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ABSTRACT: Hierarchically self-assembled structures are common in
biology, but it is often challenging to design and fabricate synthetic
analogs. The archetypal cell is defined by hierarchically organized
multicompartmentalized structures with boundaries that delineate the
interior from exterior environments and is an inspiration for complex
functional materials. Here, we have demonstrated an approach to the
design and construction of a nested protein cage system that can
additionally incorporate the packing of other functional macromolecules
and exhibit some of the features of a minimal synthetic cell-like material.
We have demonstrated a strategy for controlled co-packaging of
subcompartments, ferritin (Fn) cages, together with active cellobiose-
hydrolyzing β-glycosidase enzyme macromolecules, CelB, inside the
sequestered volume of the bacteriophage P22 capsid. Using controlled
in vitro assembly, we were able to modulate the stoichiometry of Fn cages and CelB encapsulated inside the P22 to control the
degree of compartmentalization. The co-encapsulated enzyme CelB showed catalytic activity even when packaged at high total
macromolecular concentrations comparable to an intracellular environment. This approach could be used as a model to create
synthetic protein-based protocells that can confine smaller functionalized proto-organelles and additional macromolecules to support
a range of biochemical reactions.

■ INTRODUCTION

Compartmentalization is one of the hallmarks of biological
systems.1 The archetypal cell is defined by a boundary that
delineates the interior from exterior environments.2 The
intracellular environment is highly concentrated with macro-
molecules, and in eukaryotic cells there are also well-defined
lipid-based subcellular compartments with specialized func-
tions.3 While prokaryotes lack lipid-based subcellular compart-
ments, they do have many examples of protein-based
compartments, which function similarly to isolate certain
metabolic processes within the cell.4 An excellent example of
these are bacterial microcompartments, such as the carbox-
ysomes,5 in which enzymes are sequestered within a proteina-
ceous shell. These cage-like structures encapsulate multiple
copies of the enzymes ribulose 1,5-bisphosphates carboxylase/
oxygenase (RuBisCO) and carbonic anhydrase and are central
to carbon fixation.5

Synthetic approaches to the formation of hierarchical
protein cage-based materials6−10 and compartments able to
carry out cell-like, or sub-cellular-like, behavior3,11−16 are of
interest for the development of new functional materials.
Developing such materials requires control over the compart-
ment size, the incorporation of multiple distinct macro-
molecules (with control over their stoichiometries and packing

density), the permeability, and the degree of compartmental-
ization,16−21 where the degree of compartmentalization can be
defined as the number of subcompartments present inside a
larger compartment. Micro- to millimeter-sized multicompart-
ment systems have been created in vitro using inorganic,22

protein membranes,23 or phase-separated liquid microdrop-
lets,24 polymers,25−28 and lipids.29−31 However, the limitations
of such particles are size heterogeneity,32−36 low encapsulation
efficiency,26,37 the need for harsh solvents for template
removal,38,39 limited control over the degree of compartmen-
talization,29,40,41 and low molecular permeability.42 Developing
multicompartment particles with near molecular precision is
complex and presents significant synthetic challenges, but
overcoming these may allow us to mimic the complex cellular
function in synthetic nanocompartments and is the current
focus of this study. Inspiration for this work comes from the
naturally occurring nested structures such as mamavirus, which
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contains the sputnik virus inside the capsid,43,44 and the
functionally distinct icosahedral nanocompartment from
Thermotoga maritima called encapsulin, which contains
ferritin-like proteins (FLPs) or peroxidases involved in the
mitigation of oxidative stress.45−47

The previous work used the protein cage lumazine synthase
as the larger cage (30 nm diameter) and exploited charge
complementarity to form a nested structure where on average
two ferritin (Fn) cages (12 nm diameter) were encapsulated.15

Compartmentalization with the special organization of distinct
functional components is the key feature of eukaryotic cells.1,3

Our goal in this research is to provide a proof-of-principle
demonstration that we can emulate natural compartmentaliza-
tion using a hierarchical protein-based system. Fn naturally
catalyzes iron oxide mineralization48 but has also been used as
an artificial compartment for synthetic nanoparticles49 and
enzyme encapsulation.50 Here, we demonstrate the fabrication
of a nested “cage-within-a-cage” structure as a synthetic
organelle mimic, with control over the density of subcompart-
ments and the stoichiometric co-packaging of other active
macromolecules. In our synthetic system, we have used the
virus-like particle (VLP) derived from the P22 bacteriophage
as a large permeable compartment (56 nm diameter), human
ferritin (Fn) as a smaller cage, which defines subcompartments,
and the cellobiose-hydrolyzing enzyme (CelB) as a catalytically
active, co-encapsulated, macromolecule. Encapsulation of the
small compartments and active macromolecules was directed
through selective noncovalent interactions to the VLP during
assembly and high-density packing of the cargos was obtained.
The P22 VLPs have previously been used as protein-based

compartments for encapsulating a variety of cargo molecules,
including proteins, peptides, polymers, and small organic
molecules.51−54 The P22 VLP self-assembles from 420 copies
of the coat protein (CP) and a variable number of scaffold
protein (SP) subunits (typically 100−300 copies) through
noncovalent interactions to form a procapsid structure.55,56

