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Programming biological communication 
between distinct membraneless 
compartments
 

Bo-Tao Ji1,2, He-Tong Pan    1,2, Zhi-Gang Qian    1  & Xiao-Xia Xia    1 

Distinct membraneless organelles within cells collaborate closely to 
organize crucial functions. However, biosynthetic communicating 
membraneless organelles have yet to be created. Here we report a binary 
population of membraneless compartments capable of coexistence, 
biological communication and controllable feedback under cellular 
environmental conditions. The compartment consortia emerge from two 
orthogonally phase-separating proteins in a cell-free expression system. 
Their appearance can be programmed in time and order for on-demand 
delivery of molecules. In particular, the consortia can sense, process and 
deliver functional protein cargo in response to a protease message or a DNA 
message that encodes the protease. Such DNA-based molecular programs 
can be further harnessed by installing a feedback loop that controls the 
information flow at the messenger RNA level. These results contribute to 
understanding crosstalk among membraneless organelles and provide a 
design principle that can guide construction of functional compartment 
consortia.

Cells precisely regulate their biological functions through the organiza-
tion of cellular components into physically separated compartments. 
This spatial discontinuity underscores the vital importance of com-
munication between diverse compartments for cellular functions1,2. 
In addition to classical functional compartments surrounded by mem-
branes, membraneless organelles (MLOs) formed through liquid–liquid 
phase separation (LLPS), leveraging their highly dynamic nature, aid 
in the extensive functionality of metabolic processes and signaling 
pathways3–5. It has been suggested that crosstalk of shared protein 
components between MLOs is essential in cell-fate decisions6,7. How-
ever, our understanding of the vital importance of inter-MLO crosstalk 
is still limited.

Until now, it remains inherently challenging to recapitulate or 
reprogram the multiple populations of MLOs within cells8,9. Despite 
notable endeavors in chemical construction of multiphasic membrane-
less compartments using synthetic polymers10–13, DNA molecules14,15 

and amylose derivatives16, their inherent limitations may restrict the 
exploration of biological communication and collaboration, such as 
the DNA–mRNA–protein information flow to orchestrate complex 
biochemical reactions and regulatory networks. Therefore, new design 
principles are necessary to expand the toolset for constructing a con-
sortia of MLOs that can coexist and cooperate to perform biological 
tasks under cellular environmental conditions.

We envision that synthetic biology with cell-free systems is a useful 
in vitro tool for the construction of coexisting and cooperating MLOs. 
Because of the inherent biologically relevant feature, cell-free expres-
sion (CFE) systems mimic the cellular environmental conditions, retain 
all the biomolecular components necessary and sufficient to complete 
the DNA to functional protein transition and reduce interference from 
other cellular compartments or interactions typically present when 
working with whole cells17,18. It is also reasoned that using cell-free 
synthetic biology to construct multiple MLOs will help understand the 
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and prompted us to use it for compartment consortium construction 
in subsequent studies.

To construct a binary population of membraneless compartments, 
we sought to supplement the above popZ expression mixture with 
resilin-like protein R32 (Fig. 2a). We first studied whether the resilin-like 
protein could spontaneously form compartments in the fresh CFE 
mixture. Therefore, the histidine-tagged R32 (His–R32) protein was 
biosynthesized, purified (Supplementary Fig. 4) and conjugated with 
tetramethylrhodamine isothiocyanate (TRITC) for fluorescence imag-
ing. Interestingly, His–R32 spiked with its TRITC conjugate formed liq-
uid compartments at a threshold protein concentration of 0.6 mg ml−1 
(Supplementary Fig. 5) and this threshold could be significantly low-
ered with the addition of a small amount of Ni2+. This indicated that 
the Ni2+ ion facilitates condensation of the His–R32 protein, which is 
attributed to reinforced molecular interactions resulting from high 
affinity of the His-tag for the metal ion. Then, we monitored the mixture 
containing the spiked His–R32 protein and popZ template before and 
after CFE. As expected, the R32 compartments formed in the initial 
CFE mixture witnessed the emergence of another population of PopZ 
compartments (Fig. 2b and Extended Data Fig. 1). We found that the 
two compartment populations selectively enrich their respective 
constituents (Fig. 2c), suggesting desirable orthogonality in the pro-
tein condensation. The formation of such orthogonal compartments 
may be directed by the inherent competition between homotypic 
and heterotypic interactions of the constituent proteins8. Analysis of 
compartment dynamics by photobleaching revealed that the major-
ity of fluorescence (~92%) was recovered in single R32 compartments 
(Fig. 2d), reflecting their highly fluidic nature. However, slow and slight 
fluorescence recovery was observed for the PopZ compartments, 
indicating that the PopZ molecules may exist in a kinetically arrested 
state. We also found that the compartment consortia repelled DNA 
template of the CFE (Extended Data Fig. 2) and the gene transcription 
and translation machinery proteins (Extended Data Fig. 3). Notably, the 
compartment consortium formation was compatible with functioning 
of the CFE system to generate another model blue fluorescent protein 
mTagBFP2, which was evenly distributed in the system as expected 
(Fig. 2e). Moreover, formation of the compartment consortia could be 
confined to occur in lipid-enclosed protocells containing the CFE mix-
tures of interest (Extended Data Fig. 4). Overall, these results supported 
the autonomous formation of a binary population of membraneless 
compartments that are compositionally and dynamically distinct and 
compatible to functioning of the CFE system.

Small-molecule delivery between distinct compartments
The selective uptake of substances by membraneless compartments 
has a decisive role in the transmission of signaling molecules6 and will 
form an important basis for the intercompartment communication that 
we aim to achieve. Thus, we investigated whether our compartment 
consortia would selectively uptake certain small molecules. We sur-
mise that the PopZ compartments may enrich substances with positive 
charges because this protein’s central intrinsically disordered region 
is rich in negatively charged amino acids25 and the R32 compartments 
prefer substances with negative charges because of the presence of 
positively charged arginine and aromatic tyrosine residues in each 
repetitive unit26. To verify this hypothesis, we studied whether the two 
compartments could selectively enrich charged fluorescent molecules. 
As expected, the individual PopZ compartments enriched the posi-
tively charged rhodamine 6G (Rh 6G) and the moderately negatively 
charged sulforhodamine B (SRh B) but not the highly negatively charged 
pyranine; in contrast, the R32 compartments preferred pyranine and 
SRh B to Rh 6G (Extended Data Fig. 5). In addition, pyranine and SRh B 
did not affect the capability of the R32 protein to form compartments 
(Supplementary Fig. 6) and Rh 6 G did not affect the formation, size or 
liquid-like property of the evolving PopZ compartments (Supplemen-
tary Fig. 3). Moreover, fluorescence of these two dyes was insensitive 

cell’s ‘division of labor’ choice and provide new insights into how the 
resulting MLOs could stably coexist without merging and cooperate 
to perform tasks.

