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ABSTRACT: Biomolecular condensates are dynamic subcellular
compartments that lack surrounding membranes and can spatiotem-
porally organize the cellular biochemistry of eukaryotic cells. However,
such dynamic organization has not been realized in prokaryotes that
naturally lack organelles, and strategies are urgently needed for
dynamic biomolecular compartmentalization. Here we develop a light-
switchable condensate system for on-demand dynamic organization of
functional cargoes in the model prokaryotic Escherichia coli cells. The
condensate system consists of two modularly designed and genetically
encoded fusions that contain a condensation-enabling scaffold and a
functional cargo fused to the blue light-responsive heterodimerization
pair, iLID and SspB, respectively. By appropriately controlling the
biogenesis of the protein fusions, the condensate system allows rapid recruitment and release of cargo proteins within seconds in
response to light, and this process is also reversible and repeatable. Finally, the system is demonstrated to dynamically control the
subcellular localization of a cell division inhibitor, SulA, which enables the reversible regulation of cell morphologies. Therefore, this
study provides a new strategy to dynamically control cellular processes by harnessing light-controlled condensates in prokaryotic
cells.
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■ INTRODUCTION
Biomolecular condensates are microscale subcellular compart-
ments that lack surrounding membranes but function to
concentrate proteins and/or nucleic acids in eukaryotic
cells.1−3 These condensates play important roles in regulation
of cellular processes, such as subcellular organization of
biochemical reactions, gene regulation, and stress response.4−7

Typically, the condensates comprise two types of components:
the “scaffolds” that drive the condensate assembly and the
biomolecular “clients” that selectively partition into the
condensates to endow biological functions.8 Inspired by this
organization principle of natural condensates, various scaffold
molecules, such as intrinsically disordered proteins,9 folded-
domain repeat proteins,10 or RNA,11 have been engineered to
construct synthetic condensates with on-demand functions in
eukaryotic cells.12 However, the creation of synthetic
condensates in prokaryotes has been underexplored, which is
partially attributed to the aggregation-prone characteristics of
scaffold proteins and the distinctly different cellular environ-
ments between prokaryotes and eukaryotes.

Unlike eukaryotic cells, prokaryotes are relatively small in
size (submicron to a few microns) and highly crowded within
intracellular environments, which make it more challenging to
assemble functional condensates.13 To tackle this problem, our
group has recently rewired intrinsically disordered structural

proteins for direct fusion with client enzymes for compart-
mentalized biosynthesis in the model prokaryotic bacterium
Escherichia coli.13,14 As direct fusions may reduce the activities
of cargo enzymes, peptide−peptide interaction pairs such as
RIDD−RIAD have attracted attention for the specific
recruitment of appropriately tagged enzymes into the
condensates for improved biosynthesis in E. coli.15,16 Intrigu-
ingly, polypeptide domains that bind specific DNA sequences
have also been utilized to recruit plasmid DNA into synthetic
condensates for transcriptional regulation in E. coli.17 Despite
these successes in metabolic and cellular engineering,
reversible and repeatable recruitment and release of clients
remain to be addressed for native-like dynamic regulation of
cellular functions,17,18 which is crucial for enhancing cell fitness
and robustness.

Light-controlled optogenetic tools are intriguing for dynamic
regulation19,20 due to their precise control over protein−
protein interactions in a spatiotemporal and reversible manner.
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As optogenetic molecules are relatively large in molecular
weights and prone to aggregation upon overexpression in
prokaryotic cells, fusion expression of optogenetic molecules
with scaffolding and client proteins often leads to the
formation of insoluble and inactive aggregates,9,18,21,22 which
adversely affects the functioning of the resulting condensates
and the realization of reversible and repeatable regulation. To

address this challenge, here, we propose a modular framework
for the organization of synthetic condensates by decoupling
condensate formation and client recruitment/release (Scheme
1). Briefly, two modularly designed and genetically encoded
fusions are constructed that contain a condensation-enabling
scaffold and a functional cargo, respectively, fused to a blue
light-responsive heterodimerization pair. Specifically, the

Scheme 1. Schematic Diagram of Light-Activated Synthetic Condensate (LASC) System for Reversible Client Recruitment and
Releasea

aThe blue light-responsive heterodimerization pair, iLID−SspB, is used for reversible light control. Synthetic condensates are formed via the
multivalent interactions of SspB-tagged scaffold protein. A client protein of interest fused with photoactivatable iLID is recruited to the condensates
upon blue light illumination and released back into the bulk cytoplasmic milieu by switching off the light. Notably, homodimerization of SspB
facilitates phase separation of the SspB-tagged scaffold protein, despite the fact that SspB alone is insufficient for driving phase separation into
condensates.

