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Charge-driven inclusion complex formation in live cells was exam-
ined using a degradation-prone fluorescent protein and a series of
protein cages. The results show that sufficiently strong host—guest
ionic interaction and an intact shell-like structure are crucial for the
protective guest encapsulation.

Compartmentalization is a fundamental feature underlying complex
cellular systems. Such spatial separation, typically through physical
barriers, enables otherwise incompatible biochemical processes to
occur in parallel. While eukaryotic membrane-bound organelles
remain the most prominent representatives of this concept, com-
partmentalization can also be achieved with proteins that self-
assemble into regular, cage-like arrangements."” Such proteinac-
eous compartments are ubiquitous throughout all domains of life
and play a role in many crucial biological processes, including
mineralization (ferritins),® proteostasis (molecular chaperones
and proteasomes),”” as well as harbouring short metabolic path-
ways (bacterial microcompartments).® The broad range of
morphologies and functionalities exhibited by naturally occur-
ring protein cages has inspired researchers to reengineer these
structures into customized organelle-like subcellular compart-
ments with potential applications in biomedicine, metabolic
engineering, and synthetic biology.>

Many functions of protein cages rely on their ability to
sequester cargo molecules within their lumenal cavity. This is
typically achieved by employing specific binding strategies,
including charge complementarity,”® bioaffinity,’* "> genetic
fusion,'*** or bioconjugation.'®*® Charge complementarity, in
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particular, offers a simple and general approach for encapsula-
tion: negatively charged guests bind to a positively charged cage
lumen and vice versa. Notable examples found in nature are
viral capsids that display arginine-rich motifs on their lumenal
surface to recognize and package their genomic material."® To
facilitate complex formation between two naturally unrelated
molecules, such a propensity for ionic interaction-based encap-
sulation can also be introduced by engineering. This strategy has
been successfully applied to the cage-forming enzyme, Aquifex
aeolicus lumazine synthase (4aLS) (Fig. 1(a)). The lumenal surface
of the wild-type protein (AaLS-wt) assembly was endowed with a
high negative charge by site-directed mutagenesis® and subse-
quently optimized by directed evolution,>* yielding variants called
AaLS-neg and AaLS-13, respectively. While AgLS-wt assembles
into a 16 nm dodecahedral structure, the engineered variants
adopt expanded cage-like assemblies with keyhole-shaped pores
(Fig. 1(a)).>® Their structural characteristics allow efficient load-
ing of positively charged cargo simply by mixing the guests and
host cages in aqueous solution.>*”>° However, most experiments
to date have been performed in vitro, leaving questions about the
utility of these complementary charge-based packaging systems
for forming inclusion complexes in living cells. Here we describe
the possibility of charge complementarity-based formation of a
protein cage-cargo complex, and how these systems can rescue
proteins that are rapidly degraded in the bacterial cytosol.

As a cargo molecule we chose a positively supercharged variant
of green fluorescent protein® equipped with a C-terminal SsrA
bacterial degradation signal peptide®" (GFP(+36)-SsrA). This unde-
capeptide is recognized by the bacterial housekeeping proteases
ClpXP and CIpAP, rendering the tagged protein rapidly degradable
(Fig. 1(b)).** Successful encapsulation of GFP(+36)-SsrA would be
expected to prevent proteolysis by obstructing its access to the
proteolytic machinery, named “shield-or-shred” system, which
would afford a distinctive fluorescence signature to host cells
capable of forming such complexes. In contrast, if GFP were
produced without the SsrA tag, the cytoplasmic and encapsu-
lated fractions would be indistinguishable in fluorescence

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Shield-or-shred system: in cellulo ionic interaction-based guest encapsulation of otherwise degradation-prone fluorescent protein by
engineered Aquifex aeolicus lumazine synthase (AalS) protein cages. (a) Structures of AaLS-wt 60-mer (PDB: 5MPP), AaLS-neg 180-mer (5MQ3),
AalS-13 360-mer (5MQ7). Scale bar — 20 nm. Electrostatic potential molecular surfaces (Connolly representation, upscaled 3x) of the pentameric

subassemblies, projected perpendicularly to the five-fold symmetry axis, viewed from the lumenal face, are shown next to the respective cages.
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(b) Conceptual scheme of the in cellulo guest encapsulation experiments. A GFP fused to SsrA degron peptide, either non-supercharged (msfGFP-SsrA)
or positively supercharged (GFP(+36)-SsrA), is coproduced in E. coli cells with a selected protein cage and its fluorescence is analysed. Models are not to

scale.