Genetic fusion of a cargo protein to a truncated form of the SP
(SP141) maintains the ability to direct the capsid assembly and
results in encapsulation of the SP-fused cargo inside the P22
during assembly.57,58 Ferritin protein cages are encapsulated as
cargos, which can themselves provide unique confined local
volumes for cargo encapsulation (mineral and enzyme).49,50 In
this study, we genetically fused the ferritin subunit to the SP141
to direct encapsulation of multiple copies of ferritin cages
inside P22 VLPs using both in vivo (assembly inside Escherichia
coli) and in vitro (assembly in a test tube) self-assembly
approaches. To further mimic a cell-like environment with
multiple distinct macromolecules, we investigated the
encapsulation of homotetrameric β-glycosidase enzyme CelB
from Pyrococcus furiosus as additional co-packaged macro-
molecules within P22 VLPs. Intentionally, there is no
biochemical connection between the encapsulation of these
two cargos inside P22. We are demonstrating here that it is
possible to co-encapsulate two very different types of protein
macromolecules inside VLPs with control over their packing
stoichiometry and also that multiple levels of hierarchical
assembly are possible, by design. The in vitro approach allowed
control over an additional level of complexity through the co-
encapsulation of Fn-SP cages and the enzyme CelB-SP within
the P22 capsid with controlled encapsulation stoichiometry.
These results indicate that both the degree of compartmen-
talization and the cargo stoichiometries could be readily tuned
at the molecular level. The macromolecular concentrations

within the VLP are similar to the estimated cell-like
macromolecular concentrations (∼300 mg mL−1)59 and the
co-encapsulated CelB enzymes showed catalytic activity in the
highly crowded environment within the VLP. Thus, we have
established a design and synthetic strategy to produce a
protein-based hierarchical self-assembly system that exhibits
some of the structural and functional features of a synthetic
cell.

■ EXPERIMENTAL SECTION
Materials. E. cloni EXPRESS BL21(DE3) Electrocompetent cells

were purchased from Lucigen (Middleton, WI). Thrombin from
bovine plasma, DNase, RNase, and lysozyme were purchased from
Sigma-Aldrich (St. Louis, MO). All other chemicals and reagents were
purchased from Thermo Fisher Scientific (Waltham, MA).

Plasmid Construction for Simultaneous Co-expression of Fn-SP
and CP. A previously prepared pETDuet-1 vector containing the
truncated scaffold protein SP141 (residues 142−303 of P22 scaffolding
protein) inserted into multiple cloning site 1 with BamHI/SacI and
P22 coat protein (in multiple cloning site 2 with NdeI/XhoI) was
used as a platform for vector construction.51 The human heavy-chain
ferritin (Fn) gene was amplified with OneTaq DNA polymerase (New
England Biolabs; Ipswich, MA) from a previously prepared plasmid60

using a forward primer containing a NcoI site and a reverse primer
containing a BamHI site. Ligation of the Fn gene to SP141 in the
pETDuet-1 vector was carried out by digestion of both Fn and the
vector with NcoI and BamHI, followed by ligation using T4 DNA
ligase (New England Biolabs). A ten amino acid linker
(AGSLVPRGSC) including a thrombin recognition sequence was
inserted between Fn and SP141. Base pair and amino acid sequences of
Fn-SP and CP are available in Supporting Information (SI), Sections
1 and 2.

Plasmid Construction for Sequential Expression of Fn-SP and
CP. DNA sequences coding each protein were inserted into different
vectors, i.e., the Fn-SP gene was inserted into the NcoI/HindIII site of
the pBAD/His B vector (Invitrogen) and the CP gene was inserted
into the NdeI/XhoI site in the multiple cloning site 2 of the
pRSFDuet-1 vector (Novagen). This allowed sequential expression of
Fn-SP followed by CP, which can be induced with arabinose and
isopropyl β-D-thiogalactopyranoside (IPTG), respectively, in an E. coli
expression system.

Plasmid Construction for CelB-SP1416xHis (CelB-SP). A variant
pBAD vector that will produce CelB-SP141 with a C-terminal His-tag
was engineered by amplifying previously prepared vector encoding for
CelB-SP141

51 by polymerase chain reaction (PCR) using forward
primer 5′- GAT ATA CCA TGG CAA AGT TCC CAA AAA ACT
TCA TGT TTG G -3′ and reverse primer 5′- GCA TGA GCT CTT
AAT GGT GAT GGT GAT GGT GAG ACA CTC GGA TTC CTT
TAA GTT TTG CCT TTA GCT TGC -3′. The forward primer
included the NcoI restriction site and the reverse primer included the
SacI restriction site. The PCR product was purified, digested with
NcoI and SacI restriction enzymes, and ligated into the pBAD vector
that had been digested with the same enzymes and dephosphorylated.
The identity of the ligated vector was determined by sequencing and
histidine tag insertion was confirmed (sequence details is provided in
Supporting Information, Sections 1 and 2).

Protein Expression. For simultaneous co-expression of Fn-SP and
CP, the pETDuet-1 vector was transformed into BL21 (DE3) E. coli
strain. The cells were seeded on a LB agar plate supplemented with 50
μg mL−1 ampicillin for selection and the plate was incubated at 37 °C
overnight. A colony was picked and grown in the LB medium at 37 °C
in the presence of ampicillin to maintain selection. Expression of Fn-
SP and CP were concurrently induced by addition of IPTG to a final
concentration of 0.3 mM when the optical density (o.d.) of the
culture at 600 nm reached 0.6. The culture was grown for 4 h after
addition of IPTG, the cells were harvested by centrifugation (4500g
for 20 min), and cell pellets were stored at −80 °C until further
purification of the protein.
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For controlled sequential expression of Fn-SP and CP, a two-vector
expression approach was used. The pRSFDuet-1 vector (kanamycin
resistance) with CP (but no SP) and the pBAD vector (ampicillin
resistance) with Fn-SP were co-transformed into BL21 (DE3) E. coli
cells. The cells were plated on a LB agar plate supplemented with 50
μg mL−1 ampicillin and 30 μg mL−1 kanamycin to select E. coli
colonies with both vectors, and the plate was incubated at 37 °C
overnight. One colony was picked and grown in the LB medium at 37
°C in the presence of ampicillin and kanamycin to maintain selection
for both plasmids. The expression of Fn-SP was induced by the
addition of L-arabinose to a final concentration of 13.3 mM when the
o.d. at 600 nm reached 0.6. After Fn-SP was expressed for 4 h,
expression of the CP was induced with IPTG to a final concentration
of 0.3 mM and the culture was grown for an additional 3 h. Cells were
harvested by centrifugation (4500g for 20 min), and cell pellets were
stored at −80 °C until further use.
For expression of Fn-SP alone, the pETDuet-1 vector containing

