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Spatiotemporal Control Over Protein Release from Artificial

Cells via a Light-Activatable Protease

Arjan Hazegh Nikroo, Wiggert J. Altenburg, Thijs W. van Veldhuisen, Luc Brunsveld,

and Jan C. M. van Hest*

The regulation of protein uptake and secretion by cells is paramount for
intercellular signaling and complex multicellular behavior. Mimicking
protein-mediated communication in artificial cells holds great promise to
elucidate the underlying working principles, but remains challenging without
the stimulus-responsive regulatory machinery of living cells. Therefore,
systems to precisely control when and where protein release occurs should be
incorporated in artificial cells. Here, a light-activatable TEV protease (LaTEV)
is presented that enables spatiotemporal control over protein release from a

1. Introduction

A fundamental feature to what makes
cells “living” is their ability to communi-
cate with one another, and to sense and
modulate their surroundings. While cells
employ various signaling modes to ex-
change information, one of their most
universal forms of communication re-
lies on diffusible signaling proteins.[?]

coacervate-based artificial cell platform. Due to the presence of
Ni?*-nitrilotriacetic acid moieties within the coacervates, His-tagged proteins
are effectively sequestered into the coacervates. LaTEV is first photocaged,
effectively blocking its activity. Upon activation by irradiation with 365 nm
light, LaTEV cleaves the His-tags from sequestered cargo proteins, resulting
in their release. The successful blocking and activation of LaTEV provides
control over protein release rate and triggerable protein release from specific
coacervates via selective irradiation. Furthermore, light-activated directional
transfer of proteins between two artificial cell populations is demonstrated.
Overall, this system opens up avenues to engineer light-responsive
protein-mediated communication in artificial cell context, which can advance
the probing of intercellular signaling and the development of protein delivery

platforms.
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During endocrine and paracrine signal-
ing, sender cells release such molecules
in response to perceived stimuli to ini-
tiate downstream signaling events in re-
ceiver cells, ultimately driving crucial
collective biological functions that can-
not be achieved by cells in isolation.>*]
For example, multicellular organisms
utilize diffusible cytokine-mediated in-
formation exchange to mount coordi-
nated responses of immune cells against
pathogens,>® and to induce cellular
differentiation and proliferation during
tissue development and repair using
growth factors,l”] with precise regula-
tion over the timing, location, and ex-
tent of protein release. Engineering anal-
ogous stimulus-responsive control over
the release of specific proteins holds great
promise to probe the working principles of intercellular signal-
ing on the molecular level. Highly notable successes in the engi-
neering and modulation of cellular signaling in top-down fashion
have been achieved, albeit that the chemical flexibility is limited
by the complexity of living cells, the dense and interlinked na-
ture of their signaling pathways, and interference by intra- and
extracellular constituents needed to sustain life.[810]

Inspired by nature, the bottom-up engineering of artificial cells
has over the years emerged as an exciting and orthogonal re-
search area to reconstruct and study key cellular hallmarks in
a well-controlled, life-like environment.''¥] In order to under-
stand how cells orchestrate their behaviors through intercellu-
lar signaling, significant progress has been made to incorpo-
rate aspects of cellular communication by engineering mecha-
nisms to control the release and uptake of molecular cargo.l®
For example, multiple artificial cell designs with robust sender-
receiver architectures,!’>8] bidirectional signaling systems,!"]
signal amplification processes,?”! and the ability to communi-
cate with living cells have been reported,[?!-23] which typically
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Figure 1. Schematic representation of coacervate assembly, loading of His-tagged proteins, light-triggered protease activation, and successive cargo
protein release. Coacervates are formed by mixing positively charged quaternized amylose (Q-Am) with negatively charged carboxymethylated amylose
(Cm-Am) and Ni** NTA functionalized amylose (Ni2* NTA-Am). His-tagged protein cargo and light-activatable TEV protease (LaTEV) are loaded, after
which terpolymer is added to stabilize the coacervate droplets. lllumination with 365 nm light activates LaTEV by liberating its active site cysteine from
a photocaging moiety, in turn triggering cargo protein release through protease-mediated cleavage of the His-tag linkage.

employ the exchange of diffusible small signaling molecules
over (semi)permeable compartment boundaries for information
transfer. Though less abundantly integrated, especially when
considering their key roles in natural cellular communication,
proteins have also been utilized as signaling molecules in artifi-
cial cell contexts. Their release has been shown through among
others cell-free protein synthesis,[?2°! vesicle fusion,[?’] and
compartment decomposition.[?#?°] However, these systems gen-
erally lack stimulus-responsivity to regulate when and where pro-
tein release occurs. Without the intricate regulatory machinery of
living cells, mechanisms to precisely control protein release from
artificial cells should therefore be engineered to open up avenues
toward communicative behavior that is more reminiscent of nat-
ural responsive protein-based signaling.