Figure 1. Modular design of scaffold and client proteins for synthetic condensate formation in cells. (a) The merged fluorescence and bright-field
microscopy images of E. coli cells expressing yellow fluorescent protein (YFP)-tagged scaffold. Subcellular localization of the YFP fluorescence
indicated formation of condensates at the cell poles for SspBI8-YFP and mtsSspBI8-YFP. Scale bars: 2.5 μm. (b) Illustration of genetic constructs
for coexpression of the scaffold and client proteins from two compatible plasmids, differing in replication origins (pBR322 or p15A origin),
antibiotic resistance genes (KmR or AmR), and promoters for transcriptional control (the IPTG-inducible T7 promoter or the constitutive PN25
promoter). (c) Confocal fluorescence images of the cells coexpressing client mCherry-iLID and scaffold SspBI8 or mtsSspBI8. Note that the
scaffolds formed condensates at the cell poles, and the fluorescence shows the subcellular distribution of the mCherry client without blue light
irradiation. Scale bars: 2.5 μm. (d) Quantification of the ratio of the mCherry fluorescence intensity of condensates to that of the bulk cytosol
(Icond/Icyto). Data are presented as the mean ± s.d. (n = 50 cells). Statistical significance was determined using an unpaired t-test for P values (***P
< 0.001). All the cells were grown in rich LB medium, induced with 25 μM IPTG for scaffold expression, and sampled at 6 h postinduction for
imaging. Data in (a), (c), and (d) are representative of n = 3 independent experiments.
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improved light inducible dimer (iLID) and its adaptor protein
(SspB) are chosen due to their multiple desirable traits such as
appropriate binding affinity, fast activation and reversion
kinetics, and tolerance to both N- and C-terminal fusions.20,23

To this end, we first made genetic constructs encoding a light-
activated synthetic condensate (LASC) system for dynamic
control of the sequestration/release of clients in E. coli cells.
Then we evaluated the kinetics of client recruitment and
release in response to blue light and found its fast, reversible
and repeatable responsive features. Finally, this LASC system
was demonstrated to dynamically regulate cell morphologies
by light-switchable organization of the key cell division
inhibitor SulA.

■ RESULTS AND DISCUSSION
This study was initiated with the design of suitable scaffold
proteins that dictate the formation of subcellular condensates.
We have recently revealed that a series of spider silk-like
proteins with varying numbers of consensus peptide sequences
were able to form liquid-like condensates in E. coli cells, and
their liquid−liquid phase separation behavior was dependent
on the silk protein molecular weights.13 Here we chose a low-
molecular-weight silk protein MaSpI8 as the scaffold for C-
terminal fusion to the adaptor protein SspB (Micro), which
naturally forms a strong homodimer,24 and the resulting fusion
protein was termed SspBI8. In another tripartite fusion
construct mtsSspBI8, the membrane-targeting sequence
(mts)25 derived from the E. coli MinD was fused to the N-
terminus of SspBI8, with an attempt to provide anchoring
nucleation sites that may potentially aid the formation of
phase-separated condensates. To visualize the expression and
localization of the above two scaffold proteins in recombinant
E. coli cells, the yellow fluorescent protein (YFP) was
additionally fused at the C-terminus of each construct (Figure

1a). Notably, fusion constructs were also made by similarly
labeling the adaptor protein SspB (Micro) and silk protein
MaSpI8 with YFP, leading to SspB-YFP and MaSpI8-YFP that
served as controls. Confocal imaging revealed that the
expression of SspBI8-YFP or mtsSspBI8-YFP as fluorescent
condensates spatially localized near the pole regions of the
E. coli cells grown in LB liquid medium, while the control
SspB-YFP was uniformly distributed through the cytosol and
MaSpI8-YFP could cause only weak phase separation. These
results indicate that the dimerization of SspB can enhance the
homotypic interactions of MaSpI8 protein chains, thus driving
phase separation and condensate formation. Besides, the
synthetic condensates emerged and matured with the induced
expression of the scaffold proteins in a time-dependent manner
(Figure S1). Interestingly, the condensates appeared as a
relatively small droplet-like assembly at the bacterial cell poles
(nucleoid excluded with high curvatures), which was hypo-
thetically attributed to the locally enhanced scaffold protein
concentration. It appeared that the abilities of the scaffold
proteins to form condensed phases varied, which may be
attributed to the differential strengths of homotypic molecular
interactions that drive protein condensation; yet the translation
rates and overall production levels of these scaffold proteins in
recombinant cells may also play roles in condensate formation.
To exclude the interference of YFP fusion in condensate
formation, we also characterized the SspBI8- or mtsSspBI8-
expressing cells by transmission electron microscopy (TEM).
Consistent with the observation from fluorescence microscopy,
the condensates were clearly observed at the cell poles (Figure
S2). In addition, we explored whether the medium richness
would affect condensate formation. To this end, we used a
minimal salt glucose medium to grow the cells and express the
scaffold proteins to examine their subcellular localization
(Figure S3). Notably, subcellular localization of these scaffolds