the Fn-SP gene alone was transformed into E. coli BL21 (DE3) strain.
The cells were seeded on a LB agar plate supplemented with
ampicillin antibiotic (50 μg mL−1) for selection and the plate was
incubated at 37 °C overnight. A colony was picked and grown in the
LB medium at 37 °C in the presence of ampicillin (50 μg mL−1).
Expression of Fn-SP was induced by addition of IPTG to a final
concentration of 0.3 mM at o.d. of 0.6 at 600 nm. The culture was
grown for 4 h after addition of IPTG, the cells were harvested by
centrifugation (4500g for 20 min), and cell pellets were stored at −80
°C until further purification of the protein.
Expression and purification of P22S39C,53 wtSP,58 and wild-type

human heavy-chain ferritin61 was done according to previously
reported procedures.
Protein Purification. P22 VLPs were purified using the previously

reported procedure58 with slight modification. Briefly, cell pellets were
resuspended in 50 mM sodium phosphate, 100 mM sodium chloride
pH 7.0 buffer (hereafter referred as phosphate buffer). DNase, RNase,
and lysozyme were added to final concentrations of 60, 100, and 50
μg mL−1, respectively. The cell suspension was incubated for 30 min
at room temperature with gentle shaking. Cells were lysed by
sonication for 2 min at 50% amplitude on ice. The cell debris was
separated from the cell lysate by centrifugation (12 000g, 45 min, 4
°C) and the cell lysate was passed through a 0.45 μm filter. VLPs were
purified from the cell lysate by ultracentrifugation over a 35% (w/v)
sucrose cushion at 45 000 rpm (F50L-8 × 39 rotor, Piramoon
Technologies) for 50 min. The resulting VLPs were resuspended in
phosphate buffer, spun on a benchtop centrifuge (13 000 rpm, 10
min) to remove any protein aggregates, and further purified over a
Sephacryl S-500 HR size-exclusion column (GE Healthcare Life
Sciences) using fast protein liquid chromatography (FPLC) (Bio-
Logic DuoFlow, BioRad, Hercules, CA) at the 1 mL min−1 flow rate
of phosphate buffer. Fractions containing P22 VLPs were concen-
trated by ultracentrifugation at 45 000 rpm for 50 min, and the
resulting pellets were resuspended in phosphate buffer.
The Fn-SP cell pellet was lysed using a similar procedure as

described above with slight modification. The cell lysate collected
after centrifugation was heated at 40 °C (to remove other heat labile
proteins from E. coli) and the resultant aggregates were removed from
the cell lysate by centrifugation (12 000g, 30 min, 4 °C). The resulting
soluble protein was dialyzed in 50 mM sodium phosphate, 1 M
sodium chloride pH 7.0 buffer for 4 h, filtered by 0.2 μm filter before
purifying over a Superose 6 prep grade size-exclusion column (GE
Healthcare Life Sciences) using FPLC at the 0.5 mL min−1 flow rate
of phosphate buffer. Purified protein was analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and fractions
containing Fn-SP protein were further purified by a Mono S cation
exchange chromatography column (GE Healthcare) using 20 mM
sodium phosphate buffer pH 7.0 with the 0−1 M sodium chloride
gradient. Fractions containing purified Fn-SP protein were combined
and stored at 4 °C.
Morphological Transformation of P22-Fn Procapsid. The

morphological transformation of P22-Fn from procapsid (PC) to
expanded form (EX) by heat treatment was achieved as previously

described.62 Briefly, purified P22-Fn VLP (500 μL, 3 mg mL−1) was
heated at 70 °C for 20 min. The heat-treated samples were purified by
ultracentrifugation (45 000 rpm, 50 min) and further analyzed with
native agarose gel where EX samples migrate slower than PC.

To assess the stability of P22-Fn-nested cages, 1 mL of P22-Fn PC
VLPs (1 mg mL−1) was heated at 75 °C for 20 min to form P22-Fn
Wiffle ball (WB) VLPs and cooled back to room temperature. The
heated P22-Fn VLPs were further centrifuged at 14 000 rpm for 10
min to remove any protein aggregates followed by ultracentrifugation.
VLPs were resuspended in 50 mM sodium phosphate 100 mM NaCl
pH 7 buffer until further use.

P22-Fn in Vitro Assembly. P22S39C ES particles were prepared
using the previously reported procedure (Figures S13 and 14).58,63,64

P22S39C ES VLPs were buffer-exchanged to 50 mM Tris-HCl, 25
mM sodium chloride, 2 mM ethylenediaminetetraacetic acid
(EDTA), 3 mM β-mercaptoethanol, and 1% glycerol pH 7.6
(hereafter referred as assembly buffer) using a 100 kDa Amicon
ultra-15 centrifugal filter. Twelve mL ES VLP sample (in phosphate
buffer) was concentrated by centrifugation (5000g, 10 min) in
Amicon ultra-15, the filtrate was discarded, and the concentrate was
reconstituted to the original sample volume with assembly buffer. This
process was repeated at least 3 times for thorough buffer exchange. ES
particles were then disassembled into individual CP subunits as
previously described.58,63,64 Briefly, ES particles were mixed with 6 M
GuHCl in assembly buffer (1:1 volume ratio) to a final GuHCl
concentration of 3 M, followed by incubation for 1.5 h at room
temperature with gentle shaking. The protein solution was centrifuged
at 13 000 rpm for 10 min to remove any protein aggregates, and the
concentration of CP subunits was determined by absorbance at 280
nm (extinction coefficient of 0.963 (mg mL)−1 cm−1)65,66 and
adjusted to prepare 0.8 mg mL−1 protein solution.

