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Abstract: Protocells containing enzyme-driven biomolecular circuits that can process and exchange information offer a
promising approach for mimicking cellular features and developing molecular information platforms. Here, we employ
synthetic transcriptional circuits together with CRISPR/Cas-based DNA processing inside semipermeable protein-
polymer microcompartments. We first establish a transcriptional protocell that can be activated by external DNA strands
and produce functional RNA aptamers. Subsequently, we engineer a transcriptional module to generate RNA strands
functioning as diffusive signals that can be sensed by neighboring protocells and trigger the activation of internalized
DNA probes or localization of Cas nucleases. Our results highlight the opportunities to combine CRISPR/Cas machinery
and DNA nanotechnology for protocellular communication and provide a step towards the development of protocells
capable of distributed molecular information processing.

Introduction

Biochemical reactions in living cells are connected and
integrated by molecular communication to control collective
behaviors.[1] Inspired by nature, bottom-up synthetic biology
aims to decipher the governing principles of complex
biological circuits and build programmable systems with new
functionalities starting from molecular building blocks. A
crucial step towards this goal is the creation and modulation
of synthetic compartments consisting of minimalistic genetic
biochemical machinery that performs information process-
ing and decision making.[2–10] Non-genetic biomolecular plat-
forms can also be used for assembling reaction networks
inside synthetic compartments. For example, enzymatic
reactions have been used to engineer protocellular behaviors
which include communication,[11–13] energy regeneration[14]

and prototissue contraction.[15] While known for their
robustness, such enzyme-catalyzed pathways lack scalability

towards advanced computational and decision-making func-
tions as they have relatively low orthogonality.

A promising alternative platform for bottom-up con-
struction of information processing and communication
functionalities in synthetic protocells is DNA nanotechnol-
ogy. The programmable and predictable nature of toehold-
mediated nucleic acid strand-displacement (TMSD)
reactions[16] has been utilized to design a variety of dynamic
molecular systems including logic circuits,[17,18] neural
networks,[19,20] oscillators[21] and gene expression
classifiers.[22] Recently, we employed TMSD circuits to
construct a diffusion-based communication platform capable
of cascaded amplification, bidirectional signaling and com-
putational operations in proteinosome-based protocells.[23]

However, a limitation of systems that rely solely on TMSD
is that nucleic acid strands cannot be produced or degraded
and often complicated structures are required to mask the
toeholds on unreacted species or waste products. Supple-
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mented with enzymatic reactions, nucleic acid circuits can
display a wider range of out-of-equilibrium behaviors while
retaining their programmability and scalability.[24–27] Simmel
and co-workers have investigated genelet-based in vitro
transcription (IVT) systems in compartmentalized artificial
cell-like environments and revealed the possibility of contact
signaling.[28,29] Because genelet modules produce RNA out-
puts, they could potentially be well suited for directing the
activity of RNA-guided CRISPR (clustered regularly inter-
spaced short palindromic repeats)-associated proteins (Cas).
Cas nucleases have been repurposed as revolutionary tools
in genome engineering,[30] biosensors for diagnostics[31,32] and
DNA memory devices.[33]

Inspired by the high efficiency, specificity and pro-
grammability of enzyme-driven DNA nanotechnology, here-
in we explore the potential of genelet IVT modules for
implementing diffusive RNA signaling and information
processing in semipermeable proteinosome-based protocell
communities (Figure 1a). As a compartment-based molec-
ular communication platform for integrating enzyme-driven
DNA nanotechnology into a CRISPR/Cas system is cur-
rently lacking, we sought to explore the potential of
encapsulated transcriptional switches for the protocell-
mediated recruitment, localization and activation of Cas
nucleases. To investigate how Cas nucleases could be
integrated into protocellular networks, we demonstrate the
selective encapsulation and activation of genelet templates
within proteinosomes, which upon addition of a membrane-
permeable single-stranded DNA (ssDNA) input triggers the
synthesis of a single-stranded RNA output (Figure 1a). We
first show that the produced RNA output functions as a
malachite green aptamer, indicating that the protocell-
entrapped genelet is functional and accessible to nucleoside
triphosphates (NTPs) and T7 RNA polymerase (RNAP)
present in the external solution. Subsequently, we establish
diffusive RNA-based signaling between protocells in a
microfluidic trapping array and investigate strategies for
triggering the activities of Cas12a and (d)Cas9 nucleases in
protocells. Finally, we successfully implement genelet con-
trolled localization and activation of dCas9 in binary
populations of protocells. Taken together, our results high-
light the opportunities for combining the programmability of
transcriptional switches with the capabilities of Cas nucle-
ases in protocellular signaling networks and provide a step
towards the development of protocell platforms based on
distributed molecular sensing and processing.