Among the repertoire of artificial cell platforms developed to
date, coacervates have been gaining traction,['*3%! owing to their
molecularly crowded matrix that mimics the densely packed in-
ternal milieu of living cells. In addition, they can be enclosed
by semi-permeable membranes.®'*#! Liquid-liquid phase sepa-
rated compartments have furthermore been shown to play a crit-
ical part in natural protein localization, highlighting their intrin-
sic ability to sequester proteins.**] Despite these favorable prop-
erties, protein recruitment in coacervates is typically driven by
preferential partitioning through charge complementarity with
the coacervate matrix.[*-3%1 This mechanism is effective but chal-
lenging to control after sequestration, restricting possibilities
for subsequent protein release. To address this, we previously
reported the programmable uptake of His-tagged proteins in
terpolymer-stabilized amylose-based coacervates through the in-
corporation of nitrilotriacetic acid-functionalized amylose com-
plexed with Ni** (Ni**-NTA-Am).[**! By additionally inserting a
protease cleavage site between the cargo protein and its His-
tag, we demonstrated protein release through enzymatic cleav-
age by tobacco etch virus (TEV) protease. Notwithstanding, this
approach is limited, as the TEV protease is directly active after
uptake in the coacervates, resulting in cargo protein release from
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the moment of its addition. To achieve user-defined control over
when and where protein release is triggered, this system should
be made activatable with responsivity to an external cue. In this
context, light is an attractive stimulus due to its high spatiotem-
poral control, allowing it to be focused on desired areas and de-
livered at any given time.

Herein, we report the integration of an engineered light-
activatable TEV protease (LaTEV) in our terpolymer-stabilized
coacervate artificial cell platform to establish light-triggered
spatiotemporal control over cargo protein release (Figure 1). The
system is based on the site-specific photocaging of the active-site
cysteine in TEV protease, rendering the enzyme inactive until
its decaging and activation is triggered upon exposure to 365 nm
light. This property is exploited to enable effective light-activated
enzymatic release of His-tagged cargo proteins, and to achieve
spatial control through selective irradiation of a subset of the
coacervate population. Moreover, we link LaTEV to a protein-
protein interaction (PPI)-based uptake system in coacervates,
displaying its general utility to design stimulus-responsive
sender-receiver cell architectures. This work as such provides
new opportunities toward the engineering of light-activatable
coacervate-based artificial cell communication networks and
synthetic protein delivery platforms.

2. Results and Discussion

2.1. Engineering a Light-Activatable TEV Protease (LaTEV)

In order to engineer LaTEV, we opted to replace the key active
site Cys151 residue of TEV protease with a photocaged cysteine
derivative that can be converted to a canonical cysteine using
365 nm light as activating stimulus. In our first approach, we
opted to use protein engineering, following previous work by
Nguyen et al., who reported the evolution of an orthogonal
Methanosarcina mazei (Mm) PylRS |/ tRNA .y, pair for the
genetic incorporation of the photocaged cysteine derivative

© 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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Figure 2. Production of LaTEV by photocaging MBP-TEV using DMNBB. A) Schematic representation of the protein construct design and mutations
(top right), DMNBB conjugation to site-specifically photocage the active-site cysteine of MBP-TEV (top left), and the subsequent activation using 365 nm
light to restore the active-site cysteine (bottom left). B) LC-MS Q-ToF analysis of MBP-TEV before and after conjugation, and after uncaging with 365 nm
light. Deconvoluted mass spectra are shown with the total ion count chromatogram as inlay. Expected masses: 71500.8 Da and 71631.9 Da (uncaged
protein), 71696.0 Da and 71827.1 Da (caged protein). For both states, the lower mass can be ascribed to excision of the N-terminal methionine in E. coli

(-131 Da).

