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ABSTRACT: Encapsulin-based protein cages are nanoparticles
with potential biomedical applications, such as targeted drug
delivery or imaging. These particles are biocompatible and can be
produced in bacteria, allowing large-scale production and protein
engineering. In order to use these bacterial nanocages in different
applications, it is important to further explore their surface
modification and optimize their production. In this study, we
design and show new surface modifications of Thermotoga v
maritima (Tm) and Brevibacterium linens (Bl) encapsulins. Two "

new loops on the Tm encapsulin with a His-tag insertion after

residue 64 and residue 127 and the modification of the C-terminus
on the Bl encapsulin are reported. The multimodification of the
Tm encapsulin enables up to 240 functionalities on the cage
surface, resulting from four potential modifications per protein subunit. We further report an improved production protocol giving a
better stability and good production yield of the cages. Finally, we tested the stability of different encapsulin variants over a year, and
the results show a difference in stability arising from the tag insertion position. These first insights in the structure—property
relationship of encapsulins, with respect to the position of a functional loop, allow for further study of the use of these protein
nanocages in biomedical applications.

B INTRODUCTION is to perform an in-depth investigation to further extend the

The constant development of biomedical tools for drug possibilities for surface modification in order to introduce

targeting, drug delivery, vaccines, or imaging requires efficient functionalities and improve stability for the Tm encapsulin

biocompatible carriers, accepted by the host, with an adequate (Tmenc) and Bl encapsulin (Blenc). Additionally, we aim to
response and with no/low toxicity.l Consequently, nano- increase the purification yield of encapsulins for large-scale
particles have been built, such as liposomes,2 polymers,3 usage.

micelles,* or protein cages.” Previous studies on protein cages The encapsulins, in this study, are protein cages composed of
report on a variety of different applications, such as targeted drug 60 monomers assembled in a T = 1 symmetry (which is an
delivery, gene reporting, and vaccines.™® Protein cages are well- icosahedron composed of 60 asymmetric protein building
defined monodisperse, hollow, spherical structures, in the size blocks).">'® The encapsulin surface can be modified either

. . . —11
range of 1100 nm, which are generally biocompatible.” chemically or genetically. The latter allows insertion of a desired

Among the variety of protein cages, our work focuses on
encapsulins that are found in bacteria and archaea'” and may
have viral origin shared with the capsid proteins of tailed
bacteriophages.'”~'® The advantages of bacterial protein cages
are that they can be easily engineered and produced and they
self-assemble in bacteria.'® Furthermore, encapsulins can not
only encapsulate endogenous cargo but also exogenous cargo,
thanks to an extension sequence in the C-terminus.'>'” The Received: September 3, 2021
accumulation of all these properties makes encapsulins Revised:  October 15, 2021
promising candidates for developing (drug) delivery carriers, Published: November 8, 2021
imaging and diagnosis agents, or bionanoreactors. In our studies,

we focus on the encapsulins of two species: Thermotoga

maritima (Tm) and Brevibacterium linens (Bl). The goal here

peptide (e.g, a targeting peptide) with high control over both
the amount and the position in the cage. This peptide insertion
at a single site of the protein monomer will lead to 60 functional
groups on the nanocage surface. The design and fine tuning of
modifiable locations, without disturbing the cage structure,

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acs.biomac.1c01156
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allows for versatile surface modifications, which is crucial for a
large variety of applications.

So far, seven genetically modified sites have been reported on
encapsulins, which were all developed on the Tmenc.'”~** The
monomeric protein of Tmenc consists of three domains; P, E,
and A (Figure 1B). The reported modifications are located on

Figure 1. Structure of the Tm encapsulin (Sutter et al.”®) highlighting
loop 64 (cyan) with glutamate 64 and asparagine 65. Loop 127
(orange) with glutamate 127 and lysine 128. Loop 138 (red) with
glutamate 138 and 139. The C-terminus is in purple with the two
terminal residues being lysine and phenylalanine. (A) Entire cage is
shown with one monomer in green. (B) One monomer with the
positions of the different exposed loops. (C) Zoom in of two pentamers,
to show the different positions of the loops on the surface of the
encapsulin.