Results and Discussion

In Vitro Transcriptional Modules in Proteinosome-based
Protocells

In previous work, we demonstrated that proteinosomes,
internally hollow microcapsules constructed from bovine
serum albumin/poly(N-isopropylacrylamide) (BSA-NH2/
PNIPAAm) nanoconjugates,[23,34] are permeable to double-
stranded DNA (dsDNA) oligonucleotides of up to 100 base
pairs (bp) (ca. 65 kDa) through passive diffusion (Figure S1)

and encapsulated streptavidin allows for stable localization
of biotin-functionalized DNA.[23] Thus, to enable RNA
transcription specifically within the proteinosomes, we
functionalized the template strand of a genelet duplex with
biotin such that the transcriptional switch was spatially
confined within streptavidin-containing proteinosomes (Fig-
ure 1b, Materials and methods). The genelet IVT module
contains an incomplete T7 RNA polymerase (RNAP)
promoter region, from which transcription is severely
inhibited and showing low backgrounds.[35] To activate the
transcriptional switch, we designed an ssDNA input strand
that hybridizes with the single stranded region of the non-
template strand of the genelet duplex, thereby completing
the RNAP promoter region. To verify that the protocell-
encapsulated genelet is functional and T7 RNAP (ca.
100 kDa) and NTPs can permeate the proteinosome mem-
brane to initiate RNA transcription, we used a genelet that
transcribes the malachite green (MG) aptamer sequence
(Figure 1c). PAGE analysis showed the production of MG
aptamer, which binds to MG fluorophore and thereby
strongly increases its fluorescence (Figure S2).[36] To observe
the hybridization of the ssDNA input strand input1 with the
non-template strand NTMG of the genelet (template strand
TMG), a Cy3 fluorophore was added to the 5’ end of NTMG

and a quencher to the 3’ end of input1 strand. A decrease in
Cy3 fluorescence inside the protocells is indicative of input1

binding.
We first confirmed successful permeation and accumu-

lation of Cy5 fluorophore labelled T7 RNAP into proteino-
somes with localized genelet target using confocal micro-
scopy (Figure S3). We then localized a population of
genelet-containing proteinosomes in a microfluidic trapping
array[23] and subsequently flowed input1, T7 RNAP and
NTPs into the chamber (Materials and methods).
Fluorescence data revealed a decrease of Cy3 fluorescence
(yellow) inside the proteinosomes immediately after the
addition of the input1 and a gradual increase of MG
fluorescence (red) in the areas surrounding the proteino-
somes (Figure 1d). In the absence of input1 or T7 RNAP, no
increase in malachite green fluorescence was observed
(Figure S4). These results showed that the proteinosome-
encapsulated genelet is functional and T7 RNAP is able to
enter the protocells and transcribe RNA strands containing
the MG aptamer sequence.

Transmission of soluble signaling molecules between
different cell types is a key characteristic of multicellular
organisms, triggering and regulating processes such as
growth, differentiation and gene expression.[37] Having
established a functional transcriptional switch in protocells,
we proceeded to investigate whether the transcribed RNA
strands could function as diffusive signaling molecules
capable of activating other protocells. We designed an RNA
based protocellular signaling system with two proteinosome
populations (Figure 1e). Population 1 contains a genelet
T1NT1 consisting of a Texas Red-labeled strand NT1 and
biotinylated strand T1, which transcribes a diffusible RNA
signal RNA1 upon input binding. Population 2 contains a
streptavidin-anchored TMSD DNA probe with a fluoro-
phore-quencher pair F1Q1 probe where the Cy5-modified