Here, we report the construction of a binary population of coex-
isting and biologically communicating membraneless compartments 
in a bacterial Escherichia coli cell lysate-based expression system. The 
compartment consortia were based on two intrinsically disordered pro-
teins: the pole-organizing protein Z (PopZ) that regulates asymmetric 
cell division by forming microdomains at the poles of the bacterium 
Caulobacter crescentus19,20 and a resilin-like protein R32 capable of 
forming membraneless compartments in recombinant E. coli cells21. 
Their autonomous formation and immiscibility are realized under the 
cellular environmental conditions without external addition of any 
macromolecular crowders. Intriguingly, the appearance of the distinct 
compartments can be programmed in time and order for on-demand 
crosstalk. Moreover, we demonstrate that the compartment consortia 
can sense, process and deliver functional protein cargo in response to 
protein or DNA messages and the DNA-based molecular program can 
be further harnessed by installing a feedback loop for controllable 
information flow.

Results
Design and construct distinct membraneless compartments
We were inspired by the cell’s ‘division of labor’ choice of multiple 
orthogonal MLOs and sought to recapitulate this feat in the biologically 
relevant CFE system. However, it is rather difficult to create immiscible 
and biologically communicating membraneless compartments because 
of the challenges in independently controlling homotypic and hetero-
typic interactions that direct the underlying components to form dis-
crete condensed phases8,22. As a minimalistic model, a binary population 
of such compartments should ideally meet the following criteria: (1) a 
pair of intrinsically disordered proteins interact with dominant homo-
typic interactions over heterotypic interactions; (2) the compartment 
consortia provide desirable permeability toward specific biomolecules; 
and (3) compartment consortium formation is programmable in time 
and order and essentially orthogonal to other entity functioning. To 
this end, we chose PopZ and R32 because of the absence of homologs 
in the model bacterial E. coli cell lysate23,24 and their tendency to form 
liquid-like condensates through different mechanisms. It has been sug-
gested that PopZ assembly into membraneless compartments is driven 
by its helical oligomerization domain25, whereas R32 condensation is 
directed by its unique repetitive amino acid composition21.

Initially we studied whether PopZ protein compartments could 
arise from de novo expression of the popZ gene in the E. coli cell 
extract-based CFE system (Fig. 1a). Confocal microscopy revealed 
the formation of spherical compartments upon incubation of the 
CFE system at 30 °C for 4 h, whereas such compartments were absent 
in expression of the GFP control (Fig. 1b). To visualize the PopZ con-
densates and evaluate the formation kinetics, we added spiked DNA 
templates, which encoded untagged and GFPmut3-tagged PopZ at a 
predetermined molar ratio of 13.3:1 (Supplementary Fig. 1) in the CFE 
mixture. Surprisingly, an extremely rapid formation of PopZ compart-
ments occurred within 15 min of CFE (Fig. 1c), reflecting robust protein 
accumulation to reach concentrations surpassing its condensation 
threshold. Here, the threshold concentration was estimated to be 
~0.25 μM (Supplementary Fig. 2), which was comparable to the values 
determined in reconstitutions25. We also observed an increase in the 
compartment size with an extended CFE time at the individual (white 
arrowheads in Fig. 1c) and population (Fig. 1d) levels. This trend may 
result from growth of the existing compartments into larger ones or 
fusion of neighboring compartments (Fig. 1e), which supported that 
the formed compartments were liquid-like. Moreover, the evolving 
micron-sized compartments can be readily dissolved upon dilution of 
the CFE mixtures (Supplementary Fig. 3). Together, these results dem-
onstrated the appreciable LLPS capability of PopZ in the CFE system 
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to condensation into the destination compartments in the CFE mix-
tures (Supplementary Fig. 7). Of particular interest, these preferences 
for charged fluorescent molecules were well retained when the two 
populations of compartments were coexisting (Extended Data Fig. 6). 
Further fluorescence recovery after photobleaching (FRAP) analysis 
revealed that the enriched fluorescent molecules were fairly mobile 
(Supplementary Fig. 8). This implied rapid exchange of the small mol-
ecules between the droplet-like compartments and the surrounding 
solution and inspired intercompartment delivery of these molecules.

Next, we designed two modes of small-molecule communication 
between the distinct compartments (Fig. 3a,b). In one scenario, we pro-
grammed the preformed PopZ compartments to send a small-molecule 
signal to the R32 compartments (Fig. 3a). The PopZ compartments were 
engineered to form and uptake SRh B in the CFE system first, followed 
by the emergence of the R32 compartments that grabbed SRh B from 
the surrounding solution and the PopZ compartments. This directional 
delivery of SRh B was spontaneous and driven by its repartitioning 
into the emerging R32 compartments. In particular, the ultimate SRh 
B fluorescence intensity in the PopZ compartments was reduced to the 
minimal level (Supplementary Fig. 9a), indicating almost complete 
delivery of the cargo to the destination (Fig. 3c). This observation 
may be explained by the greatly preferential partitioning of the small 
molecule within the compartment consortia in the pseudo-steady 
state (Extended Data Fig. 6b). In another scenario, we programmed 
the preformed R32 compartments to deliver another small molecule to 
the PopZ compartments (Fig. 3b). To this end, the R32 compartments 
were engineered to form and uptake Rh 6G and pyranine in the CFE 
system first, followed by the emergence of the PopZ compartments 
that selectively absorbed Rh 6G from the surrounding solution and 

the preceding R32 compartments (Supplementary Fig. 9b). Despite 
incomplete delivery, the Rh 6G signal in the donor compartments was 
decreased by ~33% and the cargo concentration in the destination com-
partments was 2.7-fold higher than that of the donor (Fig. 3d). Overall, 
these results suggested that the synthetic compartment consortia can 
be programmed for bidirectional delivery of small-molecule cargoes 
and inspire further efforts to explore metabolite transport between 
coordinating compartments within living cells.