Purified Fn-SP cages were buffer-exchanged into assembly buffer
using a 100 kDa Amicon ultra-15 centrifugal filter as described above.
The protein solution was centrifuged at 13 000 rpm for 10 min to
remove any protein aggregates, passed through a 0.22 μm syringe
filter and the protein concentration was determined by absorbance at
280 nm (extinction coefficient of 0.7 (mg mL)−1·cm−1) and adjusted
to 0.24, 0.48, and 0.68 mg mL−1.

Denatured CP subunits and the Fn-SP cage were mixed for P22-Fn
assembly in the following manner: CP subunits in 3 M GuHCl in
assembly buffer were mixed in an equal volume with Fn-SP (varied
Fn-SP/CP ratios by varying Fn-SP concentration) in assembly buffer.
Fn-SP to CP at the subunit molar ratio of 0.55:1, 1.1:1, and 1.6:1 was
tested at a constant 0.8 mg mL−1 concentration of CP. As a control
experiment, CP subunits were mixed with wtSP (Figure S2). The
concentration of GuHCl in all reaction mixtures was 1.5 M. The
reaction mixtures were immediately dialyzed into assembly buffer
twice for a total of 12−18 h. The resulting assembled P22-Fn particles
were spun down on the benchtop centrifuge (13 000 rpm, 10 min) to
remove protein aggregates. P22-Fn particles were pelleted by
ultracentrifugation (43 000 rpm for 50 min, F50L-24 × 1.5 rotor,
Thermo Scientific), followed by resuspension in phosphate buffer.

Co-encapsulation of Fn-SP and CelB-SP in P22 through in Vitro
Assembly. Co-encapsulation of Fn-SP and CelB-SP in P22 VLPs was
performed using the in vitro assembly method described above with a
slight modification. Purified Fn-SP and CelB-SP proteins (Figures S1
and S12) were buffer-exchanged into the assembly buffer. To
assemble P22 VLPs with both Fn-SP cages and CelB-SP proteins,
CP subunits in 3 M GuHCl in assembly buffer were mixed with an
equal volume of a mixture of Fn-SP and CelB-SP. The volume ratio of
Fn-SP and CelB-SP was adjusted to obtain Fn-SP to CelB-SP subunit
molar ratios of 1:1, 1:3, and 1:6. In all co-assembly experiments, the
SP(total)/CP ratio was kept at 1.6:1.63 Single-cargo encapsulation of
either Fn-SP or CelB-SP was performed as controls. The reaction
mixtures were dialyzed in assembly buffer twice for a total of 12−18 h
to induce VLP formation. The resulting co-assembled P22-Fn-CelB
particles were purified by ultracentrifugation (43 000 rpm for 50 min),
followed by resuspension in phosphate buffer.

Thrombin Digestion and Iron Oxide Mineralization in Fn and
P22 VLP Variants. Purified Fn-SP cages were buffer-exchanged into
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50 mM sodium bicarbonate 100 mM NaCl pH 9 by dialysis (×2). Fn-
SP cages (6 mL, 1 mg mL−1) were incubated with 200 unit of
thrombin protease at 37 °C overnight, which resulted in the formation
of Fn-linker cages (22 kDa, subunit Mw) and linker-SP (18.1 kDa) as
cleavage products that were separated using size-exclusion chroma-
tography. Under similar experimental conditions, thrombin digestion
of P22-Fn WB VLPs (1.2 mL, 1 mg mL−1) was carried out with 200
units, and thrombin-treated VLPs were purified by ultracentrifugation
(×2).
Each protein sample (1 mL, 0.25 mg mL−1 in 100 mM MES, 100

mM sodium chloride pH 6.5) was taken into a separate vial.
Ammonium iron(II) sulfate hexahydrate (NH4)2Fe(SO4)·(6H2O)
and atmospheric oxygen were used as the iron source and oxidant,
respectively. The iron oxide mineralization capability of Fn-cage
variants (Fn-SP, Fn-linker, Fn control) was tested under total loading
of 2000 Fe2+ per cage and P22 VLP variants P22-Fn WB and P22-Fn
WB (thrombin) under total loading of 21 600 Fe2+ per VLP. A
protein-free sample was also used as a control. To achieve a
theoretical iron loading factor of 2000 Fe per Fn-cage variant, 9.8, 9.5,
and 5.2 μL of 10 mM Fe2+ stock solution were added to Fn, Fn-linker,
and Fn-SP protein solution, respectively, every 20 min (corresponding
to addition of 200 Fe2+ per increment). Similarly, to achieve a
theoretical iron loading factor of 21 600 Fe per P22 VLP variant, 2.1
and 2.6 μL of 10 mM Fe2+ stock solution were added every 20 min
(corresponding to addition of 2400 Fe2+ per increment). The iron
oxide mineralization reaction was monitored by UV−vis spectroscopy
at 420 nm (iron oxide mineral formation) and 800 nm (scattering due
to formation of bulk precipitates).
Size-Exclusion Chromatography Coupled With Multiangle Light