the N-terminus and in loop positions 42—43 (which are in the P-
domain), 138—139 and C-terminus (A-domain), and loop
positions 57—58, 60—61, and 71—72 (E-domain). Moreover,
among those seven positions, five are exposed on the surface of
the Tm encapsulin, which are located in the A- and E-
domains."”** For these five surface exposed positions, results
from Moon et al. suggest that the C-terminus is less accessible, as
the variant with six histidines inserted at the C-terminus could
not be purified on a nickel affinity column.'” Regarding
modifications in the E-domain, the modification between the
residues 71—72 leads to a disruption of the cage, while
modifications after residues 57 and 60 are mostly insoluble
with low purification yield.”* Clearly, there is a need for further
investigations about alternative loops that may be engineered on
the surface of Tmenc and by homology on Blenc. In this study,
we reveal two new positions on the surface of Tmenc where a
peptide can be inserted, and we extend the C-terminus with a
peptide of additional 10 amino acids. Furthermore, an improved
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protocol for encapsulin purification is described. Noticeably, our
study demonstrates that the sequence homology between
different encapsulin species does not exactly reflect the structural
homology, and we show the possibility of using the C-terminus
as an engineerable position on the surface of Blenc.

B MATERIALS AND METHODS

Bacterial Strains and Plasmids. Bacterial strains and plasmids
used in this study are listed in Table 1.

DNA Manipulation. Plasmid preparation, DNA purification, and
polymerase chain reaction (PCR) product purification were performed
using the appropriate Macherey Nagel kits. Restriction enzymes, DNA
polymerase, and other molecular biology reagents were purchased from
New England Biolabs. High fidelity polymerase QS (NEB) was used for
PCR amplification. The sequences of all used oligonucleotides
(purchased from Eurofins Genomics) are listed in Table 2. To
construct the expression plasmids for encapsulin genes, the encapsulin
genes were PCR-amplified using corresponding primers and cloned
into pCDFDuet or pRSFDuet vectors (Novagen) using the sequence-
and ligation-independent cloning (SLIC) method™* between Ndel-
EcoRV (MCS2) restriction sites. The sfGFP gene was cloned into the
pETDuet vector (Novagen) using the SLIC method between Ncol-Sall
(MCS1). The sequences of all plasmids were verified using the
sequencing service of Eurofins Genomics.

Protein Production and Purification. Competent cells of E. coli
Rosetta strain were transformed with pCDF or pRSF-enc variants or
cotransformed with pRSF-enc variants and pET-sfGFPEg, The
bacteria were grown until 0.5 OD at 4 = 600 nm at 37 °C in the LB
medium with an appropriate antibiotic (streptomycin 30 ug/mlL,
kanamycin 30 yg/mL, and/or ampicillin SO ug/mL). The expression of
the different encapsulin genes was induced with 1 mM IPTG for 12 h at
25 °C. The bacteria were collected by centrifugation and lysed by
sonication (2 X 1 min) in S0 mM Hepes buffer (pH 8, 150 mM Na(l, 1
mM EDTA, 20 mM MgCl,, 1 protease inhibitor tablet/7 mL
(cOmplete), 0.5 mg/mL lysosyme, 20 ug/mL DNAse, 30 mM
imidazole, and 15 mM beta-mercaptoethanol (fme)). The lysate was
cleared by ultracentrifugation (20,000Xg) to remove cell debris.
Cleared lysates containing encapsulin histidine variants were each
loaded onto separate 3 mL Ni-NTA-functionalized agarose beads
(Protino Ni-NTA Agarose) in Biorad gravity columns for 1 h. The
immobilized proteins were washed using washing buffer (50 mM Hepes
pH 8, 150 mM NaCl, 1S mM fme, and 30 mM imidazole) and eluted in
elution buffer (50 mM Hepes pH 8, 150 mM NaCl, 15 mM fme, and
500 mM imidazole). The buffers for the purification of the strep
encapsulin variant did not contain imidazole. The cleared lysate-
containing encapsulin strep variants were loaded on a StrepTrap Hp S
mL column (Cytiva) using a BioRad NGC FPLC. The immobilized
proteins were eluted in elution buffer (S0 mM Hepes pH 8, 150 mM
NaCl, 15 mM pme, and 2,5 mM desthiobiotine).