Programmable protein signaling between distinct 
compartments
Cells require highly specific and dynamic responses to process signals 
from the external environment and the information flow by signal-
ing proteins through compartments in both space and time has a key 
role27,28. Given that protein–protein interactions are essential for their 
localization to specific subcellular organelles27,28, we surmise that pro-
tein cargos could also be delivered from one compartment to another 
by altering the protein’s affinity to them. To the best of our knowledge, 
such directional biomolecular communication has yet to be achieved in 
DNA-encoded biosynthetic systems. Therefore, we sought to achieve 
spatiotemporal communication of protein signal between distinct com-
partments in CFE systems. To this end, we selected a positively charged 
variant of GFP (GFP15+)29,30 as the cargo for delivery to the PopZ compart-
ments. We installed a targeting sequence (His-tag), flexible linker and 
a cleavage site of tobacco etch virus protease (TEVp) at the N terminus 
of GFP15+ (Fig. 4a). The resulting cargo precursor could be initially local-
ized into the R32 compartments through His-tag-assisted heterotypic 
interactions and removal of the targeting sequence by TEVp would 
reduce affinity and allow the cargo to escape the R32 compartments for 
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Fig. 1 | Formation of micron-sized PopZ compartments with liquid-like 
properties in CFE system. a, Schematics of de novo compartment formation 
through cell-free popZ gene expression. Created using BioRender.com.  
b, Confocal microscopy transmitted light images of the formed compartments 
(indicated by white arrowhead) in CFE of PopZ but not the GFP control. Both 
CFE reactions were incubated at 30 °C for 4 h. Scale bars, 5 μm. c–e, Time-lapse 
fluorescence imaging. For visualization of the CFE mixture, the popZ gene was 

spiked with its gfpmut3 fusion at a molar ratio of 13.3:1. c, Monitoring of the 
evolving compartments under confocal microscope. Scale bars, 10 μm. d, Violin 
plots of the compartment size, with dashed and dotted lines indicating the 
median and interquartile values, respectively (n = 20). Statistical significance was 
determined using a one-way ANOVA (*P = 0.0248, **P = 0.0075 and ***P < 0.0001). 
e, Images showing fusion of two individual compartments. Scale bars, 1 μm. Data 
in b–e are representative of n = 2 independent experiments.
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entering into the destination PopZ compartments. To test the design, 
we first verified that the targeting sequence of the precursor cargo was 
crucial for its localization into the R32 compartments (Extended Data 
Fig. 7a). In addition, the GFP15+ cargo was favorably localized into the 
PopZ compartments, regardless of the presence of the initial targeting 
sequence (Extended Data Fig. 7b,c).

Next, we designed two modes of programmable protein cargo 
delivery between the distinct R32 and PopZ compartments. In the first 
scenario, the two compartments were engineered to form and then 
directed to execute the delivery task in response to an external TEVp 
signal (Fig. 4b). Intriguingly, the cargo precursor mostly accumulated 
in the ‘sender’ R32 compartments initially and the His-tagged protease 
signal triggered processing of the precursor into the ultimate cargo 
for release into the surrounding solution and delivery to the ‘receiver’ 
PopZ compartments. The kinetics of the intercompartment protein 
delivery was rather fast, which occurred within minutes (Extended Data 
Fig. 8) and appeared to be governed by the enzyme kinetics within the 
sender compartments involving cleavage of the targeting sequence 
by TEVp. In the second scenario, the preformed senders were allowed 
to process the enriched cargo precursor and deliver the cargo to the 
merging receivers. Again, directional delivery of the GFP15+ cargo could 
be realized, indicating that processing of the cargo precursor in the 
pre-existing compartments was compatible with de novo formation 
of the receivers and their cargo adsorption (Fig. 4c). Quantitative 
analysis revealed that similar outcomes of intercompartment com-
munication were achieved in the above two scenarios (Fig. 4d). These 
results supported that the compartment consortia can coordinate their 
processing and protein delivery tasks in a triggered and spatiotemporal 
manner and mimic the natural protein signaling for information flow 
through cascaded compartments in cells.

Intercompartment protein communication with feedback 
loops
In addition to spatiotemporal signaling, modulating the production 
of protein signals at the translation level is a fundamental and widely 
used strategy to control signal transduction pathways. This inspired 
us to explore whether feedback loop could be installed for regulating 
intercompartment protein communication at the mRNA level. To cre-
ate a feedback loop in compartment consortia, we initially sought to 
assign the two populations of compartments as signal ‘controller’ and 
receiver. The controllers are functionalized with RNA-binding capability 
to sequester mRNA and reduce its translation into the client protein, 
thus attenuating the captured client in the receivers by establishing a 
negative feedback loop (Fig. 5a). Recent studies have shown that the 
RNA-binding domains (RBDs) are rich in RGG sequences and interact 
with the benzene rings in mRNA through cation–π interactions, thereby 
sequestering mRNA inside compartmentalized structures31–33. Thus, we 
made a PopZ fusion protein C-terminally tagged with RBD and found 
that its ability to form compartments was retained, whereas RBD alone 
did not phase-separate in the CFE system (Supplementary Fig. 10). As 
expected, the RBD-functionalized PopZ compartments attenuated 
expression of a model reporter protein (Supplementary Fig. 11) and 
cargo localization to the destination compartments (Extended Data 
Fig. 9). This indicates functioning of a negative feedback loop that 
‘puts the brakes’ on the material flow from DNA to the protein and to 
the physical destination. We also found that the effectiveness of such 
negative feedback loops was tunable by adjusting the RBD functionali-
zation degree of the controller PopZ compartments (Fig. 5b).

Lastly, we programmed intercompartment communication 
with negative feedback loops in response to DNA message triggers 
(Fig. 5c). The synthetic compartment consortium was composed of two 
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populations of compartments: one classified as a depot and processer 
and the other classified as a controller and receiver. First, biogenesis of 
the precursor cargo protein from its DNA was programmed to occur for 
prior localization into the depot R32 compartments in the CFE system 
(Fig. 5d). Two DNA inputs were then implemented; one input yielded 
His–TEVp to be targeted into the depot within which the precursor 
cargo was processed into the cargo GFP15+ for release and the other input 
yielded the PopZ–RBD protein to form compartments that captured the 
released cargo. In addition, the RBD-functionalized PopZ compartments 
could sequester the transcribed mRNA molecules and, thus, negatively 
control the information flow of the two DNA inputs. Fluorescence imag-
ing of the compartment consortia revealed tunable outcomes of the 
intercompartment cargo communication in time and space (Extended 
Data Fig. 10). As typically demonstrated at 4 h after communication 
(Fig. 5e–g), elevating the functionalization degree of the controller com-
partments led to a moderate increase in the remaining cargo precursor 
in the depot, which was attributed to incomplete enzymatic cleavage 
resulting from reduced biogenesis and recruitment of the TEVp. This 
attenuated formation of the cargo and its release into the surrounding 
solution contributed to the marked decrease in the cargo captured 
within the PopZ compartments (Fig. 5h). Together, these results proved 
that the intercompartment protein signaling could be programmed to 
be responsive to DNA-based messages in a tunable manner.