Scattering (SEC-MALS). The molecular weights, hydrodynamic radius
(Rh), and radius of gyration (Rg) for samples were analyzed by
multiangle light scattering (MALS:DAWN8+, Wyatt Technology,
Santa Barbara, CA) equipped with a He−Ne laser source, quasi-elastic
light scattering detector, and refractive index (RI) detector (Optilab
T-rEX, Wyatt Technology), which is coupled with an Agilent 1200
HPLC system. All P22 variant samples were separated over a WTC-
0200S (Wyatt technologies) size-exclusion column at the flow rate of
0.7 mL min−1 of MALS buffer (50 mM sodium phosphate, 100 mM
sodium chloride, 200 ppm sodium azide pH 7.2). A 25 μL sample was
injected and loaded on a column. The eluted protein peaks were
detected using a UV−vis detector (Agilent), a Wyatt HELEOS
multiangle laser light scattering (MALS) detector, and an Optilab rEX
differential refractometer. The number-average particle molecular
weight was measured across each protein peak using Astra 6.0.3.16
software (Wyatt Technologies Corporation). A refractive index
increment (dn/dc) of protein (0.185) was used to calculate the
molecular weight of the samples. The average molecular weight (Mw)
contribution from cargo was determined by subtracting Mw of P22 ES
(19.6 MDa) from cargo-filled P22 VLP samples. A similar procedure
was used to determine Mw contribution from two cargoes in the co-
assembled samples.
SDS-PAGE Gel Electrophoresis. Protein samples were mixed with

the 4× SDS-PAGE loading buffer (containing 100 mM DTT final
concentration) and heated in a boiling water bath for 10 min. Samples
were spun on a benchtop centrifuge and separated on a 12%
acrylamide gel at a constant current of 36 mA for approximately 1 h.
Gels were stained with InstantBlue protein stain (Expedeon) and
rinsed with water before imaging. The gel image was recorded on a
UVP MultiDoc-IT digital imaging system. A 10−180 kDa PageRuler
prestained protein ladder (Thermo Scientific) was used as a protein
marker.
Densitometry. Densitometry analysis of SDS-PAGE gel was used

to determine the relative subunit ratio of Fn-SP and CelB-SP to CP in
the co-encapsulation reaction using the previously described
method58 with slight modification. A sample calculation to estimate
Mw contribution from Fn-SP and CelB-SP per capsid in the co-
encapsulated VLP is shown in Supporting Information, Section 12.
Briefly, 10 μL protein samples were applied and separated on a 12%
SDS-PAGE gel (Figure 5b). The line scan profiles of CP, Fn-SP, and
CelB-SP protein bands were obtained using Fiji software67 and fitted

with multipeak Gaussian fit function using Igor Pro 6.37 to obtain
peak areas (Figure S15). Peak areas of Fn-SP, CelB-SP were
normalized to constant CP concentrations. The peak area ratio of
Fn-SP to total cargo peak area (Fn-SP+CelB-SP) was taken into
consideration and inferred in total cargo Mw (Fn-SP+CelB-SP)
obtained from SEC-MALS to estimate average Mw contribution by
Fn-SP in the P22-Fn-CelB co-encapsulation sample. A similar
calculation was done for determining Mw contribution by CelB-SP
in the co-assembled sample.

Transmission Electron Microscopy (TEM). Protein samples (5 μL,
0.2−0.3 mg mL−1) were applied to 400 mesh carbon-coated copper
grids and incubated for 2 min. Excess liquid was wicked away with a
filter paper. The sample grid was then washed with 5 μL of distilled
water to remove salts and stained with 5 μL of 2% uranyl acetate for 2
min. Excess stain was wicked away using the filter paper. Images were
taken on a JEOL 1010 transmission electron microscope at an
accelerating voltage of 80 kV. The particle size (diameter) of protein
cage nanoparticles in the TEM images was measured using Fiji
software67 to generate size distributions. The scale bar in the inset
TEM image was inserted with Fiji software67 using the scale bar from
the stage micrometer as standard. The contrast of TEM images was
enhanced in Fiji for clarity.

Dynamic Light Scattering (DLS). The hydrodynamic radius (Rh)
of protein samples was measured by dynamic light scattering (DLS)
(Zetasizer Nano-S; Malvern Instruments, Worcestershire, U.K.).
Protein samples were spun in a benchtop centrifuge (12 000 rpm,
10 min) to remove any aggregates. The DLS of each sample (100 μL,
1 mg mL−1) was measured in a quartz cuvette (Hellma Analytics,
ZEN2112).

Cryo-Electron Tomography. P22-Fn VLPs were mixed with 10 nm
gold colloidal beads and applied to plasma-cleaned holey carbon grids
(Quantifoil Copper R2/2 grids, 300 mesh). The grids were plunge-
frozen in liquid ethane using a Vitrobot (FEI Inc.) and stored in liquid
nitrogen. The specimens were imaged using an FEI Tecnai TF20
Twin transmission electron microscope at an accelerating voltage of
200 kV. Tilt series covering an angular range from −60° to +60° with
1° increment were acquired automatically using Leginon at
approximately 5 nm underfocus with 120 electrons per Å2 total
dose.68,69 Images were recorded with a Gatan 4K-by-4K-pixel charge-
coupled device at 3.52 Å/pix on the specimen. Tilt series were aligned
with gold fiducials and the tomograms were reconstructed with
IMOD.70 Subtomography volumes containing individual Fn cages
were computationally selected from the cryo-ET reconstruction of
P22-Fn VLPs. The crystal structure of ferritin (PDB: 2FHA)48 was fit
to the individual density of the Fn-SP cage using UCSF Chimera.71

P22-Fn-CelB β-Glycosidase Kinetic Assay. Kinetics assays on CelB
co-encapsulated with the Fn-SP cage in P22 were carried out in a
similar way as described by Patterson et al.51 using P22-CelB as a
control. Activity assays were carried out at 50 °C on an Agilent 8453
UV−vis spectrophotometer with a temperature control module.
Buffers were preheated at 50 °C. Kinetics assays were carried out in
60 mM sodium citrate buffer, pH 7.0. One microliter of either P22-
CelB or P22-Fn-CelB (concentrations adjusted according to the CelB
monomer as 1 μM) was added to preheated cuvettes containing 99
μL of 4-nitrophenyl-β-glucopyranoside (PNPG, 0.1−3 mM) in citrate
buffer to give a total reaction volume of 100 μL and the solution was
mixed thoroughly by pipetting. The appearance of 4-nitrophenol was
monitored by the increase in the absorbance at 405 nm (extinction
coefficient of 9.44 M−1 cm−1 in citrate buffer was used as previously
reported).51 The activity assays were carried out in triplicate. Plots of
the initial rates were corrected for any nonenzymatic degradation of 4-
nitrophenyl-β-glucopyranoside and were fit to the Michaelis−Menten
kinetics model using Igor Pro 6.37.