The proteins were concentrated using Amicon Ultra Centrifugal
filters (Millipore, 100-kDa cut-off) and purified using size exclusion
chromatography on a Superose 6 10/300 increase column pre-
equilibrated with 50 mM Hepes pH 8, containing 150 mM NaCl and
15 mM fme.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electropho-
resis (SDS-PAGE) and Immuno Detection. Proteins from different
purification steps were separated by electrophoresis on 15%
polyacrylamide gels and stained using Coomassie brilliant blue.
Proteins from bacterial extracts were separated by electrophoresis on
15% polyacrylamide gels and transferred onto nitrocellulose mem-
branes using a wet blotting apparatus (BioRad). Membranes were
blocked with 5% milk in PBST (Phosphate buffer saline; 0.05% Tween
20) and incubated with monoclonal mouse anti-His antibody (Penta
His, Qiagen, dilution 1:1000) according to the manufacturers’
instructions. This was followed by two 10 min washes and a 1 h
incubation in peroxidase-labeled antimouse antibody (1:2000, Sigma).
Membranes were developed by homemade enhanced chemilumines-
cence and scanned using FluorChem M hardware (Proteinsimple).
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Table 1. Bacterial Strain and Plasmids Used in This Study

strain and plasmids

E. coli
Rosetta(DE3)
NovaBlue
plasmids
pCDFDuet-1
pETDuet-1
pRSFDuet
pET21a-Blenc-dyp

pET21a-Tmenc-
mTFP

pCDF-Tm64H,,
pCDF-Tm127H,,
pCDF-Tm138H,,
pCDF-TmCtH,,
pCDEF-BI61H,,
pCDEF-Bl124H,,
pCDEF-Bl135H,,
pCDE-BICtH,,
pRSF-Tm127strep

PRSF-Tm127PepC7-
Cstrep

pET-sfGFPEy,

genotype/characteristics

F-ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CamR)
endAl hsdR17 (rK12— mK12+) supE44 thi-1 recAl gyrA96 relAl lac F'[proA + B+ laclqZAM15::Tn10] (TetR)

Sm®, 2 MCS, Py, Ori CDF

Ap®, 2 MCS, Py, Ori f1

Km®, 2 MCS, Py, Ori RSF 1030

pET21a carrying bl encapsulin and dyp genes
pET21a carrying tm encapsulin and mTFP genes

pCDFDuet carrying tm encapsulin gene with His-tag insertion in position 64 cloned in MCS 2
pCDFDuet carrying tm encapsulin gene with His-tag insertion in position 127 cloned in MCS 2
pCDFDuet carrying tm encapsulin gene with His-tag insertion in position 138 cloned in MCS 2
pCDFDuet carrying tm encapsulin gene with His-tag insertion in the C-terminal position cloned in MCS 2
pCDFDuet carrying bl encapsulin gene with His-tag insertion in position 61 cloned in MCS 2

pCDFDuet carrying bl encapsulin gene with His-tag insertion in position 124 cloned in MCS 2
pCDFDuet carrying bl encapsulin gene with His-tag insertion in position 135 cloned in MCS 2
pCDFDuet carrying bl encapsulin gene with His-tag insertion in the C-terminal position cloned in MCS 2
pRSFDuet carrying tm encapsulin gene with strep tag II insertion in position 127 cloned in MCS 2

pRSFDuet carrying tm encapsulin gene with PepC7 peptide insertion in position 127 and strep tag II insertion in the C-

terminal position cloned in MCS 2
pETDuet carrying sf GFP gene fused with the C-terminal sequence of ferredoxin-like protein cloned in MCS 1