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202202436 (2 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



top strand (F1) has a sequence that is fully complementary
to signal RNA1. Addition of quencher-labeled input1 results
in a decrease in Texas Red fluorescence and initiates
transcription in population 1, thereby triggering TMSD
reactions in population 2. Batch measurements revealed that

the Cy5 fluorescence of the F1Q1 probe showed a significant
increase only in the presence of the genelet and input
(Figure S5). According to previous study,[38] the amount of
DNA template proportionally increases the production of
RNA transcription when the template is limiting and the

Figure 1. In vitro transcriptional modules in proteinosome-based protocells. a) Schematic overview of a proteinosome-localized transcriptional
genelet module activated by a diffusive ssDNA input strand. Upon activation, the transcriptional switch produces RNA output strands which can
perform multitude functionalities including aptamer formation, inter-protocellular signaling or controlled activation of Cas nucleases. b) Molecular
reaction diagram outlining the general design concept of the protocell-encapsulated genelet. BSA-NH2/PNIPAAm proteinosomes are assembled
with 4 μM of internalized streptavidin, which has an encapsulation efficiency of around 25%.[23] The protocells have a size range of 10–60 μm in
diameter (Figure S1). The template strand of the genelet duplex is localized in the proteinosomes using biotin-streptavidin interaction. The genelet
duplex contains an incomplete T7 RNAP promoter (red domain), which is completed upon binding the ssDNA input strand enabling RNA
transcription by T7 RNAP. c) Schematic representation for the transcription of a malachite green (MG) aptamer in protocells. The domain
TMGNTMG (grey, number of nucleotides, n=50 and 77, respectively) contains the sequence encoding the MG aptamer (n=38) which is transcribed
upon binding of the input strand (input1, n=36). Localization of input1 into protocells results in quenching of Cy3 fluorescence which is monitored
using fluorescence microscopy. The transcribed MG aptamer binds MG which results in an increase in fluorescent intensity of MG. d) Confocal
fluorescence micrographs of a population of MG-genelet encapsulating proteinosomes in a microfluidic trapping array. At t=0 min, input1
(500 nM), T7 RNAP (5 U/μL), MG (20 μM) and NTPs (3 mM each) were added to the trapping chamber, resulting in a fast decrease of the Cy3
fluorescence (yellow) in the proteinosomes. A gradual increase of MG fluorescence (red) occurs both within the protocells and in the external
solution demonstrates successful transcription of the MG aptamer. Scale bar 100 μm. e) Schematic representation of an RNA signaling cascade
between two proteinosome populations. Addition of input1 triggers the activation of the transcriptional switch T1NT1 (n=74 and 100, respectively)
in population 1, resulting in the transcription and secretion of an RNA signal strand. Simultaneously, binding of input1 quenches the Texas Red
fluorophore, thereby reporting switch activation. The secreted RNA1 (n=62) signal diffuses through the external medium and is sensed by the
DNA-based F1Q1-probe (n=50 and 36, respectively) localized in population 2. RNA signal activates the probe via a TMSD reaction, resulting in
displacement of quencher strand Q1 and formation of a RNA1/F1 duplex with a corresponding increase in Cy5 fluorescence. f) Confocal
fluorescence micrographs of population 1 and 2 protocells (FITC-labeled proteinosome membrane, green) showing time-dependent decrease of
Texas Red fluorescence (yellow) in population 1 and increase of Cy5 fluorescence (red) in population 2 associated with protocell activation. Scale
bar 100 μm. g) Mean (solid line) and standard deviations (shaded areas) of the activated DNA concentrations of population 1 (yellow line) and
population 2 (red line) in a microfluidic trapping device when input1 (500 nM), T7 RNAP (5 U/μL) and NTPs (3 mM each) were added to the
trapping chamber. The number of analyzed proteinosomes was 54. Fractions of the two populations were defined as q1 (population 1) and q2
(population 2), and q1=0.68 and q2=0.32, respectively. All experiments were performed at 37 °C.
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transcription plateaus around 1.25 μM of DNA template.
Therefore, we used an internalized genelet with a concen-
tration around 1–1.5 μM, which was in the range of
maximum RNA production. The two populations were
trapped in the microfluidic device and their fluorescence
levels were measured. Initially, population 1 displayed high
levels of Texas Red fluorescence (yellow) and population 2
showed low levels of Cy5 fluorescence (red), corresponding
to inactive state of the genelet and quenched state of the
F1Q1 probe respectively (Figure 1f). When the ssDNA
input1, T7 RNAP and NTPs were loaded into the trapping
chamber, population 1 fluorescence dropped, indicating
activation of the genelet. In contrast, the fluorescence of
population 2 increased, corresponding to the activation of
the F1Q1 probe and the formation of the RNA/DNA hybrid
duplex. To analyze the activation dynamics we plotted the
average fluorescence traces (Figure 1g). Without input1,
only very low levels of F1Q1 probe activation in population 2
was detected (Figure S6), possibly because low levels of
leaky transcription can still occur from the incomplete
promoter.[24] Additionally, we added RNA1 to protocells
containing F1Q1 or scrambled FsQs probes. The data showed
only F1Q1-containing protocells were activated, indicating
target specificity (Figure S7). The results establish that the
RNA strands produced from the protocell-encapsulated
genelet can execute diffusive molecular communication
between two protocell populations through TMSD reac-
tions.