■ RESULTS AND DISCUSSION

Ferritin-Scaffold Fusion Protein (Fn-SP). The gene
encoding the human heavy-chain ferritin subunit (Fn) was
fused to the 5′ end of the truncated scaffold protein gene
(SP141, amino acids 142−303) to form Fn-SP (Figure 1a),
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which was subsequently expressed in E. coli and purified.
Before testing encapsulation of Fn-SP inside the P22 VLPs, we
first verified that the genetic fusion of the SP141 did not disrupt
the self-assembly of the Fn subunits into a cage-like quaternary
structure. The purified Fn-SP protein (Figure S1) showed a 40
kDa band corresponding to the expected size of the Fn-SP
subunit (Figure 1b) when characterized by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Transmission electron microscopy (TEM) showed the
formation of the 14.2 ± 0.5 nm spherical protein cage (Figure
1c), which was indistinguishable from wild-type ferritin (Figure
1d). The hydrodynamic radius of Fn-SP cages, measured by
dynamic light scattering, was 15 nm ± 0.2 nm (Figure S1),
which is larger than wild-type ferritin (12.2 ± 0.16 nm) due to
the SP141 fused to ferritin.

Simultaneous Co-expression of Fn-SP and CP in the
E. coli Expression System. Simultaneous expression of both
the Fn-SP and CP proteins in E. coli (BL21 DE3) resulted in
the assembly of Fn encapsulated within P22 (P22-Fn) VLP.
Analysis of the purified P22-Fn procapsid VLPs by SDS-PAGE
showed bands corresponding to Fn-SP (40 kDa) and CP (46
kDa) (Figure 2a) subunits. The molecular weight of P22-Fn
PC, determined by size-exclusion chromatography coupled to
multiangle light scattering (SEC-MALS), was observed to be
33.44 ± 0.09 MDa (Figure 2c), which is ∼13.8 MDa larger
than P22 VLP without any cargo molecules inside. This
indicates the successful encapsulation of ∼340 Fn-SP subunits
on average within the P22 VLP. TEM observation of the
sample verified that the P22 VLPs had assembled into cage-like
structures of diameter 59.2 ± 1.25 nm (Figure 2b) that
resembled the size and morphology of wtP22 VLP (Figure S2).

Figure 1. (a) Expression of recombinant ferritin-scaffold protein fusion (Fn-SP) results in self-assembly of the ferritin-like cage structure. (b) SDS-
PAGE analysis of purified Fn-SP particles showed an ∼40 kDa protein band corresponding to the Fn-SP subunit. TEM micrographs showing Fn-SP
cages (c) 14.2 ± 0.5 nm, morphologically similar to Fn cages (d) 12.9 ± 0.5 nm.

Figure 2. Characterization of P22-Fn VLPs self-assembled in vivo using the single-vector expression system. (a) SDS-PAGE analysis of P22-Fn
VLPs showed CP and Fn-SP subunit bands before and after heat treatment. (b) TEM of P22-Fn PC VLPs (before heat treatment) showed 59.2 ±
1.25 nm spherical protein cages with no clear Fn-cage-like density inside P22. (c) SEC-MALS analysis of P22-Fn PC VLPs showed the radius of
gyration of 24.2 ± 0.1 nm and molar mass of 33.44 ± 0.09 MDa corresponding to encapsulation of ∼340 Fn-SP subunits. (d) Native agarose gel
electrophoresis, after heat treatment, confirmed the structural transition of P22-Fn from PC to EX. (e) TEM of P22-Fn EX VLPs showed 64.6 ±
1.6 nm particles with some cage-like density of Fn inside P22. (f) Molar mass of P22-Fn EX VLPs by SEC-MALS was observed to be 32.36 ± 0.21
MDa and the radius of gyration (Rg) as 25.6 ± 0.05 nm.
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However, it was not clear from the TEM whether the
encapsulated Fn-SP subunits had assembled into the ferritin
cage because the small cage-like morphology of Fn was not
clearly resolved inside P22-Fn VLPs (Figure 2b, inset image).
This could be due to incomplete assembly of the Fn-SP cage
structure prior to the templated assembly of P22, resulting in
encapsulation of Fn-SP subunits or only partially assembled
Fn-SP cages. To explore the possibility that Fn-SP was
encapsulated as subunits and not as a fully formed cage, we
heated P22-Fn procapsid particles to 70 °C to form the P22-Fn
in its expanded morphology (EX).62 The quaternary structure
of Fn is stable to >70 °C48 and the size of the assembled Fn-
cage is too large to allow it to escape through the pores in the
P22 EX structure. The structural transformation of the P22
VLP was confirmed by native agarose gel, which is sensitive to
the increase in the particle size (Figure 2d). This
morphological transformation results in disrupting noncovalent
association between CP and SP,62 and thus any Fn-SP subunits
would be released from the CP62 and free Fn-SP subunits and/
or partially assembled Fn-SP cages could possibly assemble
into the complete cage structure within the EX P22. Purified
P22-Fn EX showed the presence of both Fn-SP and CP bands
in the SDS-PAGE gel (Figure 2a Lane-3), confirming retention
of Fn-SP inside P22 after heating. TEM images of P22-Fn EX
showed a slightly larger particle size (64.6 ± 1.6 nm) than P22-

Fn PC due to P22 expansion (Figure 2e). TEM also revealed
the apparent presence of small cage-like structures inside the
P22 VLP (Figure 2e inset image), suggesting the presence of
assembled Fn-SP cages. Molecular weight assessment of
purified P22-Fn EX using SEC-MALS was observed to be
32.36 ± 0.21 MDa, which suggests that approximately 320 Fn-
SP subunits (i.e., 13 Fn-SP cages if assembled) were retained
(Figure 2f). This confirms that the assembled Fn-SP cages are
retained within the capsid after the morphological trans-
formation from PC to EX. From these data, we can infer that
the simultaneous co-expression of Fn-SP and CP using the
single-vector system may not provide optimal control over the
self-assembly of the small (Fn) cage prior to the directed
assembly and encapsulation by the larger P22 cage. However,
disruption of the SP−CP interaction in the EX form appears to
allow encapsulated Fn-SP subunits to assemble into the Fn-
cage-like structure inside the P22.