Figure 2. Kinetics of client recruitment and release from synthetic condensates. Representative time-lapse fluorescence microscopy images of the
E. coli cells co-expressing mtsSspBI8 and mCherry-iLID under 488 nm blue-light irradiation (a) or dark treatment (b). The mCherry fluorescence
indicates subcellular localization of mCherry-iLID within the cells. Images were taken every 1 min for quantification of the fluorescence intensities.
Scale bars: 2.5 μm. (c, d) Quantification of the ratio of the mCherry-iLID fluorescence intensity of condensates to that of the bulk cytosol (Icond/
Icyto) of cells from 4 fields of view in (a) and (b), respectively. The ratio data in (c) and (d) are presented as mean ± s.d. (n = 10 cells). The data in
parts a−d are representative of n = 3 independent experiments.
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was essentially the same as that observed for the cells grown in
the rich LB medium (Figure 1a), suggesting that the medium
richness may not affect condensate formation under the
experimental conditions in our study.

Next we chose the monomeric red fluorescent protein
(mCherry) as a model cargo and fused it to the N-terminus of
photoreceptor iLID. The resulting mCherry-iLID fusion was
then co-expressed with either the scaffold protein SspBI8 or
mtsSspBI8 in recombinant E. coli cells (Figure 1b). Notably,
the two scaffold proteins were appreciably expressed at
comparable levels (17−21% of total cellular proteins), whereas
the client mCherry-iLID was moderately expressed at 10−13%
of total cellular proteins (Figure S4). To investigate the
intracellular distribution of the mCherry-iLID protein without
light treatment, the two groups of recombinant cells were
cultured in darkness for 6 h and taken for confocal imaging. In
the cells with the expression of SspBI8, an obvious enrichment
of mCherry fluorescence was observed in the cell pole regions.
In contrast, the mCherry signal was evenly distributed
throughout the cells with expression of mtsSspBI8 (Figure
1c). By quantifying the ratio of mCherry fluorescence in the
pole region to the bulk cytosol, we observed a 1.5-fold higher
partition coefficient for the SspBI8-expressing cells than that of
the cells expressing mtsSspBI8 (Figure 1d). This implied
interactions between the mCherry-iLID and SspBI8 fusion
proteins were strong enough to cause nonspecific recruitment,
which is undesirable for the development of stringent and
dynamic regulation system. It should be noted that the issue of
such nonspecific interactions are rather challenging to tackle
both in vivo and in vitro reconstitutions.26,27 Surprisingly, the
daunting issue has been significantly alleviated by incorpo-
ration of mts into the SspBI8 scaffold, possibly due to that
membrane localization of the scaffold reduced the chances of
contact with the mCherry-iLID client and the nonspecific

heterotypic molecular interactions. Therefore, mtsSspBI8 was
used as the scaffold protein in the following studies.

Then we analyzed the E. coli cells co-expressing the scaffold
protein mtsSspBI8 and client mCherry-iLID by TEM. As
expected, clear formation of condensed phases was observed,
and the synthetic condensates were localized at the cell pole
regions with a condensate area of ∼0.7 μm2 (Figure S5). To
determine whether the client mCherry-iLID could be recruited
into the mtsSspBI8 condensates upon blue light illumination,
we illuminated the recombinant cells in situ with a 488 nm
laser light and monitored localization of the mCherry
fluorescence (Figure 2a). Prior to blue light exposure, the
red fluorescence was uniformly distributed throughout the cell.
Upon blue light illumination, the fluorescence was largely
translocated to the cell poles within a minute. Importantly,
such translocation of the client protein could be well
maintained with the presence of blue light irradiation for at
least 6 min. Furthermore, we examined whether the client
protein could be released from the synthetic condensates at the
cell poles. By switching off the blue light, we observed that the
previously recruited mCherry-iLID rapidly diffused into the
bulk cytosol within minutes (Figure 2b). By quantifying the
ratio of mCherry fluorescence in condensates and cytoplasm
with continuous blue light or dark conditions (Figure 2c,d),
half-times of the client recruitment and release were roughly
estimated to be 33.1 ± 11.2 and 22.3 ± 7.2 s, respectively. This
fast kinetics coincided well with the response time scale of the
binding and dissociation of the iLID system.20 Furthermore,
we verified that the mCherry-labeled iLID did not form
condensates (Figure S6a) or affect phase separation of the
scaffold protein MaSpI8-YFP in cells (Figure S6b). Taken
together, it is confirmed that the blue light-triggered
interaction of iLID to the formed condensates gave rise to
the cargo recruitment.

