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ABSTRACT: Self-assembled protein cages are attractive scaffolds
for organizing various proteins of interest (POIs) toward
applications in synthetic biology and medical science. However,
specifically attaching multiple POIs to a single protein cage
remains challenging, resulting in diversity among the function-
alized particles. Here, we present the engineering of a self-
assembled protein cage, prMi3gy, capable of independently
recruiting two different POIs using SpyCatcher (SC)/SpyTag
(ST) and DogCatcher (DC)/DogTag (DT) chemistries, thereby
reducing variability between assemblies. Using fluorescent proteins
as models, we demonstrate controlled targeting of two different
POIs onto ,Mi3gy protein cages both in vitro and inside living
cells. Furthermore, dual functionalization of the pMi3g; protein
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cage with a membrane-targeting peptide and p-galactosidase

resulted in the construction of membrane-bound enzyme assemblies in Escherichia coli, leading to a 69.6% enhancement in substrate
utilization across the membrane. This versatile protein cage platform provides dual functional nanotools for biological and

biomedical applications.

KEYWORDS: self-assembled protein cage, protein scaffold, orthogonal bioconjugation, synthetic metabolon

S elf-assembled protein cages, such as ferritins, virus-like
particles, encapsulins, and computationally designed
protein cages, have caught extensive attention in the fields of
bionanomaterials and synthetic biology."”” These protein cages
are self-assembled from multiple copies of a single (or a few)
protein subunits, resulting in highly organized structures with
well-defined interior and exterior surfaces. They feature
unprecedented homogeneity, biocompatibility, and multiple
modifiable sites, making them ideal scaffolds for organizing
proteins of interest (POIs). One crucial aspect in the
construction of protein cage scaffolded bionanomaterials is
the functionalization of protein cages. Various strategies have
been explored, including loading cargoes into the interior
cavity or attaching them to the exterior surface of protein cages
by chemical or genetic modification.” ' These functionalized
protein cages have shown promise in applications such as
drug/gene delivery,"' ™" enzymatic reactions,”"*~"* vaccines/
antigen presentation,"”~*' and the assembly of higher-order
structures.”>*?

However, while significant progress has been made in
functionalizing protein cages, site-specifically functionalizing
the cages with multiple different cargo proteins remains
challenging, particularly for applications requiring diverse
functionalities such as targeting sequences, fluorescent
proteins, biocatalytic activities, and therapeutic agents. Many
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current studies rely on single bioconjugation strategies, and
thus, cargo proteins may compete for the same attachment site,
resulting in heterogeneous assemblies with varying numbers
and stoichiometries of attached cargo proteins. Yet, the
homogeneity of these assemblies is crucial for the fine-tuning
of the biological activities of the functionalized protein cages.
Thus, efforts have been directed toward engineering protein
cages capable of orthogonally recruiting different POIs. In a
previous study, an engineered protein cage derived from the
cowpea chlorotic mottle virus (CCMV) capsid was demon-
strated to have surface-exposed native cysteine and non-
canonical amino acid azido—lz;)henylalanine incorporated
through the amber suppression.”* This modification enabled
the site-specific recruitment of two different cargo proteins
using orthogonal chemical reactions, ie., the maleimide
reaction and “click” reaction. However, the necessity of
performing chemical coupling reactions in vitro after
purification of the protein cage hinders its suitability for in
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Figure 1. Design and construction of the ,:Mi3¢y protein cage for spontaneous recruitment of DC/SC-tagged POIs. (A) Schematic representation
of engineering the ,yMi3sy protein cage platform. (B) SEC and SDS-PAGE analysis of the purified ,tMi3gy protein cage. (C) DLS determination
of the hydrodynamic radius (R;,) of pMi3gr. The result is presented in a log-normal distribution. (D) Negatively stained TEM image of the
prMi3gr protein cages. Scale bar: SO nm. (E) AFM image of ,tMi3gy protein cages. Color bar on the right indicates the height of the structures.
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Figure 2. ,;Mi3g; scaffolded assembly of fluorescent proteins in test tubes. (A) SDS-PAGE analysis of protein mixtures consisting of ,cYFP,
prMi3gr, and scCFP. The molar ratio of different proteins is indicated at the top of the gel image. Bands with higher molecular weight indicate the
orthogonal and covalent conjugation between the ,;Mi3gy protein cage and DC/SC-containing proteins. (B) Quantification of data in lines 5—8 in
A revealing that the input 3cCFP/Mi3gy ratio did not influence the conjugation efficiency between pcYFP and ,rMi3gy (see Figure S4 for
quantification of data in lines 9—12 in A). The output ratio was calculated as [band intensity(total ,cYFP) — band intensity(unconjugated
pcYFP)]/band intensity(total pMi3gr). (C) DLS analysis of the protein cage scaffolded assemblies, indicating the Ry, of ¢ YFP/,1Mi3gr/scCFP
assemblies. (D) Negatively stained TEM image of ,cYFP/[,;Mi3gr/scCFP assemblies. Scale bars: 50 nm. (E) Quantification and comparison of
particle diameters of HMi3gr protein cages and pcYFP/p Mi3gr/scCFP assemblies (n = 100 for each group). Unpaired t test was performed
(*##%*; P < 0.0001). (F) AFM image of ,YFP/,:Mi3¢1/scCFP assemblies. Color bar on the right indicates the height of the structures. Scale bar:

100 nm.

vivo applications. For in vivo dual site-specific functionalization
of protein cages, orthogonal sortases are attractive. A previous
study has demonstrated independent conjugation of various
cargo moieties to the M13 phage particle by using sortases
from different bacteria.”®> Nevertheless, this strategy relies on
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the coexpression of sortase in living cells for in vivo dual
labeling, which may impose cellular burden or unintended
biological effects on host cells.

Mi3 is a computationally designed dodecahedral protein
cage based on an aldolase of thermophilic bacteria.”' In our
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Figure 3. prMi3gp scaffolded assemblies of fluorescent proteins in E.
coli. (A) Genetic constructs for the expression of fluorescent proteins
and Mi3 protein cages. Strain FluoO (control strain) expressing
scCFP, pcYFP, and the untagged Mi3 protein cage. Strain Fluol
expressing ¢cCFP, ,cYFP, and the ;Mi3g; protein cage. (B)
Measurement of the gcCFP lifetime in engineered E. coli cells were
obtained by fluorescence lifetime imaging microscopy. scCFP exhibits
a decreased lifetime in Fluol due to the fluorescence resonance
energy transfer (FRET) resulting from the prMi3gr-mediated
colocalization of cCFP and pcYFP. Significance was calculated by ¢
test. **#*P < 0.0001 (n = 10 cells for each group). (C) Western blot
analysis of whole cell lysates showing covalent conjugation in Strain
Fluol. (D) Confocal images of the two engineered E. coli strains
showing distinctive fluorescent signals. Scale bars: S pm. (E)
Localization patterns of ¢cCFP and cYFP shown in D were
quantified. Vertical heatmaps representing intensities of fluorescent
proteins across the long cell axis were generated using Image].
Demographs show the fluorescent intensity across a population of
cells arranged by cell length. Uniform fluorescence was observed in
Strain FluoO. In contrast, fluorescence was concentrated at the poles
of Fluol.

previous work, we have successfully achieved functlonallzatlon
of the Mi3 protein cage via the SpyCatcher/SpyTag system,”®
chemical-induced dimerization domains, or light-induced
dimerization domains.'” After a close examination of the
structure, we found that both of its C- and N-termini are
surface exposed (Figure S1), making it an ideal candidate for
engineering a dual functionalizable nanoplatform. We chose to
use recently developed SpyTag/SpyCatcher (ST/SC) and
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DogTag/DogCatcehr (DT/DC) systems to independently
recruit DC- and SC-tagged cargo proteins via orthogonal
chemistries. ST can form an irreversible isopeptide bond with
SC upon mixing.”” The DT/ DC system is similar to the ST/
SC system but orthogonal.”® Our engineered protein cage
offers several advantages, including the ability to perform dual
functionalization not only in vitro but also in vivo, without the
need for downstream chemical manipulation or introduction of
external enzymes.