origin

Novagen

Novagen

Novagen
Novagen
Novagen
Putri et al.'®

laboratory
collection

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study

this study

Table 2. Oligonucleotides Used in This Study”

oligo sequence 5’ > 3’ characteristics
OSMS-1 AAGGAGATATACATATGAATAACCTCTATCGCGAGCT PCR Blenc forward for Ndel site in pDuet
MCS2
OSMS-2 GCGTGGCCGGCCGATATCTCAATGATGATGGTGATGGTGATGGTGATGAT — PCR Blenc reverse for ECoRV site in
GGAGGCTCAAAGGCACACT pDuet MCS2
OSMS-7 GCGTGGCCGGCCGATATCTCAGAGGCTCAAAGGCACACT PCR Blenc reverse for EcoRV site in pDuet
MCS2
OSMS-9 ACGTCCAGTCGGAGCATCATCACCATCACCATCACCATCATCATACGAGCG — PCR Blenc E61-his10-T62 forward
GACTGCAG
OSMS-10 CTGCAGTCCGCTCGTATGATGATGGTGATGGTGATGGTGATGATGCTCCGA  PCR Blenc E61-his10-T62 reverse
CTGGACGT
OSMS-11 TCCACGGGCTCGATCATCATCACCATCACCATCACCATCATCATGCGGCCG — PCR Blenc D124-his10-A125 forward
GGATCGG
OSMS-12 CCGATCCCGGCCGCATGATGATGGTGATGGTGATGGTGATGATGATCGAG  PCR Blenc D124-his10-A125 reverse
CCCGTGGA
OSMS-13 TCGTTCCCGGCAGCCATCATCACCATCACCATCACCATCATCATTCGAATGC — PCR Blenc S135-his10-S136 forward
CGCAGT
OSMS-14 ACTGCGGCATTCGAATGATGATGGTGATGGTGATGGTGATGATGGCTGCC  PCR Blenc S135-his10-S136 reverse
GGGAACGA
OSMS-21 GCGTGGCCGGCCGATATCTCAATGATGATGGTGATGGTGATGGTGATGAT — PCR Tmenc reverse for ECoRV site in
GGAACTTTAGAAGAATCAA pDuet MCS2
OSMS-22 GCGTGGCCGGCCGATATCTCAGAACTTTAGAAGAATCAA PCR Tmenc reverse for EcoRV site in pDuet
MCS2
OSMS-23 TGCTTTCAGACGAGCATCATCACCATCACCATCACCATCATCATAACGAAGT — PCR Tmenc E64-his10-N65 forward
GGTGAA
OSMS-24 TTCACCACTTCGTTATGATGATGGTGATGGTGATGGTGATGATGCTCGTCT ~ PCR Tmenc E64-his10-N65 reverse
GAAAGCA
OSMS-25 TCAGAGGATGTGAACATCATCACCATCACCATCACCATCATCATAAATCGG  PCR Tmenc E127-his10-K 128 forward
GTGTTAA
OSMS-26 TTAACACCCGATTTATGATGATGGTGATGGTGATGGTGATGATGTTCACAT  PCR Tmenc E127-his10-K 128 reverse
CCTCTGA
OSMS-27 TTCTTTCCTTCGAACATCATCACCATCACCATCACCATCATCATGAGAGGAA  PCR Tmenc E138-his10-E139 forward
AATCGA
OSMS-28 TCGATTTTCCTCTCATGATGATGGTGATGGTGATGGTGATGATGTTCGAAG — PCR Tmenc E138-his10-E139 reverse
GAAAGAA
OSMS-89 GAATGGAGCCACCCGCAGTTCGAAAAGAAATCGGGTGTTAAAGGCCTT PCR Tmenc E127-Strep-K128 forward
OSMS-117 TTTCTTTTCGAACTGCGGGTGGCTCCATTCACATCCTCTGAATATCA PCR Tmenc [ 127-Strep-K 128 reverse
OSMS-112 GAATGCACCAGCACCAGCGCGCCGTATTGCAAATCGGGTGTTAAAGGCCTT  PCR Tmenc E127-PepC7-K 128 forward
OSMS-120 ATACGGCGCGCTGGTGCTGGTGCATTCACATCCTCTGAATATCA PCR Tmenc E127-PepC7-K 128 reveverse
OSMS-114 GCGTGGCCGGCCGATATCTCACTTTTCGAACTGCGGGTGGCTCCAGAACTT — PCR Tmenc Strep EcorV reverse

TAGAAGAATCAA

“The DNA sequence is colored corresponding to the residue or peptide sequence described in characteristics.