Discussion
Our study demonstrates programmable formation and biological 
communication between two distinct populations of membraneless 

compartments under cellular environmental conditions. The compart-
ment consortia are unique in that they are physically separated, com-
positionally and functionally independent yet smoothly coordinated to 
perform complex biological tasks. These features largely recapitulate 
the fascinating feats of living cells by structural organization of cellular 
and metabolic activities in diverse MLOs. Despite being constructed in 
cell-free extracts and lipid-enclosed protocells, the synthetic compart-
ment consortia may inspire endeavors to transplant them into living 
cells for modulation of metabolic and cellular behaviors34,35.

To better mimic the cellular environment for compartment con-
sortium formation and functioning, we made modifications to the 
classical CFE system. First, we removed the macromolecular crowding 
agent polyethylene glycol because this chemical polymer is not a natu-
rally occurring biological component and may potentially cause abnor-
mal increases in the recruitment of substances into compartments36,37. 
Second, we appropriately increased the glutamate salt concentration 
and added a small amount of the nickel ion (5 mM) in the CFE mixtures. 
In particular, the nickel ion had critical roles: expedition (Supplemen-
tary Fig. 5) and stabilization (Supplementary Fig. 12) of the formation 
of a compartment population derived from His–R32 and enrichment of 
both His–TEVp and cargo protein into the resultant R32 compartments 
such that spatiotemporal removal of the cargo targeting sequence 
occurs for subsequent intercompartment delivery. Moreover, the 
nickel ion can influence the size of the emerging PopZ compartment 
in the CFE systems (Supplementary Fig. 13). It is also worth noting that 
the compartment formation by phase separation is closely linked to the 
protein identities, their expression rates in cells and the surrounding 
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environment21,38–40. The inherent advantages of CFE system allow us 
to adjust key components in the reactions, such as DNA template con-
centrations affecting protein expression rates. Through these means, 
we allowed the CFE system to be highly compatible with compartment 
consortium formation, maintenance of their structural stability and 
dynamic properties and on-demand recruitment and release of small 
molecules and protein cargoes for localization into specific compart-
ments. The design principles established herein will be particularly 
helpful for the synthetic design and construction of coordinating 
compartment consortia with programmable on-demand functions 
and dynamics.

So far, communication between natural MLOs is underexplored7 
and our understanding of inter-MLO crosstalk and the underlying 

mechanisms remains limited6,41. For example, a rheostat-like mechanis-
tic paradigm is proposed for regulating live-or-die cell-fate decisions 
in macrophages under stress conditions, under which stress granules 
and the NLRP3 inflammasomes compete for the stress granule protein 
DDX3X to coordinate the activation of innate responses6. Increas-
ing evidence has suggested that MLOs often share macromolecular 
components that are likely to communicate with each other6,7,41,42 and 
protein signals have an important role for the inter-MLO communica-
tion in cells. This feature is well emulated in our artificial design and 
construction. We showed that cleavage of the targeting peptide from 
the precursor cargo could spatiotemporally occur to reduce its interac-
tion with the ‘depot’ compartment components for release and repar-
titioning into the receiver compartment and feedback loops could be 
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installed to tune the degrees of the protein crosstalk. This suggested a 
molecular mechanism through protease-triggered modulation of cargo 
affinities for different compartment components. Furthermore, the 
synthetic compartment consortia developed here expand the known 
communication capability to bidirectional delivery of small molecules, 
which raises questions on whether such a molecular mechanism may 
operate in intracellular MLO crosstalk and the tentative physiological 
or pathological outcomes.
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Methods
Bacterial strains and plasmids
E. coli strains DH5α and Top10 were routinely used as hosts for plas-
mid construction and propagation and E. coli BL21(DE3) was used for 
preparation of cell extract and small-scale preparation of recombi-
nant proteins. The plasmids and oligonucleotide primers used in this 
study are listed in Supplementary Tables 1 and 2, respectively. DNA 
sequences encoding the codon-optimized PopZ24, a mutant version 
of TEVp (Addgene, 193833), GFP15+ (ref. 30), RBD31 and mTagBFP2 (ref. 
43) were purchased as synthetic genes from Genewiz. The amino acid 
sequences of these proteins and polypeptide domains can be found 
in Supplementary Table 3.

For CFE of proteins, a series of expression plasmids based on 
vector pJL1 (a gift from Y. Lu) were constructed. To construct plasmid 
pJL1-popZ for PopZ expression, the codon-optimized popZ gene was 
amplified from plasmid pET28a-popZ (Supplementary Table 1) by PCR 
using primers FpopZNde and RpopZSal from Genewiz (Supplementary 
Table 2), restricted with enzymes NdeI and SalI-HF and inserted into 
vector pJL1 at the same sites. For expression of PopZ N-terminally fused 
to GFPmut3 (ref. 44), plasmid pJL1-popZGFP′ was made by amplifying 
the popZ–gfp′ fusion from plasmid pET28a4-popZGFP′ with primers 
FpopZgNde and RpopZgSal and then cloned into the NdeI and SalI sites 
of vector pJL1. To create plasmid pET28a4-popZGFP′, the popZ gene 
was first amplified from pET28a-popZ with PCR primers FpopZNde-1 
and RpopZSpe, restricted with enzymes NdeI and SpeI-HF and inserted 
into pET28a4-I16-GFP′ (ref. 21) at the same sites. For expression of PopZ 
C-terminally fused to GFPmut3, plasmid pJL1-GFP′popZ was made. The 
gfpmut3 fragment was amplified from plasmid pJL1-popZGFP′ with 
primers FgfpNde and RgfpSpe and the popZ gene was amplified from 
pET28a-popZ with primers FpopZSpe and RpopZSal-1. The resulting PCR 
products were restricted with enzyme pair NdeI/SpeI-HF and SpeI-HF/
SalI-HF, respectively, and then ligated with the 1.8-kb NdeI–SalI fragment 
of vector pJL1 to yield plasmid pJL1-GFP′popZ. For expression of GFP-
mut3 serving as a control, pJL1-GFP′ was constructed by Gibson assembly 
of the linearized vector (amplified from pJL1 with primers FpJL and RpJL) 
and the gfpmut3 fragment, which was amplified from pET28a4-GFP′ (ref. 
21) with primers Fgfp and Rgfp. For expression of decahistidine-tagged 
GFPmut3, plasmid pJL1-His–GFP′ was constructed by amplifying the 
gfpmut3 fragment from pJL1-popZGFP′ with primers FHisgNde and 
RHisgSal and cloned into the NdeI and SalI sites of vector pJL1.