Here, we present the engineering of the Mi3 protein cage as
a nanoplatform, termed prMi3gy, capable of independently
recruiting two different cargo proteins via orthogonal
isopeptide formation systems both in vitro and in living cells.
Using fluorescent proteins as model cargoes, we demonstrate
orthogonal attachment of different POIs to the exterior of the
protein cage. By employing a membrane-targeting peptide and
P-galactosidase as protein cargoes, we successfully construct
membrane-bound protein assemblies based on the prMi3gr
protein cage, leading to an enhanced substrate utilization
across the membrane. This advancement significantly expands
the toolbox of dual-functional nanotools for a wide range of
applications in synthetic biology and medical science.

To develop a protein cage platform that can orthogonally
recruit two types of protein cargos, we chose to use the Mi3
protein cage along with ST/SC and DT/DC systems. For this,
ST and DT were fused to the N- and C-terminus of the Mi3
subunit, generating a chimera, namely, ,Mi3¢; (Figure 1A).
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Figure 4. Characterization of pMi3gy scaffolded membrane bound
assemblies. (A) Schematic of genetic constructs for the expression of
prMi3gr protein cages and cargo proteins possessing different
functions (pcYFP and ¢cMinD). Strain Mbtg0 (control strain)
expressing scMinD, pcYFP, and the naked Mi3 protein cage. Strain
Mbtgl expressing scMinD, cYFP, and the ,Mi3g protein cage. (B)
Confocal images of the two engineered E. coli strains showing
distinctive fluorescent signals. Dual functionalization of prMi3gr
allows for the precise spatial organization of YFP on the E. coli cell
membrane (top panels). Scale bars: S um. Bottom panels:
Quantification of YFP signals along the line cuts.
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Figure 5. Enhanced substrate utilization by synthetic membrane-bound enzyme assemblies. (A) Hydrolysis of resorufin f-p-galactopyranoside by
P-galactosidase generates D-galactose and resorufin. (B) Schematic of engineered strains with synthetic metabolons. Strain Mbm1 expressing
prMi3gr, scMinD, and pcGal. Strain MbmO (control strain) expressed pMi3gr, SC, and pcGal. Top panels: Genetic constructs for Strains Mbm1
and Mbm0. Bottom panels: Enhanced substrate utilization by membrane-bound enzyme assemblies in Strain Mbm1. (C) Western blot analysis of
whole cell lysates showing the covalent conjugation between the pMi3gr protein cage and POIs. Mbm1 expressing the prMi3gr protein cage,
pcGal, and scMinD; MbmO expressing the pMi3gy protein cage, pcGal, and SC. (D) Comparison of resorufin titers between the two engineered

strains showing enhanced resorufin biosynthesis in Strain Mbm1.

