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Orthogonal Light-Dependent Membrane Adhesion
Induces Social Self-Sorting and Member-Specific DNA
Communication in Synthetic Cell Communities

Ali Heidari,* Oya |. Sentiirk,* Shuo Yang,* Alex Joesaar,

Pierangelo Gobbo,*

Stephen Mann,* Tom F. A. deGreef,* and Seraphine V. Wegner*

Developing orthogonal chemical communication pathways in diverse
synthetic cell communities is a considerable challenge due to the increased
crosstalk and interference associated with large numbers of different types of
sender-receiver pairs. Herein, the authors control which sender-receiver pairs
communicate in a three-membered community of synthetic cells through red
and blue light illumination. Semipermeable protein-polymer-based synthetic
cells (proteinosomes) with complementary membrane-attached protein
adhesion communicate through single-stranded DNA oligomers and syner-
gistically process biochemical information within a community consisting of
one sender and two different receiver populations. Different pairs of red and
blue light-responsive protein-protein interactions act as membrane adhesion
mediators between the sender and receivers such that they self-assemble
and socially self-sort into different multicellular structures under red and
blue light. Consequently, distinct sender-receiver pairs come into the sign-
aling range depending on the light illumination and are able to communicate
specifically without activation of the other receiver population. Overall, this
work shows how photoswitchable membrane adhesion gives rise to different
self-sorting protocell patterns that mediate member-specific DNA-based
communication in ternary populations of synthetic cells and provides a step
towards the design of orthogonal chemical communication networks in

1. Introduction

Intercellular communication is essen-
tial to coordinate the collective opera-
tion of individual cells and to establish
multicellular structures with specialized
cells.?l For this, sender cells secrete
signals in the form of diffusible chemi-
cals which can be recognized by receiver
cells within the signaling range and with
appropriate receptors. Building similar
capabilities into synthetic cells allows
community-based functions and interac-
tions among synthetic cells®* and living
cells.’l Remarkable achievements of com-
munication in synthetic cells include
communities that process DNA-coded
information through reaction networks,®
mimic quorum sensing,”® differentiate
into different patterns,® exhibit prey-pred-
atory relationships,'”! synchronization,!"
and oscillations,>!3 and regulate cellular
behavior in response to physiological con-
ditions. These studies illustrated how

diverse communities of synthetic cells.

communication in synthetic cells helps
to understand underlying organizational
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principles, program multicellular communities towards new
applications, and interface synthetic cells with living ones.'>1]

Communication between synthetic cells depends on the spa-
tiotemporal distribution of the signaling molecule, which is
affected by the local densities of sender and receiver cells and
the production, release, propagation, degradation, and con-
sumption rates of the signal.'/l In synthetic sender cells with
a limited signal reservoir, the signaling range is limited to the
direct neighborhood after which the signal is diluted below its
effective concentrations.! Consequently, the spatial organiza-
tion of the sender and receiver is critical for the perception of
the signal.’®1% Prominent examples of such short-range com-
munication in biology include the neurotransmitters that signal
within the neural network and different immune cells that
adhere to each other for effective exchange.?*?!l In synthetic cell
communities, senders and receivers can be placed within sign-
aling range with microfluidic techniques,?? acoustic waves,!?*!
or optical tweezers.? In addition, the direct adhesions between
synthetic cells give rise to the self-assembly of large multi-
protocellular structures and regulate signal exchange in bulk
solution.[2>:26]

The number of different cell types is an important charac-
teristic of a community to consider as the number of possible
binary relationships increases rapidly with the increasing
number of cell types ([n? — n]/2). Therefore, in diverse synthetic
cell communities, the specificity of communication between
different pairs becomes a concern and this is why most studies
are limited to two-membered communities. Biology has solved
the problem of specificity through the spatial distribution of
senders and receivers in short-range paracrine signaling, which
provides a principle that can also be implemented with syn-
thetic cells.?>) When more than two different types of cell-sized
microscale objects (e.g., colloids) are mixed, multiple possibili-
ties of spatial arrangement are conceivable along with different
self-sorting patterns that arise from the specificity of the sur-
face interactions. In mixtures, specific homophilic adhesions
between colloids result in narcissistic self-sorting, where each
member of the community forms its own sub-assemblies.*28l
In contrast, specific heterophilic interactions result in social
self-sorting, where domains with two member types emerge
but other populations are excluded.?®2?% Following similar prin-
ciples different cell types are sorted into different cell layers
during early embryonic development.%