Transmission Electron Microscopy (TEM). TEM measurements
were performed using a Philips CM300ST-FEG transmission electron

microscope. Each sample (S pL) was applied to a Formvar carbon-
coated copper grid (Electron Microscopy Sciences). The samples were
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Figure 2. Alignment of Tm and Bl encapsulins with (in black) similar residues and (in boxes) the homologous substitution. The stars represent the
similar residues between Blenc and Tmenc for the selection of the loop on Blenc.
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Figure 3. SDS-PAGE analysis of the purification of the different encapsulin variants by affinity chromatography on nickel columns. The fractions are
analyzed by SDS-PAGE and stained by Coomassie blue. L = loading, FT = flow through, W = wash, and E = elution. Molecular weight markers (in kDa)
are indicated on the left. The different variants are indicated on the right of the arrows except for Blenc124H and Blenc13SH (B bottom), where no
protein is visible. (A) Analysis of Tmenc variants. (B) Analysis of Blenc variants.

incubated on the grid for 2 min, and then, any excess buffer was applying S uL of uranyl acetate (1% w/v) onto the grid and incubating
removed with filter paper. The samples were negatively stained by for 40 s. Any excess stain was removed, and the samples were left to dry
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Figure 4. Size and morphological characterization of the Tmenc variants and BlencH. DLS-based size distributions (left) and negatively stained TEM
images (right) of encapsulin particles for (A) Tmenc64H, (B) Tmenc127H, (C) Tmenc138H, (D) TmencH, and (E) BlencH. Mode and median size
of the particles in DLS were determined by the software of the machine, and the average particle size form TEM was determined as described in the

Experimental Section.

for 10 min before imaging. The size of encapsulin cages was determined
by using Image] (http:/ /imagej.nih.gov/ij/ ) averaging 30 measure-
ments.

Dynamic Light Scattering (DLS). The hydrodynamic size
distribution of the particles was determined using a Nanotrac Wave
(Microtrac) particle analyzer. An average over S runs of 120 s each was
used to determine the size deduced from the intensity distribution. The
number distribution was displayed to visualize the major contribution
to the size determination.

Cellular Uptake. bEND.3 cells (ATCC) were seeded at 10 X 10°
cells per well in a 96-well plate in the Dulbecco modified Eagles medium
(DMEM), fetal bovine serum, penicillin—streptomycin (containing
10.000 units penicillin and 10 mg of streptomycin mL™"). After 24 h
incubation at 37 °C in a humidified 5% CO,-containing atmosphere,
TmPepc7-sfGFP and TmStrep-sfGFP were diluted to S0 nM in DMEM
and added to the cells. The particles were incubated for 4 h.
Subsequently, the cells were washed with phosphate buffered saline
(PBS, pH 7.4) with 4% paraformaldehyde and stained with 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI) and wheat germ
agglutinin (WGA) staining. The cellular uptake was analyzed by
confocal fluorescence microscopy using a Zeiss Confocal LSM880 with
20X objective. The laser and filters used were ex 405/em 454 for DAPI/
WGA and ex 488/em 548 for GFP.
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B RESULTS AND DISCUSSION