For programmable protein delivery between compartments, a 
series of CFE plasmids were made. First, plasmid pJL1-His–TEVp was 
constructed for expression of decahistidine-tagged TEVp. The DNA 
fragment encoding TEVp was amplified from pACYCDuet-1-TEVp, 
which harbored the synthetic gene, with primers FHisTNde and 
RHisTSal, digested with NdeI and SalI-HF and inserted into vector 
pJL1 at the same sites to construct pJL1-His–TEVp. For expression of 
TEVp substrates containing the TEV recognition site (TEVs), plas-
mids pJL1-His6–TEVS–GFP15+ and pJL1-His–TEVS–GFP15+ were made, 
which encoded hexahistidine- and decahistidine-tagged TEVs–GFP+15 
fusions, respectively. To this end, plasmid pJL1-His6–TEVS–GFP15+ was 
first generated by Gibson assembly of the TEVs fragment (annealed 
with oligonucleotides FTEVs and RTEVs) and the vector backbone 
(amplified from pJL1-His6–GFP15+ with primers FpJLg and RpJLg). 
Then, the DNA fragment encoding TEVs–gfp15+ was amplified from 
plasmid pJL1-His6–TEVs–GFP15+ using primers Flinker and Rg15Sal-1. 
This PCR product was used as the template for the second round of 
PCR using primers FHislNde and Rg15Sal-1 to add the decahistidine 
tag and a linker sequence upstream of TEVs–GFP15+. The resulting 
DNA fragment was subsequently digested with NdeI and SalI-HF and 
ligated with the 1.8-kb NdeI–SalI fragment of vector pJL1 to make con-
struct pJL1-His–TEVs–GFP15+. For expression of control proteins not 
recognized by TEVp, plasmids pJL1-GFP15+ and pJL1-His–GFP15+ were 
constructed that encode untagged and decahistidine-tagged GFP15+, 
respectively. Briefly, the fragment encoding GFP15+ was amplified from 

the template plasmid pJL1-His6–GFP15+ (purchased from Genewiz) with 
primers Fg15 and Rg15Sal. This PCR product was used as the template 
for the second round of PCR with primers Fg15Nde and Rg15Sal. The 
resulting DNA was then restricted with NdeI and SalI-HF and cloned 
into vector pJL1 to make plasmid pJL1-GFP15+. In a similar manner, the 
plasmid pJL1-His–GFP15+ was made except that primers FHisg15Nde 
and RHisg15Sal were used.

For mRNA sequestration into protein compartments, plasmid 
pJL1′-popZRBD encoding PopZ–RBD fusion protein was constructed. 
In PopZ–RBD, functionalization with RNA-binding capability was 
achieved by genetically fusing one copy of RBD to PopZ at the C ter-
minus. To facilitate cloning, plasmid pJL1′ was derived from pJL1 by 
replacement of the SalI site on the vector backbone with BamHI site, 
using the KOD-Plus mutagenesis kit (SMK-101, TOYOBO) and primers 
FpJL′ and RpJL′. Then, the popZ and RBD fragments were liberated by 
NdeI/SpeI-HF digest of plasmid pJL1-popZGFP′ and SpeI-HF/BamHI-HF 
digest of plasmid pET28a4-R32RBD, respectively, and ligated with 
the 1.8-kb NdeI–BamHI fragment of vector pJL1′ to make plasmid 
pJL1′-popZRBD. In another setup, the mTagBFP2 gene was amplified 
from plasmid pJL1-mTagBFP2 with primers FbfpSpe and RbfpBam 
and cloned into the SpeI–BamHI site of pJL1′-popZRBD to replace the 
RBD fragment. The resulting plasmid pJL1′-popZmTagBFP2 encoded 
a fusion PopZ–mTagBFP2 protein.

Biosynthesis of recombinant protein and fluorescent labeling
For small-scale preparation of recombinant proteins, E. coli BL21(DE3) 
cells carrying the intended expression plasmid were used for biosynthe-
sis in shake flasks. Following purification, the protein concentrations 
were determined using the protein A280 method in combination with 
the protein’s molar extinction coefficient. The A280 absorbance values 
were acquired on a NANO DROP 2000 spectrophotometer (Thermo 
Fisher Scientific).

E. coli BL21(DE3) cells carrying plasmid pET19b-R32 (ref. 45) were 
used for the production of resilin-like protein R32 as described previ-
ously45. The harvested cells were suspended in 20 mM Tris-HCl buffer 
pH 8.0 containing 150 mM NaCl and 5 mM imidazole and then lysed 
using a high-pressure homogenizer. The target R32 protein was subse-
quently purified from the cell lysate using immobilized metal affinity 
chromatography (IMAC), extensively dialyzed against deionized water 
and lyophilized. Before fluorescent labeling, the lyophilized protein 
was dissolved in 20 mM HEPES–KOH buffer pH 8.2 to a concentration 
of 6 mg ml−1, with the addition of TRITC (T131567, Aladdin) to a final 
concentration of 35 μg ml−1. The mixture was then incubated at room 
temperature in the darkness for 2 h and the unconjugated TRITC in the 
mixture was removed using a desalting column (28918007, Cytiva). 
The resulting solution of the fluorescently labeled protein was concen-
trated to ~50 mg ml−1 using an Amicon Ultra-0.5 centrifugal device with 
a filter with a 10-kDa molecular weight cutoff (UFC5010BK, Millipore).

E. coli BL21(DE3) harboring plasmid pET28a4-GFP′ was used for 
small-scale preparation of the hexahistidine-tagged GFPmut3 by flask 
cultivation. The recombinant protein was then purified from the cell 
lysate using IMAC, dialyzed against 50 mM HEPES–KOH buffer pH 7.5 
and used as a fluorescent protein standard.

Preparation of cell extract
E. coli BL21(DE3) cells were grown in a 2-L baffled flask containing 1 L 
of 2× YTPG medium at 37 °C and 220 rpm in a shaking incubator. The 
2× YTPG medium contained 10 g L−1 yeast extract, 16 g L−1 tryptone, 
5 g L−1 NaCl, 7 g L−1 K2HPO4, 3 g L−1 KH2PO4 and 18 g L−1 glucose. When 
the cell optical density at 600 nm (OD600) reached 0.6–0.8, IPTG was 
added at a final concentration of 1 mM to induce the expression of 
chromosome-encoded T7 RNA polymerase. When the OD600 of the 
induced cells reached 3.0–4.0, the cells were harvested by centrifu-
gation. The cells were washed three times with prechilled S30 buffer 
(10 mM Tris, 14 mM magnesium glutamate and 60 mM potassium 

http://www.nature.com/naturechemicalbiology


Nature Chemical Biology

Article https://doi.org/10.1038/s41589-025-01840-4

glutamate; pH adjusted to 8.2 with acetic acid) containing 2 mM DTT. 
The cells were then resuspended in the fresh S30 buffer (1 ml per 1 g of 
fresh cells) and disrupted by a high-pressure homogenizer. Following 
the supplementation of additional 2 mM DTT, the cell lysates were 
centrifuged at 18,000g for 10 min at 4 °C to collect the supernatant, 
which was incubated at 37 °C and 220 rpm for 60 min to complete the 
runoff reaction. After centrifugation at 12,000g for 10 min at 4 °C, the 
supernatant was collected as the cell extract, which was fluorescently 
labeled or snap-frozen in liquid nitrogen and stored at −80 °C until use.