Figure 3. Reversible client recruitment and release in a repeatable manner. (a) Representative time-lapse images of the recombinant E. coli cells
under 3 cycles of 2 min of blue-light illumination and 3 min darkness. For comprehensive assay of the ground and recovery states, the cells were
monitored for additional 3 min before the cyclic tests and 2 min after the tests and imaged every 1 min for a total time of 20 min; for clarity, only
the images at the blue-light switching times are shown. Scale bars: 2.5 μm. (b) Ratio of the mCherry-iLID fluorescence intensity of condensates to
that of the bulk cytosol (Icond/Icyto) of cells from 3 fields of view in (a). Data are presented as mean ± s.d. (n = 10 cells), and the blue shadings
indicate 2 min pulses of the 488 nm blue light illumination. Data in parts a and b are representative of n = 3 independent experiments.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00017
JACS Au 2024, 4, 1480−1488

1483

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00017/suppl_file/au4c00017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00017/suppl_file/au4c00017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00017/suppl_file/au4c00017_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00017/suppl_file/au4c00017_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00017?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00017?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00017?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00017?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Then we studied whether the cells co-expressing mtsSspBI8
and mCherry-iLID can support reversible client recruitment
and release. To this end, we treated the cells with blue light
irradiation for 1 min, followed by 1 min darkness. As expected,
the cells demonstrated reversible client recruitment and release
in the 1 min light on/off cycle (Figure S7), whereas the control
cells lacking the photoreceptor iLID could not realize the light-
switchable organization (Figure S8). These results suggested
that the interaction between iLID and SspB is required for the
dynamic recruitment and release and that the formation of
mtsSspBI8 condensates did not interfere with the binding
capability of SspB to the iLID in response to blue light, which
enabled the rapid light-controlled recruitment and release of
the client. Furthermore, we explored whether the reversible
client recruitment and release could be achieved in multiple
blue-light on/off cycles. As shown in Figure 3, the light-
controlled client recruitment−release processes were repeated
for at least three times, and the client mCherry fluorescence
intensities were well retained during this time period without
obvious photobleaching. Collectively, the LASC system could
regulate the spatial organization of the client mCherry protein
to condense in a reversible and repeatable manner by switching
the blue light on and off.

Next, we investigated whether the LASC system could be
used as an efficient platform to dynamically control the
subcellular localization of functional proteins for cellular
behavior regulation. We selected SulA as a model client, an
endogenous protein of E. coli which interacts with the cell
division protein FtsZ to inhibit the formation of Z ring and
thus blocks the cell division to induce cell elongation.28,29 It is
deduced that the cell morphology can be manipulated by
regulating the intracellular localization of SulA with blue light
or in darkness (Figure 4a). Specifically, under blue light
illumination, SulA can be recruited into the condensates,
thereby preventing its binding to FtsZ and promoting the
formation of the Z ring, ultimately resulting in normal cell
division and the development of a rod-shaped morphology.
Conversely, in the absence of blue light stimulation, SulA
would remain in the cytoplasm, where it can freely interact
with FtsZ. This interaction disrupts the formation of the Z
ring, leading to abnormal cell division and elongation.

To test the above hypothesis, the recombinant cells co-
expressing mtsSspBI8 and SulA-iLID were cultured in LB
medium at 30 °C for 4 h either in the darkness or in the
presence of blue light. According to TEM imaging (Figure S9),
formation of multiple micron-sized condensates along the cell
long axis was clearly observed. Microscopic observations
showed that the cells maintained a rod-like shape when
incubated under continuous blue light, whereas a filamentous
morphology was observed for the cells under darkness (Figure
4b). Quantitative measurements of cell length showed a
significant increasing trend in the cells cultured in darkness
with 50% of the cells being >15 μm in length (Figure 4c). It
should be noted that the cells cultured for 4 h in blue light
were slightly longer than the cells before induction (Figure 4c).
This might be due to the fact that formation of the synthetic
condensates was time-dependent (Figure S1), and during the
early stage, the nascent SulA-iLID fusion protein dispersed in
the cytosol may have exerted an inhibitory effect on cell
division; however, we cannot exclude the possibility that
incomplete capture of SulA-iLID into the synthetic con-
densates might contribute to the partial inhibition of cell
division. When the recombinant cells co-expressing mtsSspBI8