To avoid steric hindrance, flexible linkers were inserted
between the DT/ST and Mi3. We first purified and
characterized the engineered proteins. 6XHis-tagged prMi3gy
was expressed in E. coli and purified to homogeneity using
metal-affinity chromatography (IMAC). Then, the purified
protein was analyzed by size exclusion chromatography (SEC).
prMi3gr particles eluted as a single peak at the void volume.
SDS-PAGE analysis of the collected peak showed a single band
corresponding to the ,Mi3¢r subunit (29.6 kDa) (Figure 1B).
These results demonstrated that ,Mi3g; was expressed in the
soluble form and self-assembled into particles with a higher
molecular weight exceeding the upper limit of SEC. To
investigate the morphology of p,Mi3gr particles, p:Mi3gr was
further characterized using dynamic light scattering (DLS),
transmission electron microscope (TEM), and atomic force
microscope (AFM). DLS analysis of ,tMi3gr gave a uniform
peak with a hydrodynamic radius (R;,) of 42.3 + 0.3 nm
(Figure 1C). Moreover, TEM and AFM images showed that
prMi3gr particles exhibit intact, homogeneous, and cage-like
structures (Figure 1D,E). Additionally, the resultant protein
cage remained stable under physiological conditions after
incubation at room temperature for 72 h (Figure S2).
Altogether, these results demonstrated that chimeric pMi3gy
can readily self-assemble into protein cages.
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Next, we investigated whether the ,;Mi3gr protein cage can
recruit proteins containing the cognate interaction proteins
independently. We chose to use SC-tagged cyan fluorescent
protein (scCFP, 39.1 kDa) and DC-tagged yellow fluorescent
protein (pcYFP, 41.3 kDa) as model proteins. To this end,
scCFP and pYFP were expressed and purified to homogeneity
(Figure S3), separately. Then, cargo proteins of ¢cCFP and
pcYFP were mixed with ptMi3gr protein cages at indicated
molar ratios in S0 mM Tris buffer (pH 7.6) for 1 h at room
temperature (Figure 2A). The SDS-PAGE analysis of protein
mixtures showed extra bands with higher molecular weight at
approximately 68.7 and 70.9 kDa, which correspond to the
conjugated adducts (i.e., pyMi3gr/scCFP assembly and
pcYFP/prMi3gr assembly, respectively), indicating the co-
valent bond formation between prMi3gy and POIs (Figure
2A). However, not all the attachment sites were occupied by
client proteins, even in the excess amount of cargo proteins.
This may be due to the inherent limitation of the coupling
reactions and/or insufficient surface exposure of SpyTag/
DogTag. Further study is needed to improve the bioconjuga-
tion efficiency, such as screening of optimal variants of
SpyCatcher and DogCatcher” and optimizing the linker
sequence between SpyTag/DogTag and the protein cage
subunit. In addition, when both cargo proteins were mixed
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Nano Lett. 2024, 24, 9237-9244


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01693/suppl_file/nl4c01693_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c01693/suppl_file/nl4c01693_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01693?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01693?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01693?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c01693?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c01693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

with pMi3gr particles, another band with a higher molecular
weight (109.9 kDa) was also observed, which corresponds to
prMi3gr subunits conjugated with both ¢cCFP and pcYFP
(bcYFP/prMi3gr/scCFP assembly). The presence of the
pcYFP/prMi3gr/gcCFP  assembly demonstrated that both
cargoes can be attached to the same protein cage
simultaneously. Notably, densitometry analyses of the SDS-
PAGE gel (Figure 2A) revealed that increasing the input
scCFP/ppMi3gr ratio had no influence on the conjugation
efficiency between ,cYFP and ;Mi3gr, and vice versa (Figure
2B and Figure S4), indicating orthogonal conjugation between
the ppMi3gyr protein cage and two types of POIs. Moreover,
the ratio of DC-tagged POI and SC-tagged POI recruited by
the protein cage can be regulated simply by altering the input
ratio of DC-tagged POI and SC-tagged POI (Figure SS).

Then, protein cage scaffolded assemblies were purified by
SEC (Figure S6) and subjected to further characterization
using DLS, TEM, and AFM analyses. Specifically, DLS showed
an increased Ry, value of 69.0 + 0.4 nm (Figure 2C), which was
attributed to the successful assembly of fluorescent proteins.
TEM images revealed that pcYFP/scCFP attached protein
cages exhibited intact and cage-like structures, but with blurred
edges (Figure 2D). Additionally, the TEM images showed an
increased diameter compared to naked pMi3gr protein cages
(28.6 + 2.3 nm vs 33.3 + 2.7 nm, Figure 2E). The increased
particle size was corroborated by AFM images (Figure 2F),
confirming the successful attachment of fluorescent proteins
onto the surfaces of the prMi3gr protein cages. Altogether,
these results demonstrated that ppMi3gp protein cages
successfully served as a nanoplatform for the recruitment of
both SC-containing proteins and DC-containing proteins
orthogonally.