Fluorescent labeling of cell extract
The cellular extract was dialyzed at 4 °C overnight against 20 mM HEPES–
KOH buffer pH 7.5 using a dialysis tubing with 3.5-kDa molecular weight 
cutoff (20530ES03, Yeasen Biotechnology). Then, 5(6)-FAM (BD130603, 
Bidepharm) was added to a final concentration of 1 μM and the mixture 
was incubated on ice for 2 h to label the cellular proteins in the cell extract. 
The unconjugated 5(6)-FAM was then removed using a desalting column 
and the labeled cell extract was stored on ice for further use.

Construction of CFE system
Cell-free gene expression was performed at 30 °C in a volume of 15 μl 
in 1.5-ml Eppendorf tubes. The standard reaction mixture consisted 
of 57 mM HEPES–KOH pH 7.5, 1.2 mM adenosine triphosphate and 
0.85 mM each of guanosine triphosphate, uridine triphosphate and 
cytidine triphosphate, 34.0 μg ml−1 leucovorin; 170.0 μg ml−1 E. coli 
transfer RNA mixtures, 180 mM potassium glutamate, 10 mM ammo-
nium glutamate, 10 mM magnesium glutamate, 2 mM each of the 20 
canonical amino acids, 0.33 mM nicotinamide adenine dinucleotide, 
0.27 mM coenzyme A, 1.5 mM spermidine, 1 mM putrescine, 2.7 mM 
sodium oxalate, 33 mM phosphoenolpyruvate and 33% v/v of cell 
extract. For exploration of the distribution of cellular proteins in the 
reaction mixtures, 7% v/v of the fluorescently labeled cell extract was 
additionally added. DNA template was added at the indicated concen-
tration for triggering production of the protein of interest and no DNA 
reaction mixture was prepared and incubated as a control.

For monitoring of the CFE, the reaction mixtures were diluted 
twofold with 50 mM HEPES–KOH buffer pH 7.5 and transferred to a 
covered 384-well plate in a Spark multimode microplate reader (Tecan). 
Fluorescence intensities were then recorded and concentrations of the 
proteins synthesized in the cell-free reactions were calculated accord-
ing to a standard curve generated from the purified GFPmut3 protein 
using the software Origin 2017 (OriginLab Corporation).

Construction of compartment consortia
Typically, compartment consortia were prepared by adding the puri-
fied R32 protein to the CFE system at 10 mg ml−1, which spontaneously 
phase-separated into compartments. In addition, 5 mM NiCl2 was added 
for stabilization of the R32 protein compartments in the cell-free reac-
tions. The CFE mixtures containing the popZ-encoding templates 
were incubated at 30 °C to allow de novo biosynthesis of PopZ to form 
coexisting compartments. For probing the distinct populations of 
compartments, fluorescent small molecules SRh B, Rh 6G and pyranine 
were included in the CFE mixtures at specified concentrations in the 
range of 5–200 μM. The partition coefficient of each molecule was 
calculated by dividing the intensity of fluorescent signal in the droplet 
region discernable as protein compartments by the intensity of the bulk 
environment, using software Microsoft Excel 2021 (Microsoft Corpo-
ration). Notably, the reconstituted mixtures had salt concentrations 
mimicking the cytoplasmic physiological conditions of cells18, with pH 
homeostasis well maintained over extended time of CFE incubation 
(Supplementary Fig. 14).

Intercompartment delivery of protein cargo
DNA template encoding the cargo protein His–TEVs–GFP15+ was added 
at 4.77 nM to the CFE system, along with 10 mg ml−1 R32 and 5 mM 

NiCl2. The resulting mixture (15 μl), which contained the R32 protein 
compartments, was incubated at 30 °C for 2 h. Then, 2 μL each of the 
PopZ-encoding plasmid and recombinant His–TEVp (P2307, Beyotime 
Biotechnology) were added into the CFE mixture either simultane-
ously or in a sequential manner. Upon simultaneous addition of the 
plasmid template and protease, the reaction was conducted at 30 °C 
for 6 h. Alternatively, the reaction mixture was added with the popZ 
template to synthesize PopZ for 4 h and then the His–TEVp was mixed 
and incubated for additional 2 h.

Program protein cargo delivery between distinct 
compartments
For characterization of the RBD-functionalized PopZ compartments, 
DNA templates encoding the PopZ–RBD fusion and His–GFP were 
simultaneously added to the cell-free system at 10.55 and 4.90 nM, 
respectively. In addition, 10 mg ml−1 R32 and 5 mM NiCl2 were included 
in the reaction mixture for incubation at 30 °C for 4 h. A control reac-
tion mixture was also prepared by replacing the popZ–RBD template 
with the unfunctionalized popZ template. In another setup, the popZ 
gene and popZ–RBD fusion gene was added at a molar ratio of 1:1. The 
fluorescent intensities of His–GFP in the receiver R32 compartments 
were then determined for the above three reaction mixtures.

To construct a gene circuit for negative feedback regulation of 
cargo delivery, the DNA template encoding His–TEVs–GFP15+ (9.54 nM), 
purified R32 (10 mg ml−1) and NiCl2 (5 mM) were added to the cell-free 
system for incubation at 30 °C for 2 h. The controller compartments 
with varied RBD functionalization degrees emerged from CFE of the 
popZ gene (none), popZ–RBD fusion gene (highly) or their 1:1 mixture 
(moderate) at 8.79 nM. The DNA template encoding His–TEVp was 
added at 2.03 nM for additional incubation up to 4 h. The reaction 
mixtures were sampled periodically and imaged under the confocal 
microscope.

Confocal imaging
The confocal images were collected on a Leica TCS SP8 STED 3 micro-
scope (Leica Microsystems). The specimens were illuminated with a 
405-nm, 488-nm and 561-nm laser for blue, green and red fluorescence 
imaging and with a 633-nm laser for bright-field imaging. All images 
were acquired with the Leica LAS X software version 3.7.1.21655 (Leica 
Microsystems) and analyzed using ImageJ version 1.53e, a freely avail-
able image-processing program (https://imagej.net/ij/).