Selection of Loops on Tmenc and Blenc and Variant
Construction. To construct encapsulin variants, we first
selected promising candidates for surface modification based
on the resolved encapsulin structure of Tmenc described by
Sutter and co-workers " using the PyMol software (The PyMOL
Molecular Graphics System, Version 2.1 Schrédinger, LLC).*
Following this approach, loops at positions 64, 127, and 138 and
the C-terminus of Tmenc were investigated (Figure 1). As
modifications in the loop at position 138 and the C-terminus
were already characterized by Moon and co-workers,'” we
decided to use position 138 as a benchmark for our experiments
reproducing their results. In addition, while Moon et al. could
not purify the variant with a modified C-terminus, we
investigated encapsulin purification using a longer His,,-tag
instead of Hiss. The complete cage of Tmenc is represented in
Figure 1A with a single monomer highlighted in green. Figure 1B
shows a monomer with the designed modifications, and using a
representation of a double pentamer, Figure 1C highlights the
exposed position of the chosen residues. As the atomic structure
of Blenc is unavailable so far, we proceeded by homology with
Tmenc. Following a sequence alignment procedure using the
ENDscript server,”® we selected the corresponding residues of
Blenc, which are residues 61, 124, and 135 and the C-terminus

https://doi.org/10.1021/acs.biomac.1c01156
Biomacromolecules 2021, 22, 5234—5242


http://imagej.nih.gov/ij/
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig4&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

50 4

—— TmencH 1 year —— Tmenc127H 1 year
401 — TmencH —— Tmenc127H 40 4 ——BlencH 1year
40 —— BlencH
30 4 __ 304
g * 30 =
= = =
i ] @ % 204
§ & 20 3
S = £
J 10 4
10 104
W\
0 0 0
T T T 1 T T T 1 T T T 1
1 10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
Size (nm) Size (nm) Size (nm)
50 -
—— Tmenc64H 1 year —— Tmenc138H 1 year
Tmenc64H 401 —— Tmenc138H
40 4
. 304
£ 304 g
= =
a 2 20
S 20 2
E =
10 4
10
0 0
T T T ] T T T ,
1 10 100 1000 10000 1 10 100 1000 10000
Size (nm) Size (nm)

Figure S. Stability study of different encapsulin variants by DLS. Size distributions of Tmenc64H, Tmenc127H, Tmenc138H, TmencH, and BlencH

after S days (pink line) and 1 year (blue line).

(Figure 2). Next, we genetically inserted 10 histidines between
each set of highlighted amino acids.

Purification of the Encapsulins. The variants were
produced and assembled in bacteria. The soluble fraction was
extracted and purified by affinity chromatography on Nickel-
NTA columns. All the variants of Tmenc were purified and
found in the elution fraction with a molecular weight of 32 kDa
(Figure 3A), which implies that the new variants are stable and
the His-tag is exposed on the surface. Note that multimers of
Tmenc were observed by SDS-PAGE, implying that a part of the
Tmenc protein cages resists denaturation during sample
preparation (heating and SDS treatment). Concerning Blenc,
while BlencH (Blenc with 10 histidines in the C-terminal
domain) is correctly purified and found in the elution fractions
with a molecular weight of 30 kDa (Figure 3B top), this is not
the case for the other variants of Blenc. Blenc61H is purified but
at a lower yield compared to BlencH, and for the variants
Blenc124H and Blencl35H, no proteins are present in the
elution fractions. To clarify what happens with the latter variants
and why they could not be purified, we tested both their
production and stability in bacteria. Thereby, we followed the
production of Blenc124H and Blencl35H with BlencH as
positive control (Figure S1). This revealed that all the variants
are produced, implying that the problem is not the protein
production, but presumably the purification is. Although the
stability of variants 124 and 135 differs compared to variant
BlencH, proteins are still present 21 h after production.
Consequently, the nonattachment to the nickel column could
result from either protein aggregation, forming inclusion bodies,
or from the tag being hidden. The latter would suggest that the
chosen loops are not exposed on the surface, or alternatively that
the insertion of the His-tag involves a conformational change,
which buries the loop with the tag.

