hydrogels by genetically encoded SpyTag-SpyCatcher
chemistry. Proc. Natl Acad. Sci. 111, 11269–11274 (2014).

67. Hu, X., Tanaka, A. & Tanaka, R. Simple extraction methods that prevent the
artifactual conversion of chlorophyll to chlorophyllide during pigment
isolation from leaf samples. Plant Methods 9, 1–13 (2013).

Acknowledgements
The funding supports from the Ministry of Science and Technology to F.S.
(2020YFA0908100), from Natural Science Foundation of China Excellent Young Sci-
entists Fund to F.S. (22122707), from Guangdong Natural Science Foundation to F.S.
(2019A1515011691), from the Science, Technology, and Innovation Commission of
Shenzhen Municipality to F.S. (Shenzhen-Hong Kong-Macau S&T Program (Category C)
#SGDX2020110309460101, Key Research Program #JCYJ20200109141241950, and
Basic Research Program #JCYJ20190813094601656), from the Research Grants Council
of Hong Kong SAR Government to F.S. (General Research Fund #16103519 and
#16103421; Theme-based Research Scheme #T13-602/21-N), from the Hong Kong
Innovation and Technology Commission—Midstream Research Programme for Uni-
versities—Standalone Project (MRP/012/20), from the State Key Laboratory of Molecular
Neuroscience, HKUST, China, and in part from the Innovation and Technology Com-
mission (ITCPD/17-9) are acknowledged.

Author contributions
F.S. and M.L. conceived of the design. M.L. and B.P. designed and performed experi-
ments. J.H. and D.X. offered technical support on optical tweezers. Y.X. prepared
reconstituted WSCP. F.S and M.L analyzed data and wrote the manuscript. All authors
reviewed the final manuscript and provided inputs

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30933-0.

Correspondence and requests for materials should be addressed to Fei Sun.

Peer review information Nature Communications thanks Harald Paulsen, and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30933-0

12 NATURE COMMUNICATIONS |         (2022) 13:3197 | https://doi.org/10.1038/s41467-022-30933-0 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-022-30933-0
http://www.nature.com/reprints
www.nature.com/naturecommunications


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30933-0 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3197 | https://doi.org/10.1038/s41467-022-30933-0 | www.nature.com/naturecommunications 13

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Controlling synthetic membraneless organelles by a red-light-dependent singlet oxygen-generating protein
	Results
	Design of protein construct capable of LLPS
	Modulation of RMR condensates by WSCP
	Spatial modulation of RMR/WSCP condensates via optical tweezers
	Metal-mediated immobilization of protein cargos
	Photo-controlled catalysis within RMR condensates
	RMR condensates in living cells
	Light-induced liquid-to-solid phase transition in living cells

	Discussion
	Methods
	Gene construction
	Expression and purification of RMR
	Expression and purification of caspase-3
	Cloning, expression, purification and reconstitution of WSCP
	Phase separation and turbidity tests of RMR
	Phase transition of RMR/WSCP
	Light-heat cycling of RMR/WSCP condensates
	Modulation of protein condensates by optical tweezers
	Protein immobilization onto RMR condensates
	Photo-controlled catalysis within RMR/WSCP condensates
	Cell culture and transfection
	Delivery of chlorophyll into living cells
	Light-induced phase transition in HEK293 cells
	Fluorescence confocal microcopy and fluorescence recovery after photobleaching
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