Sequential Expression of Fn-SP and CP Using Two
Vectors. To ensure assembly of Fn-SP into its cage-like
architecture prior to encapsulation in the P22 VLP, the Fn-SP
and CP were expressed sequentially (Figure 3a). A sequential
expression system using temporal expression from two vectors
has previously been demonstrated for directed protein cargo
encapsulation in P22 where proper folding and/or maturation
of a cargo protein was required prior to encapsulation.58,72,73 E.

Figure 3. (a) Schematic showing the expression and assembly of P22-Fn VLPs using the two-vector staggered expression approach. Fn-SP was
expressed first and given time to assemble (4 h) prior to induction of the CP and subsequent P22 VLP capsid assembly. (b) SDS-PAGE showed
both P22 coat protein (47 kDa) and Fn-SP fusion protein (40 kDa) bands. (c) TEM micrograph of purified P22-Fn VLPs showed 56.6 ± 1.0 nm
spherical protein cages with Fn-cage-like density inside (inset). (d) Molar mass of P22-Fn by SEC-MALS was 32.6 ± 0.1 MDa, which corresponds
to encapsulation of 324 Fn-SP subunits (13.5 Fn-SP cages); Rg was 24 ± 0.1 nm. (e, f) Cryo-ET reconstruction of P22-Fn VLPs showing cage-like
density inside P22 VLPs. (g, h) Three-dimensional (3D) rendering of cage-like density inside P22 could be fit into the crystal structure of ferritin
(PDB: 2FHA).48 The ∼12 nm cage-like electron density corresponds to the Fn-SP cages encapsulated within P22.
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coli with two vectors, encoding Fn-SP and CP, was first
induced for Fn-SP production for 4 h, allowing sufficient time
for Fn-SP subunits to self-assemble into the Fn-cage, followed
by induction of CP expression for 3 h where the SP fused on
the Fn-SP cage-templated CP assembly to form the P22-Fn
VLP (Figure 3a). SDS-PAGE analysis on purified VLPs
confirmed the presence of two protein bands, which are
consistent with the molecular weights of Fn-SP and CP (Figure
3b) subunits. P22-Fn particles of 56.6 ± 1.0 nm diameter,
indistinguishable from wtP22 VLP, were observed by TEM
(Figures 3c and S2). This sample more clearly showed the
presence of small Fn-cage-like density inside the larger P22
VLP even without morphological transformation to the
expanded form (Figure 3c, inset image), unlike the co-
expression sample shown in Figure 2b. Mass spectrometry
analysis of P22-Fn particles provided subunit molecular
weights (Mw) of 39 998 Da and 46 625 Da, which agreed
with calculated Mw of 39 996 Da for the Fn-SP subunit and
46 621 Da for the coat protein, respectively (Figure S3).
To confirm the formation of the P22-Fn nested structure

and verify encapsulation of the smaller Fn-cage inside P22,
single particle analysis, by cryo-electron tomography (cryo-
ET), was undertaken. Unlike conventional electron micros-
copy, cryo-ET provided three-dimensional information of
single P22-Fn VLP synthesized using the sequential expression
approach. Cryo-ET reconstruction of P22-Fn VLPs clearly
showed the presence of small cage-like densities inside the ∼57
nm P22 VLP (Figure 3e,f). Subtomography volumes
containing individual Fn cages were computationally selected
from the cryo-ET reconstruction of P22-Fn VLPs and fit with
the crystal structure of the human ferritin protein (Figure 3g,h)
(PDB: 2FHA).48 Good agreement of subtomography densities
of 12 nm diameter small cage structures inside P22 with overall
structure of the human ferritin protein confirmed the
encapsulation of assembled Fn-SP cages inside P22 and the
formation of the P22-Fn nested structure.

Molecular weight analysis by SEC-MALS of P22-Fn samples
prepared using the sequential expression of Fn-SP and CP was
observed to be 32.6 ± 0.1 MDa. This corresponds to the
encapsulation of 324 Fn-SP subunits (13 Fn-SP cages) per P22
VLP (Figure 3d), which is similar to the simultaneous co-
expression approach (Figure 2c). By considering the volume of
the P22 VLP interior cavity74 (46 452 nm3) and Fn-SP (1440
nm3), we estimate a packing density for Fn-SP within P22 of
approximately 40%. This is similar to previously reported cargo
packaging densities within P2251,74,75 and may represent a
required number of scaffold proteins63 or a requirement for the
volume occupancy of the cargo to complete the capsid self-
assembly.76