and SulA-iLID were cultured in the LB medium at 37 °C, the
blue light irradiation also rescued the cell morphology, which
verified functioning of the LASC system irrespective of the cell
culture temperatures tested (Figure S10). To exclude the
possibility that the formation of condensates solely would
impact the cell morphology, the recombinant cells expressing
the mtsSspBI8 scaffold (without client SulA expression) were
similarly cultured and imaged. As these cells did not show
significant differences in the cell length under light on and off
conditions (Figure S11), neither the blue light nor the
mtsSspBI8 condensate formation would affect the normal
cell morphology. Furthermore, it was found that SspB binding
to SulA-iLID alone was insufficient to inhibit SulA function
(Figure S12), suggesting that the presence of the intact scaffold
mtsSspBI8 and the resulting condensates was necessary for the
blue light-triggered sequestration of SulA-iLID. Collectively,
the above results proved that light-triggered recruitment of
SulA into the condensates sequestered its inhibitory function
and rescued the normal cell division and rod-shape
morphology.

Lastly, we explored whether the light-switchable LASC
system could support the dynamic control of the cell
morphology in a reversible manner. To this end, the
recombinant cells, co-expressing mtsSspBI8 and SulA-iLID,

Figure 4. Light-triggered SulA recruitment and sequestration into
synthetic condensates rescued normal cell division and morphology.
(a) Illustration of the genetic constructs for cell morphology control
by regulating the subcellular localization of SulA-iLID by switching
blue light on and off. Under blue light, SulA-iLID was recruited to the
mtsSspBI8 condensates and prevented from interaction with FtsZ, so
that cells divided normally and formed rod shapes. Conversely, under
the light off condition, SulA-iLID was dispersed in the cell cytosol and
interacted with FtsZ to prevent Z-ring formation, so that cell division
was inhibited to form an elongated filamentous shape. (b)
Representative phase-contrast images of the E. coli cells co-expressing
mtsSspBI8 and SulA-iLID cultured in LB medium and 30 °C under
light on/off conditions for 4 h. Scale bars: 10 μm. (c) Quantification
of the cell length from 8 to 10 fields of view in (b) containing 100
cells. Shown are violin plots with dashed and dotted lines indicating
the median and interquartile values, respectively. Statistical signifi-
cance was determined using Kruskal−Wallis test for P values (***P <
0.001). Data in parts b and c are representative of n = 3 independent
experiments.
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were cultured with alternate light on−off−on−off cycles. In
principle, the recombinant cells were first cultured in the
presence of blue light for 4 h to recruit SulA-iLID into
condensates for normal cell division; next, the cells were
transferred to constant dark conditions in fresh medium for 2 h
to release SulA-iLID from the condensates into the cytosol for
blocking cell division; then the cells were illuminated with blue
light again to sequester SulA-iLID into the condensates; finally,
the cells were cultured in the darkness for the condensates to
release SulA-iLID for a second time (Figure 5a). The imaging

results showed that the cells were remarkably elongated from
the normal rod to the filamentous shape with a significant
increase in cell length as the blue light switched from ON to
OFF. And upon blue light illumination again, the cells became
shorter to the essentially normal length resulting from normal
division, and the cyclic alternation in cell morphology was
realized by the blue light switching ON and OFF for two cycles
(Figures 5b and 5d). In contrast, the control cells maintained
an elongated shape under the continuous light off condition
(Figures 5c and 5e). These results proved that it is possible to
dynamically regulate the cell division in a reversible manner by
light-induced recruitment and release of SulA from synthetic
condensates in E. coli. Therefore, the LASC system appeared to
be an ideal platform for cellular behavior control by
spatiotemporal organization of the responsible client proteins.

For the light-switchable condensation system developed in
the current study, its performance was evaluated on a 6-well
plate with a culture volume of 2 mL. It would be interesting to
explore in future studies the application of this optogenetic
condensation system in shake flasks and bioreactors at the liter
and larger scales. In addition, as the optogenetic condensation
system can be readily expanded to condense and release

alternative protein cargoes, such as metabolic pathway
enzymes, transcription, and signaling factors, our work
reinforces the perspective that the creation of designer
membraneless organelles promises to be a fruitful area of
future research.