Structure and Size Characterization of the Encapsu-
lins. After obtaining all the variants of Tmenc and BlencH, we
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performed a second purification step by size exclusion
chromatography (Figure S2). The other Blenc variants could
not be isolated, and the yield for Blenc61H was too low for this
second purification step. Using a Sepharose 6 10/300 column,
the native encapsulin is found at an elution volume of V ~ 12
mL.'® Calibration of the column yields that V = 12 mL
corresponds to a size of approximately 2000 kDa, being close to
the calculated encapsulin mass (1932 kDa). To further analyze
the size and morphology of the designed encapsulins, we used
DLS and TEM (Figure 4). The determined cage diameter from
DLS measurements is D = 24 nm, while from TEM image
analysis, the mean diameter is found to be D = 21.5 nm. This
difference with the DLS median value can be explained
considering the following: for TEM samples, the grid
preparation could lead to a “drying effect” resulting in smaller
particles compared to the solvated ones. Most importantly, all
the studied variants have a size close to the one structurally
determined by Sutter et al. and have a spherical shape similar to
the wild-type encapsulin observed in previous studies.'>'"
Note that from the DLS data (Figure 4D,E), we can see that the
particles can cluster to form aggregates of a much larger size
(200—400 nm). This effect is, however, negligible, as revealed by
the number distribution obtained from DLS measurements
showing that the majority of the population is in the 21.5 nm
peak (Figure S3).

Buffer Optimization To Increase Encapsulin Stability
and Avoid Protein Precipitation. Buffers used in previous
studies, such as phosphate buffers'®*' and Tris buffers with
NH,CIl-MgCl, or NaCl complemented with 1 mM p-
mercaptoethanol,'” resulted in precipitation of proteins after
1—3 days or during handling (Figure S4). By changing the buffer
composition to 50 mM Hepes buffer, 150 mM NaCl with 15
mM f-mercaptoethanol, we obtained stable particle solutions
for all variants when stored at 4 °C. Every solution was stable for
at least S days, and the protein material could be recovered after
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Figure 6. Tmenc uptake by bEnd.3 cells. Confocal fluorescence microscopy images with (in the first row) the cell untreated, (in the second row) the
cells treated with SO nM Tm127strep/sfGFP, and (in the third row) the cells treated with SO nM Tm127PepC7-Cstrep/sfGFP. The first column shows
the DAPI (nuclei) and WGA (membranes) staining, the second column shows the GFP emission, and the third shows the merge of these two channels.

Amicon concentration (Figure 4). The size of the cages was
checked by DLS after 1 year of storage yielding different
stabilities depending on the variant (Figure S). The variants
Tmencl127H, Tmenc138H, and BlencH are stable after 1 year of
storage, while Tmenc64H showed partial aggregation. The
encapsulin with the C-terminal modification (TmencH)
completely aggregated over this time frame. The number
distribution shows that for all variants, except TmencH, the
majority of the population still forms a cage of D = 24 nm
(Figure SS). Note that as the same His,,-tag was inserted in all
designed encapsulins, it implies that the difference in stability
originates from the position of the modification and not from the
nature of the modification itself.

Furthermore, we noticed that by using our protocol, we get a
higher purification yield compared to the study of Lee and co-
workers.”> From 1 L of culture, we obtained between 1 and 2
mg/mL of purified protein, while Lee and co-workers reported a
yield of 0.039 mg/mL from 0.8 L of culture, a net 20-fold
increase. This observation can be, tentatively, explained by an
increased yield for the affinity chromatography; however, we
changed various other parameters, such as the buffer, the vector,
and the combined purification method in comparison to the
work by Lee and co-workers. An in-depth investigation of the
parameters, which lead to such a noticeable increase of the cage
production yield, is beyond the scope of the present work but
will be addressed in a further study.