Guiding Cas Nucleases to Proteinosome-localized DNA Targets

Given that Cas nucleases can be controlled with a single
guide RNA (sgRNA) strand for a wide range of
applications,[30] we sought to use sgRNA as a signal for
recruiting Cas nucleases into proteinosome-based protocells
containing localized dsDNA targets. To verify that CRISPR/
Cas technology is compatible with proteinosome-based
protocells, we used dCas9 (catalytically dead Cas9) as a
model Cas protein and labeled it with an Alexa546
fluorophore (Materials and methods). Fluorescence micro-
scopy was used to observe dCas9-sgRNA (RNA2) complex
uptake into proteinosomes containing entrapped dsDNA
targets F2Q2 consisting of a dCas9 PAM target sequence,
Cy5 fluorophore and biotin modifications (Figure 2a). Ini-
tially, we observed that proteinosomes prepared using a
typical concentration of the membrane nanoconjugate[23]

(BSA/PNIPAAm concentration, 16 mgmL� 1) were less per-
meable to 190mer dsDNA (ca. 120 kDa), such that loadings
of the target DNA were minimal (Figure S8). Experiments
were therefore undertaken using proteinosomes prepared at
lower concentration of nanoconjugate (8 mgmL� 1), which
were more permeable to the target dsDNA. Under these
conditions, confocal fluorescence micrographs showed that
dCas9-Alexa546 is significantly localized into the DNA
target-containing proteinosomes (Figure 2b, top row and
Figure S9). dCas9 localization was heterogeneous, possibly
resulting from the relatively large molecular weight of dCas9
(ca. 160 kDa) and great variability in proteinosome perme-

abilities. Only minimal levels of dCas9-Alexa546 localization
within empty proteinosomes is detected (Figure 2b, second
row). Experiments without sgRNA or with a scrambled
sgRNA showed a similarly low level of non-specific
adsorption (Figure 2b, third and bottom rows). These results
indicate that dCas9 localizes in dsDNA target-containing
proteinosomes in the presence of the cognate sgRNA.

As Cas nucleases are used in genome engineering to
create a double-stranded break at a location specified by a
sgRNA which is then repaired by cellular DNA repair
pathways that introduce small deletions, insertions or a
donor dsDNA sequence into the site of the break,[39] we
investigated whether Cas-based cleavage reactions could be
implemented within synthetic protocells. Under in vitro
conditions, Cas9 remains tightly bound to both ends of the
cleaved DNA target with lifetimes of over 5 h.[40] Therefore,
to demonstrate protocell-located Cas activity, we used
Cas12a (Cpf1), which immediately releases the PAM-distal
end of the cleaved DNA target.[41] The Cy5-labeled dsDNA
target F2Q2 with a Cas12a PAM target sequence was
localized in proteinosomes through streptavidin-biotin inter-
actions (Figure 2c). Fluorescence measurements showed a
decrease in proteinosome-localized Cy5 fluorescence when
Cas12a and sgRNA (RNA3) were added to the external
medium (Figure 2d). Additionally, an increase of Cy5
fluorescence in the external medium was clearly visible from
confocal fluorescence images (Figure 2e). A control experi-
ment was performed without RNA3 showing no decrease in
Cy5 fluorescence (Figure S10). Together, these results
validate that cleavage of proteinosome-encapsulated
dsDNA can be achieved using Cas12a and the cognate
sgRNA.