assays. Thus, such a “rescue effect” can serve as a simple tool to
probe the formation of host-guest complexes in the cytoplasmic
environment of intact cells, which has been exploited in both
bacterial®*** and eukaryotic*®® systems. In this method, suc-
cessful encapsulation should lead to an increase in fluorescence
stemming from functional guest protein - a notable difference
from the sequestration of a cytotoxic protease previously used as
a selection pressure to obtain AaLS-13, where the cell survival
relied on the guest inactivation by protein cages.**

To test the “shield-or-shred” approach for a charge com-
plementarity system (Fig. 1(b)), we coproduced GFP(+36)-SsrA
with different AaLS variants equipped with a C-terminal Strep-
tag for isolation purposes in Escherichia coli cells. Expression of
GFP and AaLS genes was controlled by a tetracycline operon
promoter (P,,) and a T7 promoter coupled with lactose operon
operator (Pryj,), respectively. A monomeric variant of super-
folder GFP, msfGFP,***° with a net theoretical charge of —6 was
used in parallel as a non-supercharged analogue of GFP(+36).
Analytical flow cytometry was performed to compare the dis-
tributions of fluorescence intensity among cell populations
producing the SsrA-tagged GFPs alone or together with an AaLS
variant.

For all three AaLS proteins, coproduction with GFP(+36)-SsrA
resulted in a significantly higher mean fluorescence intensity
when compared to GFP(+36)-SsrA produced alone (Fig. 2(a) and
(b)). This was the case even for AgLS-wt, which we thought

This journal is © The Royal Society of Chemistry 2023

would have little to no propensity for interaction with GFP(+36)-
SsrA due to its near-neutral charge. As we proved later, this
observation is likely not a consequence of encapsulation but
increased molecular crowding or weak association of GFP(+36)-
SsrA with the protein cage exterior, potentially inhibiting pro-
teolysis. A high negative charge of the protein cage lumen
appears to aid the rescue effect, as evidenced by a >2-fold
higher fluorescence signal for AaLS-neg compared to that for
AaLS-wt. However, to our big surprise, AaLS-13 which possesses
the most negatively charged lumen showed the smallest rescue
effect among the tested variants.

Through the previously performed directed evolution experi-
ments,”* AaL.S-13 had apparently gained a high net negative charge
in exchange for instability or slow assembly kinetics. It has been
known that the protein is obtained as a mixture of fully assembled
cages and its fragments when produced in E. coli cells.*® Although
immature cage fragments might be sufficient to reduce the toxicity
of the enzyme, this structural feature is likely not beneficial for
protection of guests from proteases. Meanwhile, AaLS-neg cages,”
as well as AaLS-wt,*' seem to be more stable, and unassembled
fragments have not been observed. Combined with the prior
knowledge, these flow cytometry data suggest that not only
lumenal charge but also assembling characteristics of a given
protein cage are crucial for efficient guest protection in cells.

In analogous experiments, it was confirmed that msfGFP-
SsrA, which is not positively supercharged, undergoes nearly

J. Mater. Chem. B, 2023, 11, 6540-6546 | 6541
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Fig. 2 In cellulo characterization of AalLS proteins coproduced with SsrA-tagged GFPs. (a) Median fluorescence intensity (MFI) of cells producing an
SsrA-tagged GFP alone (+mock) or with an AaLS protein. ns — p > 0.05; ** — p < 0.01; *** — p < 0.001 (one-way ANOVA with Dunnett's test, n; = 3).
Boxes and whiskers indicate sample standard deviations and 95% confidence intervals, respectively. (b) Log-scaled histograms representing distributions
of fluorescence intensity within populations of cells producing GFP(+36)-SsrA with or without AaLS proteins. Cells producing only GFP(+36) lacking the
degradation tag (+mock) and non-transformed cells (cell autofluorescence) are also included for comparison. Histograms were summed across three
biological replicates. (c) Differential interference contrast (DIC) and confocal microscopy images of selected E. coli populations showing the morphology
of the cells and fluorescence distribution, respectively. Scale bar — 5 pm.