4,5-methylenedioxy-2-nitrophenylethyl-L-cysteine (MDNPE-Cys)
in TEV protease via amber codon suppression.[*!] We therefore
synthesized MDNPE-Cys (Figures S1 and S2, Supporting In-
formation), introduced an amber stop codon in TEV protease
to exchange Cys151 with MDNPE-Cys, and implemented a
Ser219Val mutation to abrogate protease self-cleavage.*?] In
addition, an N-terminal maltose binding protein (MBP) domain
was incorporated to enable overexpression and storage with
enhanced solubility, while His- and Strep tags were included
at the N- and C-termini of the protein, respectively, to enable
purification of the full-length protein. The non-cleavable His-
tag furthermore introduced affinity of LaTEV for coacervates
containing Ni**-NTA functionalized amylose.

Expression of LaTEV was performed in E. coli, co-transformed
with the orthogonal Mm PylRS / tRNA_, pair, with MDNPE-
Cys supplemented in the dark. Purification via Ni**-NTA and
Strep-Tactin affinity chromatography afforded the pure protein
in an overall yield of 0.2 mg L' culture medium, as confirmed
by SDS-PAGE analysis (Figure S3, Supporting Information). The
relatively low yield was a result of the expression of truncation
products that were effectively removed via Strep-Tactin affinity
chromatography. Subsequent evaluation of protein identity via
liquid chromatography quadrupole time of flight mass spectrom-
etry (LC-MS Q-ToF) revealed the presence of both uncaged pro-
tease and the expected photocaged protease, which indicated in-
complete protease caging (Figure S3, Supporting Information).
Since the incorporation of a canonical cysteine at position 151
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was deemed unlikely due the amber codon suppression system,
this might be attributed to partial cleavage of the nitrophenyl
group in MDNPE-Cys upon exposure to light, despite efforts to
perform protein expression, extraction, and purification in the
dark.

To address the apparent incomplete caging, we next explored
whether the covalent conjugation of a photocaging moiety
to Cys151 after protein expression would represent an alter-
nate method to produce LaTEV. The commercially available
photocaging compound 4,5-dimethoxy-2-nitrobenzylbromide
(DMNBB) was selected for this approach, as it can covalently
bind the sulfthydryl group of accessible cysteine residues via
its bromomethyl group and can readily be removed upon
illumination with 365 nm light (Figure 2A).[*] Since amber
codon suppression was not required for this methodology,
we anticipated the protein expression yield to be higher.
Moreover, conjugation with DMNBB only requires protec-
tion from light from the conjugation step onward, allowing
straightforward protein expression and purification without
risk of premature decaging. As a potential disadvantage of the
chemical caging strategy however, multiple cysteines in TEV
protease besides active-site Cys151 could be modified with
DMNBB (Cys19, Cys110, Cys130). Based on previous reports
and the crystal structure of TEV protease, we anticipated that
Cys151 and the surface-exposed Cys130 would be susceptible
to DMNB-treatment, whereas Cys19 and Cys110 are buried in
the folded protein structure and hence inaccessible (Figure S4,
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Supporting Information).*#*] As such, we introduced a stabiliz-
ing Cys130Ser mutation that was previously reported by Correnti
et al. to enable the site-specific DMNBB-conjugation at the
active site cysteine.[**] The resulting fusion protein featuring the
canonical Cys151 residue was expressed in E. coli and purified via
Ni?*-NTA and Strep-Tactin affinity chromatography, with a yield
of %15 mg L~! culture medium, as confirmed via SDS-PAGE and
LC-MS Q-ToF (Figure S5, Supporting Information; Figure 2B).