The self-assembly and self-sorting of dispersed synthetic
cells require specific and non-interfering (orthogonal) inter-
actions between different populations in response to distinct
stimuli. Here, we demonstrate how social self-sorting and com-
munication can be dynamically regulated in a three-membered
community of synthetic cells. The community is composed
of one sender and two potential receivers and can be socially
self-sorted into different structures under either red or blue
light. Depending on the illumination conditions, a different
receiver cell comes into the signaling range of the sender pro-
tocell and perceives the liberated chemical signal. Towards
this goal, we use two pairs of light-dependent heterophilic
protein-protein interactions to induce selective adhesions and
social self-sorting of semipermeable protein-polymer-based
synthetic cells (proteinosomes).! The protein-protein interac-
tions are triggered with different colors of light, determined by
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photo-induced conformational changes that open up specific
binding sites for the cognate binding partner. In this paper,
we employ red light for the binding of the proteins PhyB and
PIF6,32 and blue light for the binding of the proteins iLID
and Nano.*®l In each case, protein binding requires only low
intensities of light and is accomplished in buffered solutions.
Given these properties, we couple the light-responsive proteins
to the outer surface of different proteinosomes to produce a
community of synthetic cells with complementary membrane-
attached adhesion mediators that when initiated results in
self-sorting and define chemical communication. We employ a
signaling pathway based on a previously reported DNA-based
protocell programming network (biomolecular implementa-
tion of protocellular communication, BIO-PC), where different
proteinosomes communicate through distributed DNA strand
displacement (DSD) reactions.”?2l DSD cascade reactions are
highly programmable and utilizing sequence-specific DNA
gates can code for functions such as oscillations,*4 digital logic
circuits,>3% and Boolean neural networks.l” Taken together,
our work exemplifies, how the multicolor light regulation of
organization in three-membered communities of synthetic cells
dictates the outcome of chemical communication.

2. Results

To functionalize the proteinosome membrane with photo-
switchable proteins capable of acting as adhesion mediators,
we prepared proteinosomes decorated with Ni?*-NTA (nitrilotri-
acetic acid) so that proteins with a polyhistidine tag (His-tag)
could be immobilized on the outer surface of the synthetic
cells. The proteinosomes were prepared by adapting a previ-
ously reported three-step protocol.l’ In short, protein-polymer
conjugates were synthesized by reacting the primary amines
of cationized bovine serum albumin (BSA-NH,, labeled with
Rhodamine B for fluorescence microscopy visualization of
the proteinosomes) with the mercaptothiazoline-activated ter-
minal amide of poly N-isopropyl acrylamide (PNIPAM). In
addition, 1% of the PNIPAM sidechains contained NTA func-
tionalities (PNIPAM-co-NTA) (Scheme S1, and Figures S1—S9,
Supporting Information, characterization through 'H and *C
NMR, FT-IR and MALDI spectroscopy, determination of LCST,
zeta potential and hydrodynamic diameter). Subsequently, the
proteinosomes were formed by the interfacial assembly of the
protein-polymer conjugates at the water droplet/oil interface of
a Pickering emulsion. The conjugates were then cross-linked
and the proteinosomes were transferred to the water phase
(Figure S10, Supporting Information). The NTA groups on the
resultant proteinosomes were subsequently loaded with Ni*
ions. To demonstrate that the Ni>*-NTA groups on the surface
are accessible, we incubated the proteinosomes with the His-
tagged fluorescent protein, miCy. We observed bright miCy
fluorescence for proteinosomes with Ni**-loaded NTA groups
but control proteinosomes that were not loaded with Ni?* were
not fluorescent (Figure S11, Supporting Information). The
surface density of His-tagged proteins on the proteinosomes
was I' = 4949 },Lm‘2 (Figure S11D,E, Supporting Information),
which was determined by comparing the fluorescence intensity
from His-tagged GFP on the periphery of proteinosomes and
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giant unilamellar vesicles with 1% Ni?*-NTA containing lipids
known lipid packing.*® In addition, we determined in ssDNA
uptake measurements that functionalization with His-tagged
proteins did not change the membrane permeability of the pro-
teinosomes (Figure S12, Supporting Information). The results
indicated that the binding of His-tags to Ni’*-NTA groups is
a reliable method for attaching auxiliary proteins to the outer
surface of the proteinosome membrane; thus, in all subsequent
experiments, the proteinosomes were functionalized with the
desired His-tagged proteins.