■ CONCLUSION
In this work, we successfully designed and engineered a LASC
system in model prokaryotic cells. This light-switchable system
relies on the combination of iLID-SspB optical dimers and the
synthetic condensates formed by phase separation of a
disordered silk-like protein. The LASC system is capable of
recruiting clients into the synthetic condensates rapidly at the
submicron scale with high spatiotemporal precision in E. coli.
Meanwhile, the client recruitment and release processes are
also reversible and repeatable by switching the blue light on
and off. Furthermore, the utility of the LASC system has been
proof-of-demonstrated in dynamic cellular behavior control by
subcellular organization of the cell division inhibitor SulA.
Therefore, the presented LASC system helps to deepen the
understanding of formation and functionalization of synthetic
condensates in prokaryote cells, and due to its rapid, reversible,
and repeatable nature, it also opens up a new way for dynamic
control of cellular processes with great potential for
applications in chemical and synthetic biology.

■ METHODS

Plasmid Construction
All plasmids and oligonucleotide primers used are listed in Tables S1
and S2. E. coli DH5α was used for cloning and plasmid propagation.
The cells were grown in selective Luria−Bertani (LB) broth or LB
plates with 1.5 wt % agar. The selection antibiotics were added at the
following concentrations: 100 μg/mL ampicillin (Am), 30 μg/mL
chloramphenicol (Cm), and 50 μg/mL kanamycin (Km). The DNA
sequences encoding iLID and SspB (Micro)20 were synthesized by
Sangon Biotech (Shanghai, China) with codon optimized for
expression in E. coli and cloned into pUC57 and pACYCDuet-1,
termed pUC-iLID and pACYC-SspB(Micro), respectively. All DNA
fragments amplified by PCR were completely sequenced after cloning.

Plasmids for the expression of scaffold proteins were constructed as
follows. First, the DNA fragment encoding yellow fluorescent protein
(YFP) was amplified from plasmid pRset-YFP with primers FYFPSpe
and RYFPBam. The amplified fragment was digested with restriction
enzymes SpeI-HF and BamHI-HF and ligated with SpeI-BamHI-
digested pET28a4-MaSpI8 plasmid that was constructed previously,14

resulting in plasmid pET28a4-I8YFP. Besides, a flexible linker,
(GGS)4, was added between YFP and MaSpI8. This linker was also
used in the protein fusion described in the next part of this section.
Then, the DNA fragment encoding SspB was amplified from plasmid
pACYC-SspB(Micro) with the primers FSspBNde and RSspBNhe.
The amplified fragment was digested by NdeI and NheI-HF and
ligated with NdeI-NheI-digested pET28a4-MaSpI8 plasmid, resulting
in plasmid pET28a4-SspBI8. The restricted fragment of SspB was also
cloned into plasmid pET28a4-I8YFP to construct plasmid pET28a4-
SspBI8YFP. The DNA fragment encoding membrane targeting
sequence (mts) was obtained by annealing the oligonucleotides
FmtsNde and RmtsNco and directly ligated with the NcoI-NdeI-
digested pET28a4-SspBI8 to make plasmid pET28a4-mtsSspBI8. For
the expression of YFP-tagged mtsSspBI8, plasmid pET28a4-
mtsSspBI8 was digested with NcoI-HF and SpeI-HF, and the resulting
1.2-kb mtsSspBI8 fragment was inserted into pET28a4-I8YFP at the
same sites to make plasmid pET28a4-mtsSspBI8YFP. The mtsSspBI8
fragment, treated with NcoI-HF and BamHI-HF, was also ligated into
plasmid pACYCDuet-1 at the same sites to make plasmid pACYC-
mtsSspBI8. For the expression of YFP-tagged SspB, the DNA
fragment encoding YFP was amplified from pRset-YFP with the

Figure 5. Dynamic control of cell morphology by light-switchable
organization of cell division inhibitor SulA in synthetic condensates.
(a) Schematic illustration of the design rationale for regulating cell
shapes with light switching on/off repetitively during the cell culture.
(b, c) Representative phase-contrast images of the cells co-expressing
mtsSspBI8 and SulA-iLID cultured by light on−off−on−off cycles (b)
and light on−off−off−off cycles (c), which serve as a negative control
for comparison. Scale bars: 10 μm. (d, e) Quantification of the cell
length from 8 to 10 fields of view of the cells (n = 100) as shown in
(b) and (c). Shown are violin plots with dashed and dotted lines
indicating the median and interquartile values, respectively. Statistical
significance was determined using Kruskal−Wallis test for P values
(ns, not significant; ***P < 0.001). Data in parts b−e are
representative of n = 3 independent experiments.
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primers FYFPNhe and RYFPXho. The amplified fragment was
digested by NheI-HF and XhoI and cloned into plasmid pET28a4-
SspBI8 at the same sites to make plasmid pET28a4-SspBYFP. The
aforementioned pET28a4-derived plasmids allowed expression of the
respective scaffold proteins under the T7 promoter, which is inducible
by isopropyl-β-D-thiogalactoside (IPTG).