After purification, we incubated the protein with tris(2-
carboxyethyl)phosphine (TCEP) for 20 min as preparative reduc-
tion step prior to conjugation, after which the reducing agent was
removed via buffer exchange to avert reactivity with DMNBB.
We next performed the DMNB-conjugation by incubation with
15 molar equivalents of DMNBB for 6 h in the dark. Following
a second buffer exchange to remove unreacted compound, LC-
MS Q-ToF analysis revealed two peaks representative of DMNB-
conjugated protein, corresponding to the full-length protein and
the protein deprived of its N-terminal methionine due to me-
thionine aminopeptidase processing in E. coli.’] Importantly,
masses indicative of unconjugated protein could not be identified
in the deconvoluted mass spectrum, implying a (near) complete
DMNB-conjugation (Figure 2B). Subsequent LC-MS Q-ToF anal-
ysis following a preliminary irradiation test with 365 nm light
(0.21 mW c¢m~2, 15 min) proved that the DMNB moiety could
effectively be cleaved to attain the uncaged protease with its cys-
teine residue restored.

2.2. Characterization of LaTEV with a FRET Reporter Protein

To verify the activity of LaTEV in its caged and light-activated
state, we designed and expressed an mNeonGreen-mCerulean
(mNG-mCE) reporter fusion protein, featuring a flexible GGS
linker with a TEV protease cleavage site (ENLYFQWV'S) (Figure
S6, Supporting Information). The fusion protein exhibits a high
Forster resonance energy transfer (FRET) efficiency when the
cleavable linker is intact, with mCE in close proximity of mNG.
Conversely, linker cleavage by activated LaTEV leads to a decrease
in FRET due to loss of proximity of mCE and mNG, allowing the
fusion protein to report on the activity of LaTEV before and after
irradiation (Figure 3A).

As an initial test, 100 nm of LaTEV was irradiated with 365 nm
light (0.21 mW c¢m™2, 1 min), after which 500 nm of mNG-mCE
was added, and FRET was monitored for 16 h. This brief illumi-
nation successfully triggered the protease activation and cleavage
of mNG-mCE over time, as evidenced by a concomitant gradual
loss of FRET from mCE to mNG. Evidently, cleavage of mNG-
mCE only occurred upon incubation with LaTEV that was ex-
posed to 365 nm light, as the FRET signal remained virtually un-
altered upon incubation with LaTEV that was kept in the dark
(Figure 3B). This demonstrates the absence of background pro-
tease activity of LaTEV in the photocaged state and is as such in
line with the implied (near) complete conjugation as determined
via LC-MS Q-ToF analysis (Figure 2B).

With light being a tunable stimulus, we next examined
whether LaTEV activity could be regulated by varying the irra-
diation time. As expected, LaTEV samples irradiated for 5 and
10 min revealed a more rapid decrease in FRET over time as
compared to 1 minute irradiation, signifying a more effective
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protease activation (Figure 3B). The difference between irradi-
ation for 5 and 10 min was less pronounced, indicating that 5
min of irradiation yields near-complete decaging. The activation
of LaTEV could analogously be regulated by adjusting the laser
power, with a decrease in laser power yielding a more gradual
protease activation relative to full laser power (Figure S8, Sup-
porting Information). Next, we calculated the relative FRET effi-
ciency to assess the extent of mNG-mCE cleavage. To this end,
mNG and mCE were expressed individually and mixed to gener-
ate a relative FRET efficiency that would be obtained upon com-
plete cleavage of mNG-mCE. Irradiation for 5 and 10 min led to
quantitative cleavage, with their respective FRET efficiencies of
0.500 and 0.496 in good agreement with the FRET efliciency of
0.488 for the individual mixture after 16 h (Figure 3C). Finally,
comparison to constitutively active MBP-TEV revealed LaTEV to
exhibit a lower activity at equal concentration, with a 1.11-fold
higher relative FRET efficiency after 4 h of incubation, irrespec-
tive of irradiation time (Figure S9, Supporting Information). This
apparent incomplete recovery of activity might be attributed to
partial denaturation of the enzyme during the conjugation pro-
cedure. Despite this, the highly effective caging and functional
light-triggerable activation of LaTEV in bulk, without background
activity, provided us with a suitable activable enzyme for usage in
our artificial cell platform.

2.3. Light-Activated Enzymatic Cargo Protein Release from
Coacervates

We next set out to integrate LaTEV in coacervates to estab-
lish a light-activatable enzymatic protein release mechanism.
For this purpose, a superfolder green fluorescent protein with
a TEV protease-cleavable His-tag (sfGFP-His) was selected as
model cargo protein (Figure S10, Supporting Information).
sftGFP is normally excluded from the coacervates, unless its re-
cruitment is enforced through the interaction between its His-
tag and the incorporated Ni**-NTA-Am.[*] Proteolytic cleavage
of the His-tag following uptake should as such result in pro-
tein release due to a loss of affinity for the coacervate matrix
(Figure 4A).