Genelet-triggered Activation of dCas9 Nuclease in Protocell
Communities

Given that recruitment and activation of Cas12a within
DNA target-containing proteinosomes can be achieved by
adding an appropriately designed RNA strand, we sought to
replace the extraneous input with a triggerable RNA signal
derived endogenously from genelet-containing proteino-
somes to produce binary protocell networks capable of
programmable Cas recruitment and activation. To achieve
this, we used tightly bound (d)Cas9 in place of Cas12a, as
the latter can exhibit indiscriminate DNA nuclease activity
after target binding,[42] which in principle could unselectively
degrade the circuit components after activation in protocell-
based DNA circuits. In addition, based on a fluorescent
(d)Cas9 beacon,[43] we assembled a nicked dsDNA target
with an FQ (fluorophore-quencher) pair and a biotin
modification on opposite ends (Figure 3a). In this three-
strand complex F3Q3Q4, the nick is just adjacent to the
PAM-sequence, allowing the quencher-bearing single strand
Q3 to be displaced by the (d)Cas9-sgRNA complex and
released from the beacon, which could be monitored by an
increase in Cy5 fluorescence. Functionalities of the (d)Cas9
probes were first confirmed in batch conditions (Figure S11),
which showed that activation was observed only if both
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(d)Cas9 and the corresponding sgRNA were present. The
nicked F3Q3Q4 probe was then localized in a population of
proteinosomes and analyzed in a microfluidic trapping array.
Fluorescence measurements of the proteinosomes popula-
tion revealed that the encapsulated probe was rapidly
activated when dCas9 and the corresponding sgRNA strand
(RNA4) were added to the trapping chamber (Figure S12).
If required, the nicked F3Q3Q4 probe can also be activated
using Cas9 (Figure S13). However, while Cas9 is also
expected to cleave the Cy5-labeled strand, this is not
detected under in vitro conditions as Cas9 stays tightly
bound to both ends of the target dsDNA.[40] Together, these
results confirm that the nicked F3Q3Q4 probe can be used to
monitor the activity of dCas9 nuclease and generate an
ssDNA as output in proteinosome-based protocells.

Given the above observations, we designed a genelet
module T2NT2 that upon activation by an ssDNA input
(input2) transcribes sgRNA strand RNA4 that would trigger
the localization of dCas9 into proteinosomes containing the
localized nicked F3Q3Q4 probe (Figure 3b). The perform-

ance of this circuit was verified in batch conditions,
confirming that significant dCas9 binding to the fluorescent
target dsDNA occurs in the presence of the initial ssDNA
input, genelet duplex, sgRNA, T7 RNAP and NTPs (Fig-
ure S14). A population of proteinosomes with encapsulated
fluorescent dCas9 probe was then trapped in a microfluidic
device and fluorescence data showed the activation of dCas9
probe after the addition of the active genelet module, T7
RNAP and NTPs (Figure 3c, red line). As expected, the
activation using the free genelet was slower compared to the
direct addition of the sgRNA (Figure S12). Further, a
control experiment using an inactive genelet module, T7
RNAP and NTPs showed minimal dCas9 activation (Fig-
ure 3c, blue line).

Finally, we implemented the above circuit within a
network comprising two populations of protocells. For this,
we assembled a dCas9 activation system triggered by
genelet-containing proteinosomes in binary populations
trapped in the microfluidic device (Figure 3d). Population 1
contains a genelet T2NT2 that transcribes the diffusible