To control the self-assembly of two-membered communi-
ties of proteinosomes with adhesions that are triggered inde-
pendently using different colors of light, we co-functionalized
potential sender (S) proteinosomes with PhyB and iLID pro-
teins and two prospective receiver proteinosomes with either
PIF6 (R1) or Nano (R2). When we mixed equal numbers of S
and R1 proteinosomes, the two types adhered to each other
under red light but not in the dark or under blue light illumi-
nation (Figure 1A). On the other hand, mixtures of the S and
R2 proteinosomes only aggregated under blue light and not in
the dark or under red light illumination (Figure 1B). The adhe-
sions between the S and R proteinosomes led to membrane
deformations and large contact sides (Figures S13 and S14, Sup-
porting Information). Moreover, we quantified the aggregation
ratio (area of objects larger than 2000 pm?/area of all objects)
of these proteinosome mixtures after 90 min shaking on a
2D shaker at 30 rpm with different illumination conditions.
(Appropriate shaking was important to increase the likelihood
of the proteinosomes coming into contact; however, too high
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shear forces can also disrupt the aggregates).’?! For the S:R1
mixture, the proteinosome aggregation ratio was about four
times higher under red light illumination than under dark or
blue light illumination (Figure 1C). Similarly, for the S:R2 mix-
ture the aggregation ratio was two-fold higher under blue light
than in the dark or under red light. As proteinosomes have a
broad size distribution (diameter = 10-70 pm, median = 20 um,
area =79-3850 pm?, median = 314 um?) (Figure S15, Supporting
Information), the aggregation ratio only takes into account
large clusters (>2000 wm?) to avoid counting large single pro-
teinosomes. Consequently, this method disregards clusters
composed of multiple small proteinosomes. Despite under-
estimating the aggregation ratio, the extent of proteinosome
aggregation was above 50% for S:R1 and S:R2 mixtures under
red and blue light, respectively. Overall, the results showed that
membrane-bounded photoswitchable protein pairs PhyB/PIF6
and iLID/Nano are suitable to induce the contact-dependent
adhesion of proteinosomes when exposed to specific wave-
lengths of light.