complete proteolysis regardless of the choice of coproduced producing GFP(+36) lacking the degradation tag showed a strong
AdlLS (Fig. 2(a)). These results highlight the importance of cargo  fluorescence signal in the polar regions (Fig. 2(c)), indicating
surface charge to be recognized and protected by AaLS proteins.  partial accumulation of the functional protein in inclusion

Although the different rescue effect observed could concei- bodies. We were concerned that direction of GFP(+36)-SsrA to
vably reflect the variation in the amounts of AaLS proteins inclusion bodies, promoted by overproduction of AaLS proteins,
produced, this seems unlikely for the experiments shown in could therefore be an additional, or even alternative, mechanism
Fig. 2(a) and (b), as the production levels of all three AdLS to encapsulation in protein cages for achieving the rescue effect.
proteins were found to be similar by SDS-PAGE analysis This is, however, unlikely the case. When GFP(+36)-SsrA was
(Fig. S1(a), ESIt). Nevertheless, the intracellular concentration produced alone (Fig. S2, ESIt), fluorescence was mostly scattered
of AaLS proteins is an important factor in the absolute fluores- throughout the whole cytoplasm; its coproduction with AaLS
cence intensity of GFP(+36)-SsrA-producing cells. When the proteins confined it to the area between the polar and central
AalS genes were expressed under the control of a weaker regions, presumably inclusion bodies and nucleoid, respectively,
salicylate operon promoter (Pg,), no substantial rescue effect featured most prominently for AaLS-neg (Fig. 2(c)). While no
was observed for any of the samples, presumably because the notable accumulation in the inclusion bodies was confirmed,
concentration of the protein cages was too low for efficient these observations suggested that AaLS protein cages limit
capture of the guest protein (Fig. S1(b) and (c), ESIT). GFP(+36)-SsrA distribution to a certain area of cells.

Cells were next analysed by confocal microscopy to examine To gain further insight into host-guest complex formation,
the subcellular localization of GFP. Overproduction of hetero- AaLS proteins were isolated using StrepTactin affinity chroma-
logous proteins can lead to the formation of inclusion bodies tography and characterized outside of the cellular context.
where the constituent proteins could be protected from Cryogenic transmission electron microscopy (cryo-EM) analysis
proteolysis and still preserve their functionality.”” Indeed, cells of AaLS-wt showed the presence of monodisperse ~16 nm

6542 | J Mater. Chem. B, 2023, 11, 6540-6546 This journal is © The Royal Society of Chemistry 2023
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Fig. 3 In vitro characterization of AaLS proteins coproduced with SsrA-
tagged GFPs. (a) Cryo-EM micrographs of AalS cages produced with
or without GFP(+36)-SsrA. Scale bar — 50 nm. (b) Native agarose gel
electrophoresis (AGE) of the AalLS proteins produced in cells alone or
coproduced with a GFP-SsrA variant, visualized using ReadyBlue (left) and
fluorescence (right). Possible locations of bands corresponding to the
most typical AaLS cage assemblies are indicated by arrows. (c) Represen-
tative fluorescence emission spectra of isolated AaLS proteins produced in
cells alone or coproduced with a GFP-SsrA variant. Spectra for AaLS-neg
and AalS-13 coproduced with GFP(+36)-SsrA exhibit a major peak at
509 nm, corresponding to GFP emission. The background signal observed
for AalLS-wt and AalS-neg is probably attributable to copurified
lumazine.*® Spectra of AaLS-wt and AaLS-neg produced alone overlap.

particles, while AaLS-neg and AaLS-13 were found to be more
diverse in size and morphology (Fig. 3(a), top, Fig. S3, ESIT),
forming pseudospherical assemblies of ~27 nm and ~35 nm
mean diameter, respectively. For AaLS-13 samples, immature
cages and unassembled fragments were also visible as
expected.”® Coproduction of GFP(+36)-SsrA did not detectably
alter their morphology (Fig. 3(a), bottom).