To assess whether 365 nm light is capable of triggering
LaTEV-mediated protein cargo release, we prepared terpolymer-
stabilized coacervates in a 2:0.8:0.2 charge ratio of quater-
nized amylose (Q-Am), carboxymethylated amylose (Cm-Am),
and NTA-Am, respectively, which was previously shown to
yield coacervate droplets that effectively recruit His-tagged cargo
proteins.[*] The terpolymer membrane stabilizes the coacervates
and is dynamic and semipermeable to proteins.[**! The coacer-
vates were co-loaded using 100 nm of sfGFP-His and 40 nm of
His-tagged LaTEV, and irradiated with 365 nm light (0.21 mW
cm™2, 5 min) or left in the dark. We subsequently monitored the
sfGFP fluorescence intensity in the coacervate matrices over 16
h using confocal microscopy. Gratifyingly, irradiated co-loaded
coacervates exhibited a clear release of sfGFP, as illustrated by
a significant decrease in fluorescence intensity in the coacervate
matrices over time (Figure 4B, fourth row), which was quanti-
fied for the resulting micrographs (Figure 4C). Importantly, the
observed fluorescence intensity decrease could be attributed to
protease-mediated release of sfGFP, and not to photobleaching
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Figure 3. Characterization of LaTEV activity in caged and uncaged state with a fusion protein-based FRET reporter. A) Schematic representation of
LaTEV activation and FRET readout. Irradiation of LaTEV with 365 nm light liberates the protease active site. This enables it to cleave the mNeonGreen-
mCerulean fusion protein linkage, resulting in a decrease in FRET. B) Fluorescence intensity spectra of the fusion protein reporter (500 nm) were measured
in the presence and absence of LaTEV (200 nm). Samples were irradiated for 1, 5, or 10 min with 365 nm light and FRET was monitored over time
(N = 3). C) The relative FRET efficiency was calculated via Equation S1 (Supporting Information) using donor (mCE) fluorescence intensity at 480 nm
and acceptor (mNG) fluorescence intensity at 520 nm. Data points represent individual measurements. Statistical evaluation for 0 min and mNG-mCE
was performed via a one-way ANOVA test, as indicated by ns (not significant, p > 0.05).
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Figure 4. Light-activated control over enzymatic protein release from coacervate-based artificial cells. A) Schematic overview of light-triggered activation
of His-tagged LaTEV and successive sfGFP cargo release. B) Confocal micrographs over time showing coacervates harboring sfGFP-His (100 nm, green)
and varying concentrations of LaTEV (0-80 nm) following irradiation with 365 nm light for 5 min. Cy3-labeled Q-Am (magenta) was added to visualize
the coacervate droplets. C) Quantification of mean sfGFP fluorescence intensity in coacervates over time. Data represents mean = standard deviation.
N > 30.

of sfGFP by the 365 nm laser, since a similar decrease in inten-  taining both sfGFP-His and LaTEV exhibited no substantial de-
sity was not observed following irradiation of sSftGFP-loaded coac-  crease in sfGFP fluorescence intensity, testifying to the effective
ervates (Figure 4B, first row) or coacervates loaded with LaTEV ~ caging and inactivation of LaTEV (Figure 4B, second row). The
and sfGFP-His lacking a TEV protease cleavage site (Figure S13,  subtle decrease in mean sfGFP fluorescence intensity over time
Supporting Information). Without irradiation, coacervates con-  for this sample can be ascribed to photobleaching during the
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measurement, with sfGFP-loaded coacervates also displaying a
similar decrease (Figure 4C).

Upon further evaluation of light-activated sfGFP cargo re-
lease using 20 and 80 nm of LaTEV, we observed a LaTEV
concentration-dependent release of sfGFP cargo. For 80 nm of
LaTEV, a substantially decreased sfGFP fluorescence intensity
could already be measured at ~2 h (Figure 4B, fifth row and
Figure 4C), relative to the initially observed sfGFP release for 40
nm of LaTEV. Conversely, a more gradual cargo release was ob-
served for 20 nm of LaTEV, with release still ongoing at the 16
h timepoint (Figure 4B, third row and Figure 4C). The ability to
activate and tailor the gradual release of protein could be ideal
for contexts in which release over a span of hours or days is re-
quired, rather than rapid burst release, for instance to carefully
elicit a desired output in living cells with biofunctional protein
cargo.