To illustrate how the communication in synthetic cells can
be modulated through the light-controlled proximity of S and R
proteinosomes, we distributed different steps of the DSD cas-
cade reaction between the two populations.?Z In our design,
the S-type proteinosomes contained a DNA gate complex F1Q1,
where the biotinylated F1 strand was labeled with an Alexa488
fluorophore (1.3 uM) and anchored to a streptavidin (15 puM)
(Figures S16 and S17, Supporting Information), and the Q1
strand acted as a fluorescence quencher when hybridized with
F1 (Figure 2A). The R-type proteinosomes were loaded with
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Figure 1. Red or blue light controlled aggregation in two membered proteinosome communities. Fluorescence confocal microscopy images of S pro-
teinosomes functionalized with PhyB and iLID and mixed with A) PIF6 functionalized R1 proteinosomes or B) Nano functionalized R2 proteinosomes
in the dark, under red light or under blue light after 90 min incubation. S and R1 aggregate under red light due to the red light-triggered binding of PhyB
and PIF6. S and R2 adhere to each other under blue light due to the blue light-dependent binding of iLID and Nano. Scale bars are 30 um. C) Aggrega-
tion ratio of S:R1 and S:R2 proteinosome mixtures under different conditions. Error bars are the standard error of the mean from three independent
experiments with > 50 proteinosomes per sample.
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Figure 2. Light-regulated proximity controls communication between sender and receiver proteinosomes. A) S-type proteinosomes loaded with F1Q1
DNA gate complex release Q1 and exhibit an increase in Alexa488 green fluorescence upon the addition of the input strand A in the first step of the
DSD cascade. In the dark, R-type proteinosomes are too far from S-type proteinosomes and do not receive the Q1 signal. Under the light of appropriate
wavelength, S- and R-type proteinosomes are in close proximity, and Q1 displaces the Q2 strand from the F2Q2 DNA gate complex, resulting in an
increase in Cy5 red fluorescence. B,D) Confocal microscopy images recorded in Rhod-2 (white), Alexa488 (green), and Cy5 (red) channels of S (circled
in green) with R1 (circled in red) or R2 (circled in blue) proteinosomes (S:R ratio 1:1) in the dark and under red or blue light illumination, respectively,
after 90 min prior incubation. Strand A is then added at t = 0 min. The scale bars are 20 um. C,E) Normalized fluorescence intensity of Alexa488 in S
(F1 strand) and Cy5 on R (F2 strand) proteinosomes. The fluorescence of individual proteinosomes (n > 45) in three independent experiments was

measured and the error bars are the standard error of the mean.

an F2Q2 DNA gate complex, where the streptavidin-anchored
F2 strand was labeled with Cy5 and Q2 with a corresponding
quencher. The DSD reaction cascade was designed such that in
the first step the addition of an ssDNA input strand (A) dis-
places Q1 from the F1Q1 complex, resulting in an increase in
Alexa488 fluorescence in S and the concomitant release of Q1
as a diffusive chemical signal. In the second step, if the Q1
signal reaches an R proteinosome, displacement of the Q2
strand from the F2Q2 complex gives rise to an increase in Cy5
fluorescence in R. Notably, given that the S proteinosomes can
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only release a limited amount of signal (Q1 strand), only R type
proteinosomes in their direct neighborhood where the local
signal is high enough can respond. The release profile of the
Q1 strand from the S proteinosomes with different sizes (diam-
eter, 30-70 um), showed that at a distance of 5 um from the
membrane the concentrations diluted to the background level
(Figure S18, Supporting Information), which corresponds to a
signaling range below the average size of a proteinosome.

To demonstrate how the proximity of sender and receiver
proteinosomes regulates the selective chemical communication

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Orthogonal social self-sorting with red and blue light in three-membered synthetic cell communities. A) Confocal microscopy images of S,
R1, and R2 proteinosomes (2:1:1 ratio) after 90 min incubation under different illumination conditions. While all proteinosomes remain dispersed in the
dark, S and R1 adhere under red light due to membrane PhyB-PIF6 binding; in contrast, S and R2 adhere under blue light due to iLID-Nano binding.
The scale bars are 20 um. B) Aggregation ratio between different pairs in the three-membered communities under different illumination conditions.
Error bars are the standard error of the mean from three independent experiments with > 100 proteinosomes per sample.

between synthetic cells, we controlled the average inter-proto-
cell spacing through photoswitchable adhesions (Figure 2A).
For this, equal numbers of S- and R- type proteinosomes were
mixed and incubated for 90 min either in the dark or under
red (S:R1) or blue (S:R2) light (Figure 2B,D). In illuminated
samples, the S and R populations formed clusters but remained
dispersed in the dark. Subsequent addition of the input strand
A to the bulk solution initiated the first step of the DSD cascade,
which was visible as an increase in Alexa488 green fluorescence
inside the S-type proteinosomes. The increase in fluorescence
took place in the dark and under light illumination. In contrast,
the second step of the DSD cascade, as evidenced by an increase
in Cy5 fluorescence in the R-type proteinosomes, only took
place under red light illumination in S:R1 and under blue light
illumination in S:R2 populations. The population-level quantifi-
cation of the two DSD reactions over time in the two-membered
communities showed that for the first step of the DSD reaction,
the increase in Alexa488 fluorescence reached a maximum over
time both in the dark and under light, which shows the finite
capacity of S to produce the soluble signal (Figure 2C,E). In
addition, the Cy5 output of the second DSD reaction emerged
with a time delay compared to the Alexa488 signal in the illumi-
nated samples (Figure 2C,E), confirming the sequence of events
in the communication pathway. Overall, the results show that
molecular communication between the proteinosomes depends
on the spatial connectivity of the proteinosomes, which can be
tuned with red or blue light illumination.