The bands in native agarose gel electrophoresis (AGE) gels
corresponding to assembled AaLS-neg and AaLS-13 particles
coproduced with GFP(+36)-SsrA exhibited a green fluorescence

This journal is © The Royal Society of Chemistry 2023
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signal, indicating that GFP(+36)-SsrA comigrated with the cages
(Fig. 3(b)). For the AaLS-13 samples, a similar signal was also
observed for the incomplete subassemblies, indicating that cage
fragments are also capable of binding GFP(+36)-SsrA, likely due
to their extraordinarily high net negative charge. The lack of a
fluorescence signal for the AaLS-wt samples confirmed little
complex formation as we assumed. In the control experiments,
AaLS proteins were coproduced with msfGFP-SsrA, yet without
any detectable output fluorescence signal. Together, these results
confirm that charge complementarity is required for driving the
formation of host-guest inclusion complexes in cells.

The number of GFP(+36)-SsrA copurified with AaLS proteins
was estimated from the fluorescence spectra to be ~0.1 mole-
cules per 180-meric AgLS-neg and 360-meric AaLS-13 (Fig. 3(c)
and Fig. S4, ESIT). Low complex formation efficiency was also
confirmed by SDS-PAGE analysis showing bands corresponding
to the expected molecular mass of AaLS monomers and no clear
bands corresponding to GFPs (Fig. S5, ESIt). Multiple factors
could be in play, including the concentration of the SsrA-tagged
GFP in the cytosol, as well as kinetic competition between
irreversible proteolysis and potentially reversible encapsulation
processes due to the pores of these AaLS cages allowing in- and
outflux of GFP-sized proteins (Fig. 1(a)). The observed results
likely reflect the overall system ultimately reaching a steady
state that depends on the rates of GFP formation, degradation,
and encapsulation.

Despite the relatively low rescue efficiency, AaLS-13 proteins
were able to form a complex with GFP(+36)-SsrA to a similar
extent as AaLS-neg (Fig. S4, ESIt). This may indicate that there is
potentially another mechanism, in addition to SsrA-mediated
proteolysis, to decrease GFP fluorescence by AaLS-13 in the
cytosolic environment. Importantly, such putative inactivation
of a guest protein would be even preferable for the sequestration
of a toxic enzyme.”* On the other hand, the difference in net
negative charge between AalLS-neg and AaLS-13 is probably not
crucial for encapsulation of GFP(+36)-SsrA, likely due to the stiff
structure with an unusually high net positive charge allowing
strong binding to the lumen of both AaLS cages.** Taken
together, our results illustrate how the optimal structures and
chemical properties of artificial subcellular compartments may
diverge depending on the desired outputs.

Conclusions and perspectives

With appropriate assembling characteristics and binding affinity
towards guests based on charge complementarity, the AaLS cages
could protectively encapsulate and store an otherwise degradation-
prone fluorescent protein in bacterial cells. This finding, together
with a previously reported RNA packaging study,” highlights
potential applications of protein cages as novel biotechnological
tools for capturing intracellular substances that are homeosta-
tically rare or transient due to rapid degradation or conversion
to other forms. Notably, the anionic nature of the host cages, as
opposed to commonly employed viral capsids possessing posi-
tively charged interiors,”'® could be useful to deter undesired

J. Mater. Chem. B, 2023, 11, 6540-6546 | 6543
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encapsulation of nucleic acids. Furthermore, encapsulation systems
that sequester proteins based on their net surface charges could
provide an ideal screening approach for engineering supercharged
proteins.*® As shown in this study, flow cytometry constitutes a
powerful method for assessing the function of fluorescent proteins
and enzymes producing fluorogenic molecules.”” Owing to genetic
encodability and evolvability, protein cages hold a great potential to
gain tailored properties by reengineering.**>* This makes our
simple charge complementarity system a promising platform for
the construction of artificial organelle-like compartments'®*7¢ that
fulfil specific roles in living cells.
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