A major advantage of light over other stimuli is that it can be
applied in a spatially controlled manner. To demonstrate this level
of control, we sought to selectively trigger cargo protein release
in a coacervate subset. To this end, we prepared coacervates co-
loaded with 100 nm of sfGFP-His and 40 nm of His-tagged LaTEV,
and applied a partial cover that prevents the passage of incident
light to one half of the microscopy slide containing the coacer-
vates (Figure 5A). The sample was then irradiated with 365 nm
light (0.21 mW cm™2, 5 min), after which sfGFP fluorescence in
the coacervates was monitored through confocal microscopy over
time. Following incubation for 16 h in the dark, stGFP fluores-
cence was found to be maintained in coacervates located within
the area that was protected from incident light, indicating the re-
tention of cargo protein in this coacervate population as a result
of LaTEV inactivity. By contrast, coacervates that were exposed to
365 nm light displayed an effective release of SfGFP over time asa
result of LaTEV activation, as could be observed after 4 and 16 hin
the resulting micrographs (Figure 5B,C), and quantified in the ex-
posed coacervates relative to the covered coacervates (Figure 5D).
These results therefore demonstrate that protein cargo can be re-
leased from a specific coacervate subset through spatially selec-
tive activation of LaTEV.

2.4. Light-Activated Transfer of Protein Cargo Between
Coacervate Populations

To highlight the utility of LaTEV in an artificial cell context,
we designed a unique light-activatable sender-receiver cargo
transfer system by integrating LaTEV with PPI-based recruit-
ment using two artificial cell populations. Specifically, a “sender”
population was prepared by co-loading coacervates using 40
nm of His-tagged LaTEV and 100 nm of His-tagged sfGFP-
cRaf_pS233/pS259 cargo protein (sfGFP-cRaf-His; Figure S15,
Supporting Information). The latter protein is composed of
sfGFP with a TEV protease cleavable His-tag, fused to a dou-
bly phosphorylated peptide derived from cRaf, which is capable
of specifically binding dimeric 14-3-3 scaffold proteins through
a bivalent interaction with nanomolar-range affinity.[*#-%) A “re-
ceiver” population was prepared and loaded with 100 nm of
DyLight650-labeled His-tagged tobacco 14-3-3 protein (T14-3-3-
His). We anticipated that the light-triggered activation of LaTEV
would enable it to cleave the His-tag from the sfGFP-cRaf cargo
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protein in the sender coacervate population, thereby facilitating
its release. The released sfGFP-cRaf protein, without His-tag,
would then diffuse through the bulk until it would be recruited
by a receiver cell through specific T14-3-3-dependent affinity-
based sequestration (Figure 6A). Following the initial mixing of
the protein-loaded sender and receiver populations, confocal mi-
croscopy analysis indeed confirmed the sfGFP-cRaf-His and T14-
3-3-His proteins to reside in separate coacervate populations, as
evidenced by the lack of overlap of sSfGFP and DyLight650 fluo-
rescence (Figure 6B; top row and Figure 6C; left column). To sub-
sequently demonstrate the light-activated directional cargo trans-
fer, we irradiated the mixture with 365 nm light (0.21 mW cm™2,
5 min), after which the sample was incubated in the dark for 12
h. As anticipated, re-evaluation of the samples revealed a clear re-
lease of sSfGFP-cRaf from the sender population. In addition, the
receiver coacervates containing T14-3-3-His displayed a signifi-
cant increase in sfGFP fluorescence intensity relative to the ini-
tial timepoint, confirming the effective transfer of cargo protein
(Figure 6B; middle row and Figure 6C; middle column). Impor-
tantly, for an equivalent sample that was not exposed to 365 nm
light, no substantial sfGFP-cRaf release was observed from the
sender population, although a small amount of the protein was
found to be present in the receiver population (Figure 6B; bottom
row and Figure 6C; right column). With LaTEV kept inactive, this
might be ascribed to partitioning of sSftGFP-cRaf that remained in
the bulk solution. These results as such demonstrate that LaTEV
can be integrated with other coacervate uptake methods to estab-
lish controllable protein-based signaling from one artificial cell
population to another, which could be applied to study life-life
communication pathways in an artificial cell context.