Given the above observations, we sought to demonstrate
light-directed social self-sorting behavior as a mechanism for
regulating the chemical communication pathways in three-
membered synthetic cell communities composed of one sender
and two receiver populations. To achieve this, we mixed S-, R1-,
and R2-type proteinosomes in a 2:1:1 ratio and analyzed their
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self-sorting under different illumination conditions (Figure 3A).
As above, the proteinosomes were membrane-functionalized
with the respective proteins (S: PhyB and iLID, R1:PIF6, and
R2:Nano) and housed the components of the DSD cascade
reaction (F1Q1 in S, F2Q2 in R1 and F2Q2 in R2). The R2-
type proteinosomes also contained an additional Atto425-biotin
label to distinguish between the R1 and R2 populations. In the
dark, the three types of proteinosomes remained dispersed in
the solution. Under red light, the S and R1 type proteinosomes
adhered selectively due to membrane-based PhyB-PIF6 interac-
tions, while the R2 type proteinosomes remained separated. In
contrast, under blue light, the S and R2 proteinosomes bound
to each other due to the iLID-Nano interactions and the R1
type proteinosomes remained detached. We further analyzed
the aggregation ratios of different pairs to confirm orthog-
onal social self-sorting in the three-membered community
(Figure 3B). In the dark, none of the paired interactions, S:R1,
S:R2, and R1:R2 showed significant aggregation ratios. In con-
trast, high aggregation ratios were observed for either the S:R1
or S:R2 pairs after exposure to red or blue light, respectively.
Moreover, the constantly low aggregation ratio of the R1:R2 pair
independent of the illumination condition and the low S:R1
and S:R2 aggregation under blue and red light, respectively,
indicated the low extent of non-specific interactions between
the receiver proteinosomes. Taken together, the results indicate
that the social self-sorting of S:R1 and S:R2 pairs in three-mem-
bered communities can be triggered independently from each
other without interference.

Having established selective sorting behavior, we sought to
regulate the specificity of the communication pathway through
the photo-triggering of spatial organization in three-membered
synthetic communities. For this, we added the input ssDNA
strand to the ternary population described above and observed

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Specific DNA-based communication through different social sorting patterns in three-membered proteinosome communities. A) Confocal
microscopy images of mixtures of S, R1, and R2 type proteinosomes (2:1:1 ratio) in the dark and under red or blue light illumination, respectively, after
90 min prior incubation. The ssDNA input strand, A, was added at t = 0 min. Alexa488 (green, release of signal strand), Cy5 (red, release of output
strand), and Atto425 (blue, identification label) were used to identify S (circled in green), R1 (circled in red), and R2 (circled in blue). While essentially
all S proteinosomes increased in Alexa488 fluorescence, only R1 and R2 increased in Cy5 fluorescence under red and blue light, respectively. Purple col-
oration in R2 proteinosomes is due to the overlay of Cy5 and Atto425 fluorescence. Non-responders were identified from fluorescence images recorded
in the rhodamine B (proteinosome membrane label) channel. The scale bars are 50 um. B) Bar chart showing population percentage of S, activated
R1, activated R2, and non-responders (n.r) under different conditions in (B). Error bars are the standard error of the mean from three independent

experiments with >50 proteinosomes per sample.