FRAP
FRAP was performed using the Leica TCS SP8 STED ×3 microscope 
with a 65-mW Ar laser exciting at 488 nm or a 20 mW diode-pumped 
solid-state laser exciting at 561 nm. Bleaching was performed at 100% 
laser power (488 nm) or 80% laser power (561 nm). Following bleaching, 
images were captured every second for 20–30 s to record fluorescence 
recovery. The intensities of the region of bleaching (ROB), background 
region (BG) and reference region (REF) were measured using the Leica 
LAS X software. Subsequently, the fluorescence intensities were 
background-corrected and normalized according to the protocol 
reported by Hong et al.46 (IROB − IBG)/(IREF − IBG) before photobleaching 
was set to 1 and (IROB − IBG)/(IREF − IBG) right after photobleaching was 
set to 0. Recovery curves were then generated by plotting (IROB − IBG)/
(IREF − IBG) against time.

Sealed slide chamber for continuous observation
The glass slides were soaked in 5% BSA overnight to hydrophobize their 
surfaces, rinsed with deionized water and then dried until use. After 
pasting the slide chamber (SLF0201, Bio-Rad) on one slide, the CFE mix-
ture was dropped in the center of the slide and then sealed by another 
glass slide. The prepared sealed slide chamber was subsequently placed 
in a heating device on the microscope stage to maintain a temperature 
of 30 °C. Confocal images were taken every 5 min.

http://www.nature.com/naturechemicalbiology
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Preparation of synthetic cells
For the preparation of synthetic cells, 18:1 (Δ9-cis) phosphatidylcho-
line (850375P, Avanti Polar Lipids) was mixed with mineral oil (M5904, 
Sigma-Aldrich) at a ratio of 0.1% w/v to prepare the oil phase by referring 
to the method of Kato et al.37. Then, 3 μl of the CFE reaction mixture 
was dropped into 40 μl of the oil phase. After gentle mixing, the turbid 
mixture (8 μl) was pipetted into the sealed slide chamber and loaded 
under the microscope at 30 °C to incubate the CFE reactions.

Statistics and reproducibility
Statistical analyses were performed using a Student’s t-test (unpaired 
two-tailed) for comparison between two groups and a one-way 
analysis of variance (ANOVA) for multiple comparisons. Informa-
tion regarding error bars and the number of biological replicates or 
samples is described in the corresponding figures. All experiments 
shown as independent experiments in the figure legends were bio-
logically independent experiments. Unless specified, data presented 
in images, plots and charts are representative of two independent 
experiments.

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

Data availability
All data that support the findings of this study are available within the 
paper and the Supplementary Information or from the corresponding 
authors. Source data are provided with this paper.
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Extended Data Fig. 1 | Formation of compartment consortia and their dynamic 
properties. a, Time-lapse imaging of exogenously added His-R32 and de novo 
expressed PopZ. The CFE mixture containing the same components as the 
experiment shown in Fig. 2b was incubated for the indicated times. Shown are 
the merged images from the GFP and TRITC channels, indicating the PopZ and 
His-R32 protein compartments, respectively. Scale bars, 10 μm. b, Fluorescence 
recovery after photobleaching (FRAP) of the PopZ (left) and His-R32 (right) 
compartments in the CFE system incubated at 30 °C for 20 min. Data are 
presented as mean ± s.d. of n = 4 compartments, and the insets show confocal 

images of bleaching on single compartments. c, FRAP of the PopZ (left) and 
His-R32 (right) compartments in the CFE system incubated at 30 °C for 240 min. 
Data are presented as mean ± s.d. of n = 3 compartments. Note that the data are 
derived from the same experiment shown in Fig. 2d. Scale bars in b and c, 2 μm. 
As de novo PopZ protein synthesis was rapid during the first 2 h of CFE incubation 
(Supplementary Fig. 2d), fluorescence recovery of the 20 min-compartments 
was monitored for a short time period of 30 s, whereas recovery of the 240 min-
compartments was monitored for an extended time of about 600 s.
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Extended Data Fig. 2 | The compartment consortia repel nucleic acids in the 
CFE system. a, Confocal images of propidium iodide (PI)-stained CFE mixtures 
with the addition of 10 mg mL−1 His-R32 (for R32 compartment formation), the 
popZ gene template spiked with its gfpmut3 fusion or in combinations. The 
HEPES buffer used for mixture preparation, and the mock CFE mixture were 
included as controls. The E. coli cell extract-derived nucleic acids and gene 
templates were readily stained with PI (13.3 μM), revealing their even distribution 
in solution. b, Confocal images of the two populations of compartments 

formed after 4 h incubation of the CFE mixture at 30 °C. The emerging PopZ 
compartments and the R32 compartments did not mix with each other, and 
the synthetic compartment consortia were separated from their surrounding 
nucleic acids. Scale bars, 10 μm. c, Partition coefficient of nucleic acids, which is 
determined as the ratio of fluorescence intensity inside the compartment and the 
outside bulk phase, and presented as mean ± s.d. of n = 15 compartments. Data in 
a-c are representative of n = 3 independent experiments.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 3 | The compartment consortia are not co-localized with 
the transcription and translation machinery proteins in the CFE system. a, 
Confocal images of the CFE mixture upon 4 h-incubation at 30 °C. Scale bars, 
10 μm. The initial CFE mixture contained 5 mM Ni2+, the popZ gene template 
spiked with mTagBFP2 fusion at a molar ratio of 13.3:1, His-R32 spiked with 

its TRITC conjugate at a molar ratio of 10:1, the cell extract (33% v/v) and its 
5(6)-FAM conjugate (7% v/v). b, Partition coefficients of the fluorescent protein 
components in the two populations of compartments, which are presented 
as mean ± s.d. of n = 5 compartments. Data in a-b are representative of n = 3 
independent experiments.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 4 | Construction of membraneless compartment consortia 
in protocells. a,b Confocal images of the two populations of compartments 
in the protocells that encapsulated the CFE mixtures without (a) and with (b) 
expression of the blue fluorescent protein mTagBFP2. The emulsion droplet-
based protocells were prepared by dissolving (Δ9-Cis) phosphatidylcholine 
in mineral oil to encapsulate the CFE mixtures, which contained the popZ 
gene spiked with its gfpmut3 fusion at a molar ratio of 13.3:1, His-R32 spiked 
with its TRITC conjugate at a molar ratio of 10:1, and 5 mM Ni2+. For additional 