Figure 2. Guiding Cas nucleases to proteinosome-localized DNA targets. a) Schematic representation of dCas9 localization strategy. Protocells that
contain a Cy5-labeled 190mer dsDNA target F2Q2 (190 bp) with a dCas9 PAM sequence and a biotin modification were encapsulated in
streptavidin-containing proteinosomes. The dCas9 was labeled with Alexa546 to observe the binding with internalized DNA target in the presence
of single guide RNA (RNA2, n=101). b) Confocal fluorescence micrographs of Dylight405-labeled proteinosomes (blue) that contain a dsDNA
target (red) after 15 mins incubation with Alexa546-dCas9 (yellow) (500 nM) and sgRNA strand RNA2 (1 μM) demonstrates localization of dCas9
(top row). Control experiments using empty protocells (second row) or protocells that contain the dsDNA target but with no sgRNA addition (third
row) or scrambled sgRNA (n=100) (bottom row) do not show localization of dCas9, indicating target specificity. Scale bars 100 μm. c) Schematic
representation of Cas12a-based cleavage and release of proteinosome-localized dsDNA targets. Proteinosomes with a Cy5-labeled dsDNA target
F2Q2 are trapped in a microfluidic device and target cleavage is initiated by addition of Cas12a and RNA3 (n=40) d) Mean and standard deviation
of the concentrations of DNA target F2Q2 in a population of proteinosomes after addition of Cas12a (1 μM) and sgRNA RNA3 (1 μM) to the
trapping chamber. The number of analyzed proteinosomes was 39. e) Confocal fluorescence micrographs corresponding to the data in (d) at time
points immediately before cleavage and 10 mins after cleavage. The increased Cy5 fluorescence in the external medium in the bottom image
indicates the presence of cleaved DNA targets that are diffused out of the protocells. Scale bar 100 μm. All experiments were performed at 37 °C.
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sgRNA signal (RNA4) upon addition of ssDNA input2.
Population 2 contains the nicked F3Q3Q4 probe. The experi-
ment was initiated by addition of ssDNA input strand input2,
T7 RNAP and NTPs to the device resulting in the
completion of genelet promotor region which could be
monitored by an increase in Cy3 fluorescence (Figure 3e,
yellow line). The generated RNA4 was released from
population 1 and freely diffuses into the external environ-
ment resulting in the formation of dCas9-sgRNA complex
and subsequent activation of population 2, as shown by an
increase in Cy5 fluorescence (Figure 3e, red line). A control
experiment in the absence of input2 displayed no activation
in both population 1 and 2 (Figure 3e, blue lines). Collec-
tively, these results show that genelet transcriptional
switches are able to trigger dCas9 activation within distrib-
uted compartmentalized DNA circuits.

Conclusion

In this work, we demonstrate how synthetic transcriptional
switches regulate Cas nucleases in proteinosome-based

compartmentalized DNA circuits through diffusive molec-
ular communication. In general, we use proteinosomes
rather than lipid vesicles because high molecular weight
biomolecules such as T7 RNAP and Cas nucleases can
access the water-filled interior after assembly of the
protocells, thereby circumventing potential problems asso-
ciated with loss of function during proteinosome preparation
and storage. Post-assembly entrapment of information
processing modules such as genelet duplexes and TMSD
probes is achieved by anchoring to pre-encapsulated
streptavidin. Using this strategy, we show that protocell-
encapsulated genelet transcriptional switches are used to
secrete diffusible RNA strands. Compared to DNA-based
diffusible signals,[23,44] RNA strands have a more diverse
functional repertoire including folding into an aptamer and
activation of a DNA-based probe located in a different
protocell population. Our results highlight the potential for
constructing new artificial cells networks by taking advant-
age of enzymatically driven RNA production and integra-
tion of RNA outputs with CRISPR/Cas modules.

Finally, we use diffusible RNA signals to execute the
binding of Cas12a and (d)Cas9 to proteinosome-encapsu-