For constitutive expression of the client protein mCherry-iLID, we
first constructed an intermediate plasmid pACYC-mCherryiLID.
Primers FmChBam and RmChHind were used to amplify the
fragment encoding mCherry from plasmid pACYC-I16-rfp, which was
constructed as described previously.13 The iLID fragment was
amplified from plasmid pUC-iLID with the primers FiLIDHind and
RiLIDXho. The amplified fragment of mCherry was digested by
BamHI-HF and HindIII-HF and ligated with BamHI-HindIII digested
pACYCDuet-1 vector, resulting in pACYC-mCherry. The amplified
fragment of iLID was digested with HindIII-HF and XhoI, and the
restricted fragment of iLID was cloned into plasmid pACYC-mCherry
at the same sites to yield plasmid pACYC-mCherryiLID. Then, the
primers FmChiLKpn and RmChiLBamH were used to amplify the
fragment of mCherry-iLID. The amplified fragment was digested by
KpnI-HF and BamHI-HF and cloned into a laboratory stock plasmid
pZA16-mCherry at the same sites, resulting in plasmid pZA16-
mCherryiLID. To construct an empty expression vector, plasmid
pZA16 was made by deleting the mCherry gene fragment from
plasmid pZA16-mCherry, which was used as a template to perform an
inverse PCR with primers FZA16 and RZA16. The PCR product was
then self-ligated to generate pZA16.

For inducible expression of the SulA-iLID, the DNA fragment
encoding SulA was amplified from the genomic DNA of E. coli
MG1655 with primers FsulANhe and RsulAXho, and the DNA
fragment encoding iLID was amplified from plasmid pUC-iLID with
primers FiLIDXho and RiLIDKpn. Then, the amplified sulA fragment
was digested by NheI-HF and XhoI, and the iLID fragment was
digested with XhoI and KpnI-HF. These two restricted fragments were
mixed and ligated with the NheI-KpnI fragment of expression vector
pBAD-HisA (Invitrogen, Carlsbad, CA). The resulting plasmid
pBAD-SulAiLID allowed expression of the cargo protein SulA-iLID
under the arabinose-inducible araBAD promoter.

Bacterial Strains and Culture Condition
For confocal fluorescence imaging and light illumination studies,
recombinant cells of E. coli BL21(DE3) transformed with intended
plasmids were cultured overnight in 4 mL of LB with antibiotics at 37
°C and 220 rpm in a shaking incubator. Then, 200 μL overnight
cultures were diluted in 20 mL of LB medium with appropriate
antibiotics in a 250 mL flask and grown at 37 °C and 220 rpm. When
the cell optical density at 600 nm (OD600) reached 0.5−0.6, cells were
induced with 25 μM IPTG (unless otherwise specified) at 30 °C for
protein expression. Notably, for the light illumination experiment, the
cells were cultured with aluminum foil to avoid the daylight. Samples
were taken 6 h after induction for confocal microscopy and TEM
analyses. In another experimental setup, the recombinant E. coli cells
were grown in flasks with the minimal R/2 medium30 supplemented
with 4 g/L glucose. When the cell OD600 reached 0.5−0.6, the cells
were similarly treated with IPTG at 30 °C for 6 h and then sampled
for microscopic analysis.

For cell morphology assay, recombinant cells of E. coli BL21(DE3)
co-transformed with plasmids pACYC-mtsSspBI8 and pBAD-
SulAiLID were cultured in 250 mL flasks containing 20 mL of LB
medium at 37 °C and 220 rpm. When the cell OD600 reached 0.5−0.6,
cells were induced with 100 μM IPTG and 0.2% arabinose. Then, the
cultures were transferred into 6-well plates (2 mL in each well) and
grown at 30 °C and 150 rpm for 4 h under blue light and darkness,
respectively. To dynamic control the cell morphology, the
recombinant cells were induced with 100 μM IPTG and 0.2% (w/
v) arabinose at an OD600 of 0.5−0.6; then 2 mL cultures were
transferred into 6-well plates and grown at 30 °C and 150 rpm under
blue light for 4 h. Next, the culture medium was removed and
replaced with 2 mL of fresh selective LB medium without inducers,
and the cells were grown at 30 °C and 150 rpm under darkness