After validating the covalent conjugation, we tested whether
prMi3gr particles can organize proteins in complex intra-
cellular environments using the fluorescence resonance energy
transfer (FRET) pair of CFP and YFP as model cargoes. To
this end, plasmid encoding cCFP and pcYFP and plasmid
encoding pMi3gr were co-transformed into E. colj, resulting in
Strain Fluol (Figure 3A). Similarly, Strain FluoO expressing
scCFP, pcYFP, and untagged Mi3 was also created to serve as
a control. Both strains were then examined by fluorescence
lifetime imaging microscopy (FLIM). The fluorescence
lifetime of ¢cCFP (the donor of the CFP/YFP FRET pair)
was significantly decreased in Strain Fluol compared to that in
Fluo0 (1304.9 ps vs 2412.9 ps; Figure 3B) because of FRET,
indicating the colocalization of  cCFP and pcYFP. The
distance between the ¢«CFP and ,-YFP was calculated to be
4.0 nm according to the FRET efficiency (see details in the
Experimental Section), indicating the high density of
assembled fluorescent proteins on the surface of [ Mi3gr.
The spontaneous bioconjugation between ptMi3gr and
fluorescent proteins in Strain Fluol was further confirmed by
Western blot (Figure 3C and Figure S7). Specifically, Strain
FluoO showed only bands of pcYFP and ¢cCFP, whereas in
Strain Fluol, extra bands corresponding to pcYFP/prMi3gr
assembly, ptMi3gr/scCFP assembly, and
pcYFP/prMi3gr/scCFP assembly were observed. Additionally,
Strain FluoO exhibited a uniform distribution of both CFP and
YFP signals throughout the entire cell. In contrast, Strain Fluol
displayed signals concentrating at the poles of the cells (Figure
3D and 3E), possibly resulting from the exclusion of protein
assemblies from the cell center by genomic DNA, which could
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be caused by the increased size of protein assemblies compared
with that of “free” proteins. Intracellular protein cage
scaffolded assemblies were morphologically analyzed using
thin-section TEM, revealing intact and spherical particles with
an increased average diameter compared to that of naked
protein cages (99.0 nm vs 65.6 nm, Figure S8). Altogether,
these results demonstrated that the ,Mi3g scaffolded protein
assembly of DC/SC-containing proteins can be achieved in
complex intracellular environments.

Due to the unique ability to selectively recruit both SC-
containing and DC-containing cargoes, the prMi3gr protein
cage can be easily decorated with dual functionality by
employing POIs possessing diverse functional characteristics.
To this end, we employed the membrane-localizing region of
MinD from Bacillus subtilis as an alternative cargo protein,”””’
thereby conferring membrane-targeting capability to prMi3gr.
Specifically, we genetically fused the membrane-targeting
sequence to the C-terminal of SC, resulting in gcMinD.
Subsequently, the ,Mi3¢r protein cage, scMinD, and pcYFP
were coexpressed in E. coli (Strain Mbtgl) using two
compatible plasmids (Figure 4A). A control strain (Strain
Mbtg0) expressing the naked Mi3 protein cage, cMinD, and
pcYFP was also generated for comparison. As anticipated, two
strains showed different fluorescent patterns, as examined
under a fluorescent microscope. In Strain Mbtg0, HcYFP
displayed dispersed signals within the cytoplasm, whereas in
Strain Mbtgl, the pcYFP signal colocalized with the cell
membrane (Figure 4B). This observation confirmed the
spontaneous conjugation of the ptMi3¢y protein cage with
both ¢cMinD and ,YFP, which led to the formation of the
pcYFP/prMi3gr/scMinD assembly. Furthermore, the assem-
bly was effectively targeted to the cell membrane of E. coli by
scMinD, providing compelling evidence for the dual
functionalization capability of the ptMi3gr protein cage and
precise organization of proteins on the E. coli cell membrane.