Functionalization with the PepC7 Targeting Peptide.
To demonstrate the use of functionalized encapsulins in a
targeting application, the peptide PepC7 was added in position
127 of Tmenc. In addition, to keep the advantage of affinity
chromatography purification, a Strep-tag II was added at the C-
terminus. This peptide PepC7 (CTSTSAPYC) is identified by
phage display as a brain-targeting peptide.””*® Drug delivery to
the brain is a big challenge, due to the difficulty of getting

5240

through the blood—brain barrier (BBB). One of the emergent
strategies is to employ BBB shuttle peptides that can be
combined with nanoscale drug delivery carriers.”” ™'

To follow the encapsulin uptake by the brain cells, a
fluorescent protein, super-folder GFP (sfGFP), was fused with
the E extension (C-terminal sequence) of the native cargo, that
is, ferredoxin-like protein (Flp), to be encapsulated in the cage."
The encapsulin Tm127PepC7/sfGFP was purified with a Strep-
Tactin column followed by size exclusion chromatography,
similar to the purification process of the Tmenc histidine
variants (Figure S6B); this is an important result, as it
demonstrates that position 127 and the C-terminus can be
modified simultaneously.

The uptake was tested on brain endothelial cells (bEnd.3
cells). As a control, a cage with only Strep Tags was engineered,
loaded with sfGFP, and purified (Figure S6A). One of the
advantages of using Tmenc as the targeting delivery system is
that this protein cage is virtually not internalized when it does
not have specific surface modification, as already observed in
previous studies with different cell lines.”> Consistently, a similar
behavior is observed here with the bEnd.3 cell line. In Figure 6,
the uptake of TmPepC7/sfGFP by the cells is evident from the
GFP emission in the bottom row, while the bEnd.3 cells and the
control TmStrep/sfGFP do not display the green spot
surrounding the cell nuclei. This shows that encapsulins
modified with PepC7 targeting peptides can enter brain
endothelial cells.

B CONCLUSIONS

This study reports the successful insertion of functional loops at
two new positions on the surface of the Tm encapsulin, that is,
after residues 64 and 127. It also shows the successful
modification of the C-terminus of the Bl encapsulin, which is
exposed and accessible on the surface. Modification of the C-

https://doi.org/10.1021/acs.biomac.1c01156
Biomacromolecules 2021, 22, 5234—5242


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01156/suppl_file/bm1c01156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01156/suppl_file/bm1c01156_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01156/suppl_file/bm1c01156_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01156?fig=fig6&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01156?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

terminus of Tmenc was also investigated, and we show that
compared to the study of Moon and co-workers,'” an increase of
the size of the histidine tag from 6 to 10 residues allows the
purification by immobilized metal affinity chromatography.
Consequently, this position can be used for further applications
by adding a linker between the inserted peptide and the
encapsulin.

As the structure of Blenc is not available, we used a sequence
and structure homology approach between Tmenc and Blenc to
investigate modifiable loops on Blenc. However, functional
Blenc variants could not be isolated, implying that this approach
is not feasible in the studied examples: the structure is essential
for an efficient investigation of new modifiable positions.

Using our protocol, we were able to considerably increase the
short-term stability of encapsulins, and we showed that some
samples can have long-term stability up to a year. This study
further demonstrates that even if the integrity of the cage is kept,
modifications on the surface affect the structure and induce
differences in long-term stability.

The utilization of encapsulins for medical applications is
highly promising, thanks to their large set of advantages,
resulting from their small size and their biocompatibility. Note
that further studies are yet required to fully evaluate the
encapsulin immune reaction. Previous studies already showed
how encapsulins can be employed for liver targeting, vaccine
development, and imaging or as nanoreactors.””"**~** There-
fore, it is crucial to deepen our knowledge about modification of
encapsulins and to optimize their production and usability.
Hence, this study paves the way for the development of
improved encapsulin engineering and production. It should
enable a wide range of further studies investigating multivalency,
targeting, and delivery for multivaccine or multitargeting
applications. Indeed, further studies are ongoing to create
well-defined modified surfaces by having 60 functional groups
when every protein subunit has a single modification and 240
functional groups when each subunit has 4 (different)
modifications. So far, in this study, we demonstrate the
possibility to have two positions modified simultaneously,
position 127 and the C-terminus, leading to a protein nanocage
with 120 functional groups.

Finally, we demonstrated the ability of targeting the BBB with
encapsulins. Future investigations using different BBB shuttle
peptides and BBB transport models are ongoing to investigate
the utilization of encapsulins for drug delivery to the brain.

B ASSOCIATED CONTENT
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