that the S-type proteinosomes increased in Alexa488 green fluo-
rescence due to the release of the Q1 strand in the first step
of the DSD cascade (Figure 4A). In the dark, the proteino-
somes remained dispersed and the levels of released Q1 strand
were unfunctional due to dilution in the bulk phase; thus, no
increase in Cy5 red fluorescence was detected in the R1 or R2
type proteinosomes (Figure 4A). On the other hand, under red
light illumination, the Q1 strand reached the attached R1 type
proteinosomes, resulting in an increase in Cy5 red fluorescence
and indicating successful signal transfer and release of strand
Q2 from the R1 (Figure 4A). Conversely, under blue light illu-
mination, Cy5 red fluorescence increased in the R2 population
(Figure 4A). To demonstrate that the lack of response in R1 or
R2 type proteinosomes was due to the limited local concentra-
tions of Q1 strand released from the S-type proteinosomes and
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not due to a lack of functionality in the receivers, we added
an external excess of Q1 to the community in the dark and
observed that both R1 and R2 type proteinosomes increased in
Cy5 fluorescence, confirming their latent activity (Figure S19,
Supporting Information).

We quantified the communication response in the three-
membered community under different illumination conditions
(Figure 4B). Under all conditions (dark, red light, and blue
light), the presence of Alexa488 green fluorescence was asso-
ciated with =50% of the total population, consistent with the
activation of essentially all the S-type proteinosomes in a com-
munity prepared with an initial S:R1:R2 mixing ratio of 2:1:1. In
the dark, about 50% of the population were none-responders
(no Cy5 output), with less than 5% of the R1 and R2 displaying
an increase in Cy5 fluorescence, indicating a low level of
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non-specific communication in the absence of light-mediated
membrane-membrane adhesions. Under red light, the number
of non-responders decreased to 20% and the number of acti-
vated R2-type proteinosomes remained at around 5%, but the
number of activated Rl-type proteinosomes increased to 25%.
On the other hand, under blue light, the number of activated
Rl-type proteinosomes remained at =5% but the number of
activated R2-type proteinosomes increased to 25%. Taken
together, these results demonstrate that the distinct social self-
sorting patterns of the different sender and receiver pairs under
red and blue light lead to different specific communication
outcomes.

3. Conclusion

In this paper, we demonstrated that specific communica-
tion pathways between different pairs of synthetic cells in
mixed communities can be established through the spatial
organization of different protocell types as long as the signaling
range of the sender population is limited to nearest-neighbor
interactions.*! Different modes of self-sorting have been
described for colloidal particles® %%l and living cells®*! in the
context of forming multicellular structures. Here, we show that
the social self-sorting of proteinosome-based synthetic cells via
selective membrane adhesion events can regulate DNA-based
communication in a three-membered community. In par-
ticular, our results demonstrate that orthogonal self-sorting and
independent photoswitchable triggering can be achieved using
the high binding and light specificity of PhyB/PIF6 and iLID/
Nano protein pairs. By preparing sender (S) proteinosomes
with membranes decorated with both PhyB and iLID “recep-
tors” different patterns of social self-sorting are achieved in
the presence of receivers R1 (PIF6) and R2 (Nano) depending
on the wavelength of light (red or blue, respectively) used to
initiate sender-receiver membrane adhesion. Consequently, S
to R1 or S to R2 communication pathways are established in
the protocell community using a programmable DSD cascade
in which the ssDNA diffusive signal released from S after acti-
vation is spatially limited. The orthogonality is maintained as
long as the signaling range is restricted to distances below the
dimension of a single protocell such that only directly adhered
receivers are activated. This short-range effect is facilitated by
turbulent mixing in the bulk solution, such that the ssDNA
signal is only locally high enough to initiate a response close to
its production site and becomes quickly diluted below a critical
concentration at longer length scales. This is unlike previous
studies using microfluidic chambers with the laminar flow or
without any internal flow, where the sender-to-receiver signal
only propagates by molecular diffusion. Thus, in contrast to
other investigations, our approach offers high spatiotemporal
control over the communication process in bulk solutions,
without the need for immobilization of the protocells in hydro-
gels, fabricated chips, or microfluidic arrays.224-#1 In the long
term, we expect the social self-sorting and highly program-
mable DSD-based communication pathways developed using
our methodology to open up possibilities for the advent of
diverse and interactive multi-protocellular communities and
signaling networks.
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