The efficient utilization of substrates across biological
membranes is a fundamental prerequisite for synthesizing
chemical products in cellular factories. Membrane-bound
metabolons, with significant potential to enhance substrate
transportation efficiency and minimize diversion to competing
pathways, have been developed to improve the biosynthesis
efficiency. For example, an artificial transport metabolon has
been created in yeast by constructing an artificial complex
between an endogenous sugar transporter and a heterolo%ous
xylose isomerase, accelerating the utilization of xylose.”” In
contrast to reported approaches, we developed membrane-
bound metabolons by dual functionalization of the prMi3gr
protein cage with both cMinD and DC targeted enzymes. As
a proof of principle, we employed S-galactosidase, a glycoside
exonuclease, which can convert nonfluorescent resorufin f-p-
galactopyranoside (RDG) to a bright pink fluorescent product
(Figure SA), making it easy to quantitatively monitor reactions
by spectrometric methods with a standard curve (Figure $9).”’

To this end, prMi3gy, ¢cMinD, and DC-containing /-
galactosidase (pcGal) were coexpressed in LacZ-deficient E.
coli, giving Strain Mbm1. A control strain expressing prMi3gr,
SC, and pGal was also constructed (Figure SB). The covalent
conjugation between [ Mi3gr and cargoes in engineered
strains was confirmed by Western blot (Figure SC). Strikingly,
Strain Mbm1 showed a 69.6% increase in resorufin signal
compared with Strain MbmO (Figure SD). We speculated that
the formation of membrane-bound metabolons contributes to
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the increase in resorufin production. Particularly, in Mbm1, the
pcGal/prMi3gr/scMinD  assemblies were targeted to the
vicinity of membrane-associated lactose permeases, which
served as the entrances of the RDG into E. coli cells, leading to
the formation of membrane-bound metabolons (Figure SB,
left) capable of preventing substrate diversion away from
pcGal, leading to an increase in resorufin production. In
contrast, in MbmO, the absence of MinD blocked the proximity
of pcGal and lactose permeases, resulting in low levels of
resorufin production. Besides, densitometry analysis of bands
in Western blot showed a similar protein abundance of pcGal
in two strains, excluding the impact of different protein
expression levels on the reaction. It will be very interesting to
further explore how factors such as the relative ratio, spacing,
and orientation of the attached enzymes affect catalytic
activities of the protein cage scaffolded assemblies. Overall,
these results indicate that ,tMi3gr can be used to construct
membrane-bound metabolons in living cells and accelerate
biosynthesis by facilitating substrate utilization.

In this work, we have developed a self-assembled protein
cage, namely, prMi3gy, which can be dual functionalized by
orthogonally recruiting two types of POIs containing cognate
interaction domains. This strategy can avoid competition for
the same binding site among different POIs, -effectively
reducing the variability among protein scaffolded assemblies.
Using model fluorescent proteins, we demonstrated that two
types of POIs can be attached to the surface of the prMi3gr
protein cage without interfering with each other, not only in
vitro but also inside living cells. Furthermore, by recruiting a
membrane-targeting sequence and f-galactosidase to the
surface of the protein cage, we constructed membrane-bound
metabolons within E. coli cells, leading to a 69.6% increase in
RDG utilization across the membrane. We envision that the
dual functionalization of the ,Mi3gy protein cage with diverse
POIs holds potential for applications in synthetic biology and
medical science (e.g, development of effective, multivalent
vaccines against communicable diseases by recruiting multiple
antigens, enabling broadening of protection coverage and
enhancement of immune response). In the context of the latter
applications, further study is needed to investigate the effects of
the engineered scaffolds on mammalian cells. This is
particularly important for biomedical applications, such as
delivering therapeutic agents.
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