expression of the reporter mTagBFP2 protein, 5 nM of the mTagBFP2 gene was 
supplemented into the CFE system. All protocells were incubated at 30 °C for 
4 h before confocal imaging. Scale bars, 10 μm. The expressed reporter protein 
mTagBFP2 produced blue fluorescence dispersed through the protocell cytosol, 
whereas the PopZ protein formed droplet-like compartments that are mostly 
localized to the lipid membrane, indicating that the membrane surface may have 
a role in promoting PopZ condensate nucleation and membrane localization. 
Data in a-b are representative of n = 2 independent experiments.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 5 | Selective partitioning of small molecules in a single 
population of compartments. a, Confocal images of the PopZ (top) and R32 
(bottom) compartments in the CFE mixtures. A fluorescent molecule was 
added at the indicated concentrations. The mixtures containing the popZ gene 
(10.55 nM) were incubated at 30 °C for 4 h to form the PopZ compartments. 
Alternatively, 10 mg mL−1 His-R32 and 5 mM Ni2+ were included for R32 

compartment formation. For clarity, the weakly stained compartments were 
circled with dotted lines. Scale bars, 10 μm. b, Partition coefficient of Rh 6 G (left), 
SRh B (middle), and pyranine (right) in the respectively compartments. Data 
are presented as mean ± s.d. with n = 28, 24, 15, 7, 29, 23 compartments in Rh 6 G 
partition (left), 30, 25, 30, 30, 28, 23 in SRh B partition (middle), and 10, 12, 11, 24, 
26, 27 in pyranine partition (right), respectively.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 6 | Selective enrichment of fluorescent molecules by the 
compartment consortia. a, Confocal images of the compartment consortia in 
the CFE mixtures. The initial mixtures, which contained one fluorescent molecule 
(50 μM SRh B, 50 μM Rh 6 G or 200 μM Pyranine), 10.55 nM of the popZ gene, 
10 mg mL−1 His-R32, and 5 mM Ni2+, were incubated at 30 °C for 4 h to form the 
binary population of PopZ and R32 compartments. For clarity, the weakly stained 

compartments were circled with dotted lines. Scale bars, 10 μm. b, Partition 
coefficient of the fluorescent dye in the respective compartments at 4 h post-
incubation of the CFE mixtures (pseudo-steady state). Data are presented as 
mean ± s.d. with n = 22 and 12 compartments for the Rh 6 G partition, 21 and 22 for 
the SRh B partition, 11 and 29 for the pyranine partition, respectively.

http://www.nature.com/naturechemicalbiology
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Extended Data Fig. 7 | Distinct partitioning of cargo GFP15+ and its precursor 
(His-GFP15+) into compartments. Confocal images of His-GFP15+ (top) and GFP15+ 
(bottom) partitioning within the R32 compartments (a) and PopZ compartments 
(b). Addition of His-R32 at 10 mg mL−1 into the initial CFE mixtures yielded the 
R32 compartments, whereas addition of the popZ gene (10.55 nM) led to the 
formation of PopZ compartments. The CFE mixtures contained 5 mM Ni2+ and 

4.77 nM of the corresponding His-GFP15+ gene or GFP15+ gene, and the reactions 
were carried out at 30 °C for 4 h. SRh B (5 μM) or Rh 6 G (50 μM) was used to stain 
the compartments for imaging. Scale bar, 10 μm. c, Partition coefficients of the 
green fluorescent protein in the two populations of compartments, which are 
presented as mean ± s.d. of n = 5 compartments. Data in a-b are representative of 
n = 3 independent experiments.
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Extended Data Fig. 8 | Kinetics of protein cargo communication. a, Confocal 
images of the compartment consortia before the addition of the communication 
trigger (TEV protease). The CFE mixtures containing 10 mg mL−1 His-R32, 
5 mM Ni2+, and 5 μM SRh B had been incubated at 30 °C for 2 h to generate 
His-tagged GFP15+, followed by 4 h-expression of the popZ gene to form the 
coexisting PopZ compartments. The targeting sequence (His tag) allowed 
tagged GFP15+ to be mostly accumulated in the ‘sender’ R32 compartments 
before fluorescent protein communication. b, Time-lapse fluorescence imaging 
of protein communication upon addition of 8.82 μM TEV protease. Scale bars, 
10 μm. c, Quantification of fluorescent protein in the sender R32, receiver 

PopZ compartments, and the bulk phase as a function of elapsed time under 
confocal imaging. The fluorescence intensities were normalized by setting the 
fluorescence intensity of the sender compartment before communication to 1. 
Data are presented as mean±s.d. of n = 5 compartments. The arrow indicates the 
offset processing time of the sample, ca. 4.5 min which is required for loading 
sample into the slide chamber and operating the confocal microscope before 
image acquisition. Note that slight accumulation of the cargo protein in the bulk 
phase occurred, which is attributed to incomplete capture of the released cargo 
by the receiver compartments.
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Extended Data Fig. 9 | RBD-functionalized PopZ compartments attenuated 
the localized reporter protein in the receiver R32 compartments. Confocal 
fluorescence images of the compartment consortia. The controller PopZ 
compartments with varied functionalization degrees emerged from CFE of 
the popZ gene (none), popZ-RBD fusion gene (highly) or their mixture in a 1:1 

ratio (moderate). The CFE systems also contained the DNA template (4.90 nM) 
encoding the histidine-tagged GFPmut3 reporter protein, 50 μM Rh 6 G, 
10 mg mL−1 His-R32 protein and 5 mM Ni2+ to form the receiver compartments. 
Scale bars, 10 μm. Data are representative of n = 2 independent experiments.
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Extended Data Fig. 10 | Fluorescence images of the compartment consortia 
before and after programmed delivery of the cargo protein GFP15+. The 
precursor cargo was synthesized from the His-linker-TEVs-gfp15+ gene by CFE at 
30 °C for 2 h in the initial mixtures that also contained 10 mg mL−1 His-R32, 5 mM 
Ni2+ and 5 μM SRh B. The necessary popZ templates and 2.43 nM of the His-TEV 
protease gene were added as DNA triggers into the CFE systems for incubation for 

additional 0.5 to 4 h. The PopZ compartments with varied RBD functionalization 
degrees emerged from CFE of the popZ gene (none), popZ-RBD fusion gene 
(highly) or their mixture in a 1:1 ratio (moderate). For clarity, the brightness and 
contrast of the images were adjusted. Note that the GFP channel images before 
and after 4 h triggered delivery were the same as those shown in Fig. 5d–g. Scale 
bars, 10 μm. Data are representative of n = 2 independent experiments.

http://www.nature.com/naturechemicalbiology
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