(wrapped with aluminum foil) for 2 h. Notably, 0.2% (w/v) glucose
was additionally supplemented into the cell cultures to prevent leaky
expression from the araBAD promoter. After 2 h of dark cultivation,
the cultures were re-exposed to blue light conditions for 5 h following
induction with 100 μM IPTG. Finally, the cell cultures were
transferred back to the darkness for an additional 2 h. Alternatively,
the cells were continuously cultured in the darkness (without the
exposure to the second blue light illumination) as a control. Samples
for the morphology observation were taken at the indicated time
points.
Microscopy Imaging and In Situ Blue Light Illumination
Assay
The confocal imaging and light illumination experiment of E. coli cells
was performed using the Leica TCS SP8 STED 3X microscope (Leica
Microsystems). Recombinant cells expressing fluorescent proteins
were collected by centrifugation at 1503g for 5 min at 23 °C. After
washing twice with PBS, 5 μL of cell samples suspended in PBS was
then placed on glass slides for confocal imaging. The specimens were
illuminated with a 514 nm laser for yellow fluorescent protein and a
561 nm laser for mCherry fluorescent protein.

For light illumination assay, recombinant cells co-expressing
mtsSspBI8 and mCherry-iLID were collected by centrifugation at
1503g for 5 min at 23 °C. Samples were resuspended and diluted in
PBS to an OD600 of ∼0.2 and transferred (1.5 μL) to 1.5% (w/v) low
melting agarose pads freshly prepared with phosphate buffered saline.
Blue light illumination was performed with a 488 nm laser line (Ar
laser; output power 65 mW, 50% acousto-optic tunable filter).

For cell morphology imaging, the cell cultures (∼5 μL) were placed
on glass slides for observation. Morphology images were performed
using a phase-contrast Nikon Eclipse Ti-2E inverted microscope
equipped with a Nikon Plan Apo 100× Oil Ph3 DM (NA 1.45)
objective lens and controlled by NIS-Elements AR 5.20.00 software.
Light Compartment Setup
For cell culture under light illumination, the 6-well plate was placed
onto a blue LED array panel (450−455 nm) with an adjustable
current source. The light intensity was turned to a range from 90 to
100 μmol m−2 s−1, measured using a LI-250A light meter equipped
with a LI-190SA quantum sensor (LI-COR Biosciences).
Transmission Electron Microscopy (TEM)
TEM imaging of the E. coli cells was conducted using a Tecnai G2
Spirit BioTWIN transmission electron microscope (FEI Company)
equipped with a Gatan 832 CCD camera (Gatan). The cells were
collected by centrifugation at 1503g for 5 min at 23 °C, and the
samples were washed three times with deionized water and then
resuspended in deionized water. Ten microliters of the cell suspension
was dropped onto a carbon-coated copper grid for 20 min at room
temperature. The excess liquid was blotted off with filter paper, and
the grid was then air-dried and examined under a transmission
electron microscope.
SDS-PAGE Analysis
Briefly, the collected cells were suspended in 10 mM Tris-HCl buffer
(pH 7.5) containing 2 mM EDTA, mixed with a 5× Laemmli sample
buffer, and then boiled. After centrifugation, the supernatant was
loaded onto 10% SDS-PAGE gels for electrophoresis. The gels were
stained with Coomassie Brilliant Blue R250 and scanned by using a
Microtek Bio-5000 Plus scanner (Microtek).
Image Analysis
The fluorescence intensity of the condensates to cytosol ratio was
quantified using ImageJ software. Briefly, the cell shapes were first
determined from bright field microscopy images, and the condensates
were inferred based on mCherry fluorescence distribution within the
cells. Then the confocal images were converted to 8-bit grayscale
images and background-subtracted. The mean fluorescence intensity
of condensate was determined by the average pixel intensity in the
condensate area (Icond) and the cytosolic region (Icyto). Then the
condensate-to-cytosol intensity ratio was calculated as the mean
fluorescence intensity of condensate divided by the mean fluorescence
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intensity of cytosol (Icond/Icyto). For fluorescence distribution analysis,
the fluorescence intensity profile along the medial axes of E. coli cell
bodies was performed by using the Leica LASX software.

To quantify the cell length, ImageJ software was used to measure
the distance of the cell bodies from one pole to the other. In the fields,
only visible cells were measured.
Statistical Analysis
GraphPad Prism 8 was used for statistical analysis, and all data with
statistics were derived from at least three biological replicates. To test
the significance, an unpaired t-test was used for comparison between
two groups, and a one-way ANOVA was used for comparison of more
than two groups. For analysis of the recruitment and release kinetics
of client mCherry-iLID, the curves were fit with one-phase
exponential association and one-phase exponential decay in GraphPad
Prism.
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