3. Conclusion

In summary, we have engineered a light-activatable TEV pro-
tease, LaTEV, and integrated it into an artificial cell platform to
establish responsive control over enzymatic release of protein
cargo. Our approach relies on the site-selective photocaging of the
active-site cysteine in TEV protease using compound DMNBB,
which impedes protease activity until LaTEV is uncaged upon
brief exposure to 365 nm light. A FRET assay using an en-
gineered fusion protein reporter demonstrated the caging of
LaTEV, without background activity, and proved that irradiation
with 365 nm light successfully restores LaTEV’s ability to cleave
substrate protein. By incorporating LaTEV into a coacervate-
based artificial cell platform that utilizes the Ni?*-NTA/His-tag in-
teraction for protein uptake, we established an activatable protein
release system, demonstrating the effective release of sStGFP pro-
teins from the coacervate core through light-activated enzymatic
cleavage of their His-tags. This regulatory mechanism provided
control over cargo release rate and enabled the triggerable pro-
tein release from specific coacervates via selective irradiation. Be-
sides demonstrating protein release to the bulk, also a synthetic
sender-receiver system was constructed that enables stimulus-
responsive directional shuttling of protein cargo from one arti-
ficial cell population to another. For this purpose, LaTEV was
combined with a PPI-mediated recruitment system based on the
scaffold protein 14-3-3 and an interacting peptide module. Over-
all, this work provides a generally applicable and versatile light
responsive cargo protein release system, with the potential to

© 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH
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Figure 5. Spatial control over enzymatic protein release by selective activation of LaTEV in a coacervate subset. A) The cover protects coacervates in one
section from 365 nm light and enables irradiation of coacervates in the other section. B) Confocal micrographs of coacervates containing sfGFP-His (100
nM, green) and His-tagged LaTEV (40 nm). The blue frame encloses the irradiated section. The white boxes enclose sections for which magnifications
are shown in panel C). Cy3-labeled Q-Am (magenta) was added to visualize coacervates. D) Quantification of sSfGFP fluorescence intensity in coacervates
that were kept in the dark or exposed to 365 nm light. Solid lines inside the violin plot represent the median, and dashed lines represent the upper and
lower quartiles. N > 1500. Scale bars: 300 um (panel B) and 50 um (panel C). Uncropped micrographs of the Cy3 channel are provided in Figure S14,
Supporting Information.
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(40 nm) with “receiver” coacervates containing T14-3-3-His (100 nm, cyan) at 0 and 12 h after exposure to 365 nm light for 5 min or complete incubation in
the dark (Dark). Cy3-labeled Q-Am (magenta) was added to visualize coacervates. C) Quantification of sfGFP fluorescence intensity in coacervate sender
and receiver populations. The solid lines inside the violin plot represent the median. Dashed lines represent the upper and lower quartiles. N > 15. Scale
bars: 15 um.
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design, control, and study light-responsive protein-based signal-
ing pathways in an artificial cell context.

Apart from utility in a fully artificial context, we anticipate
LaTEV could be adopted to introduce stimulus-responsive spa-
tiotemporal control over protein release to establish communica-
tion between artificial and living cells in the future. While depen-
dent on irradiation with 365 nm light to trigger protein release in
its current iteration, photocaging compounds with responsivity
to longer wavelengths could be introduced to utilize more bio-
compatible visible or near-infrared light sources, which can be
important for translation to a context with living cells. Growth fac-
tors and cytokines with cleavable His-tags might enable LaTEV-
equipped coacervates to be adopted as protein release platform
for controlled cargo delivery in tissue engineering applications,
with precise control over cargo release at specific target sites upon
irradiation. Similarly, the conjugation-based photocaging strat-
egy may prove useful to engineer other light-activatable enzymes
to impart further controllability in artificial cells, in view of many
enzymes possessing a cysteine proximal to or as part of their
active-site catalytic triad.l>!]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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