Figure 3. Genelet-triggered activation of dCas9 nuclease in protocell communities. a) Schematic representation of the dCas9-localizing fluorescent
probe. The probe consists of a nicked DNA duplex (F3Q3Q4, n=50, 23, 27, respectively) with a Cy5 FQ pair where the short quencher strand is
displaced upon binding of the dCas9-sgRNA (RNA4, n=100) complex thereby increasing Cy5 fluorescence. b) Schematic representation of the
strategy for genelet controlled dCas9 targeting into proteinosomes under batch conditions. A genelet duplex T2NT2 (n=113 and 138, respectively)
with an output domain encoding the sequence of RNA4 is added to a microfluidic chamber containing trapped proteinosomes with encapsulated
Cy5-labeled dCas9-localizing probes. Transcription of RNA4 is initiated by the addition of a Cy3-labeled ssDNA input2 (n=36) resulting in the
formation of a dCas9-sgRNA complex and binding to the proteinosome-localized fluorescent probe. c) Mean and standard deviation of the
concentrations of the activated dCas9 probe in proteinosomes (red line) when the genelet T2NT2 (0.5 μM), input2 (0.5 μM), T7 RNAP (20 U/μL),
dCas9 (1 μM) and NTPs (3 mM each) were added to the trapping chamber. As a control experiment, the concentration of activated dCas9 probe in
proteinosomes without DNA input2 is also plotted (blue line). The numbers of analyzed proteinosomes in the presence and absence of input were
42 and 53, respectively. d) Schematic representation of the strategy for compartmentalized genelet controlled proteinosome-localized dCas9
activation. A genelet duplex T2NT2 with an output domain encoding the sequence of RNA4 is localized in proteinosome population 1 while
population 2 contains the dCas9-localizing fluorescent probe. Transcription of the RNA4 signal strand in population 1 is initiated upon the addition
of an ssDNA input strand (input2). The RNA signal is free to diffuse to population 2 and triggers the formation of a dCas9-sgRNA complex,
resulting in activation of the proteinosome-localized Cy5 fluorescent probe. e) Mean and standard deviation of the concentrations of activated
genelet T2NT2 in population 1 (yellow line) and activated dCas9 probe in population 2 (red line) when input2 (0.5 μM), T7 RNAP (20 U/μL), dCas9
(1 μM) and NTPs (3 mM each) were added to the trapping chamber. A control experiment was performed in the absence of input2 showing no
activation in both population 1 and 2 (blue lines). The numbers of analyzed proteinosomes in the presence and absence of input were 88 and 72,
respectively. Fractions of the two populations in the presence and absence of input were q1=0.73, q2=0.27 and q1=0.72, q2=0.28, respectively.
In the experiment with DNA input2, a small number of protocells that were impermeable to dCas9 (Figure S9) were excluded from analysis
(Figure S15). All experiments were performed at 37 °C.
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lated DNA targets located within communities of protocells.
Cas12a releases the PAM-proximal end of the cleaved
target, but it also exhibits indiscriminate DNase activity,
which can limit possible applications in distributed DNA-
based circuits. In contrast, transcriptional protocell-medi-
ated recruitment of dCas9 into proteinosomes containing an
encapsulated nicked dsDNA probe results in binding of
dCas9 and release of a single-stranded output. The resulting
output can potentially be used as diffusive signal for
constructing more complex protocell communication net-
works. To realize such a system, the kinetic mechanism of
strand displacement from a nicked dsDNA mediated by
dCas9/sgRNA complex first needs to be investigated in
detail. A limitation of our methodology is the heterogeneity
of dCas9 diffusion and activation in protocells due to its
large protein size, which in principle can be circumvented by
using smaller Cas proteins developed recently.[45] Addition-
ally, the (d)Cas9 used in our system is constrained by the
very slow target release rates, which could possibly be
mitigated using recently discovered methods that permit
(d)Cas9 multi-turnover behavior in vitro.[46] Because of the
high orthogonality of RNA-based communication channels,
compartmentalized CRISPR/Cas-based DNA/RNA circuits
are highly scalable, which would extend the capability of
multiplexing in Cas-based diagnostic tools. For example, the
CRISPR-based nucleic acid detection assay SHERLOCK
contains two steps, namely the pre-amplification of a DNA/
RNA input to RNA via T7 transcription and the subsequent
detection by a Cas/sgRNA complex. These processes can be
seamlessly implemented in our system for simultaneous
testing of multiple targets via distributed signal sensing and
processing.[47] Furthermore, our system opens new possibil-
ities to employ a wide range of CRISPR-Cas-derived editing
agents including base editors[48] capable of recording cellular
history by producing single-base modifications within proto-
cells. Design and construction of protocells with writable
memory via CRISPR editing tools for use in data storage
will be investigated in future work.
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