Stability of the P22-Fn Nested Structure. P22
procapsid VLPs (∼56 nm), when heated at 75 °C for 20
min, change their morphology to form a wiffle ball structure
(∼64 nm) loosing twelve pentamers from the icosahedral
vertices and forming ∼10 nm large pores.62,64 The stability of
the nested P22 VLPs was tested for maintenance of the cage
architecture along with retention of Fn cargo inside after
heating P22-Fn PC VLPs to 75 °C. The change in the
morphology of P22-Fn VLPs was assessed by the differences in
PC and WB VLP mobility on native agarose gel (Figure S4a)
and the change in retention time, from 14.8 min (PC) to 14.5
min (WB), on SEC-MALS (Figure S5a,d). SEC-MALS also
provided Mw of 32.1 ± 0.2 MDa (PC) and 30.3 ± 0.3 MDa
(WB) corresponding to the presence of 13.0 ± 0.2 Fn cages
before heating and 13.9 ± 0.3 Fn cages after heating P22-Fn
VLPs, and reduction in Mw (by 1.8 MDa) is due to the loss of
60 CP subunits from twelve pentamers at icosahedral vertices
upon change in the VLP morphology. SDS-PAGE analysis on
purified VLPs after heating showed the Fn-SP subunit band
and confirmed retention of Fn-SP cages inside P22 VLPs
(Figure S4b). Characterization of these particles by TEM
(Figure S5b,e) confirmed the change in the VLP morphology
from the PC (57.2 ± 1.4 nm) to WB (63.1 ± 0.9 nm) structure

Figure 4. Characterization of purified P22-Fn VLP self-assembled in vitro from Fn-SP and CP in a 1.1:1 subunit molar ratio. (a) Schematic showing
formation of P22-Fn VLPs using an in vitro self-assembly approach. (b) SDS-PAGE analysis of purified P22-Fn VLPs showed the presence of P22
coat protein (47 kDa) and Fn-SP fusion protein (40 kDa) bands confirming the encapsulation of Fn-SP. (c) TEM micrograph of purified P22-Fn
VLPs (scale bar: 100 nm) showed 57.8 ± 1.4 nm spherical protein cages similar in morphology to that of in vivo assembled P22-Fn. (d) SEC-
MALS analysis of monodispersed P22-Fn VLPs revealed the molar mass of 30.3 ± 0.1 MDa corresponding to encapsulation of 11.1 ± 0.1 Fn-SP
cages inside P22; Rg was observed to be 23.5 ± 0.06 nm.
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with Fn-cage-like density inside. Hydrodynamic diameter
obtained from DLS (Figure S5c,f) was observed to be 57.7
± 0.7 nm (PC) and 63.9 ± 0.9 nm (WB) and was consistent
with the TEM results confirming that P22-Fn nested VLPs are
stable.
In Vitro Assembly of the P22 VLP-Encapsulating Fn-

SP Cage. In vitro assembly of CP subunits and cargo-SP fusion
proteins has been demonstrated as an alternative approach to
prepare P22 VLP with encapsulated cargo.58,77 The in vitro
assembly approach allows tuning of the ratio of cargo-SP and
CP, which leads to control over cargo loading density inside
the P22 VLP.58 Here, we mixed Fn-SP and CP (Figure 4a) at
subunit molar ratios of 0.55:1, 1.1:1, and 1.6:1 to investigate
the control over Fn-SP loading within P22 VLP. As described
in the Experimental Section, the purified Fn-SP cage was added
to the CP subunit in the presence of 1.5 M GuHCl. The Fn-SP
cage was confirmed to maintain its cage-like quaternary
structure in 1.5 M GuHCl (Figure S6), but the CP remained
mostly unfolded.65 The removal of the GuHCl by dialysis
resulted in refolding of CP and subsequent assembly into P22
VLP together with Fn-SP encapsulation. Analysis of these
particles by TEM and SDS-PAGE confirmed the assembly of
57.8 ± 1.4 nm diameter P22 VLPs composed of Fn-SP and CP
(Figure 4). From the TEM, the presence of small cage-like Fn
particles inside the P22 VLP was observed (Figures 4c and
S7a,c), similar to P22-Fn VLP developed via in vivo assembly
with sequential protein expression (Figure 3c). Analysis of the
in vitro assembled particles by SEC-MALS (Figure 4d)
revealed a radius of gyration (Rg = 23.5 ± 0.06 nm) similar
to P22-Fn assembled in vivo (Rg = 24 ± 0.1 nm) (Figure 3d).
From the Mw measurements by MALS, the number of the

Fn-SP cage encapsulated inside VLP was calculated to be very
similar regardless of the input Fn-SP to CP ratio. VLPs
prepared at the three different ratios exhibited molecular
weights of 29.6 ± 0.1, 30.3 ± 0.1m, and 30.6 ± 0.1 MDa
corresponding to encapsulation of 250 Fn-SP subunits (10.4 ±
0.1 cages), 265 subunits (11.1 ± 0.1 cages), and 270 subunits
(11.4 ± 0.1 Fn-SP cages), respectively (Figures 4d and S7b,d).
Furthermore, the Fn-SP packing efficiency is quite similar to
that observed in P22-Fn produced by in vivo assembly
approaches. These results suggest that there could be an
optimal number of scaffold proteins or optimal volume of
interior cargo occupancy necessary to direct assembly of CP
into the capsid structure regardless of assembly conditions
tested.
Thrombin Digestion and in Vitro Iron Mineralization

in Fn and P22 VLP Variants. The iron oxide mineralization
capability of the Fn-SP cage (not encapsulated in P22) was
assessed and compared with the wild-type human ferritin cage
(Fn) as a control. To test the role of SP fusion to ferritin in the
iron oxide mineralization, we took advantage of a thrombin
protease site engineered in the Fn-SP fusion protein between
Fn and SP (see SI, Section 2 for sequence details) to cleave the
SP from the Fn-SP cage. Purified Fn-SP cages, when treated
with thrombin, resulted in the formation of Fn-linker cages (22
kDa, Subunit Mw) and linker-SP (18.1 kDa) proteins as
cleavage products, which were confirmed by SDS-PAGE
analysis (Figure S8a). Fn-linker cages were purified by size-
exclusion chromatography (Figure S8b). TEM characterization
showed 14.4 ± 0.6 nm Fn-SP cages and 12.6 ± 1.1 nm Fn-
linker cages before and after thrombin digestion, respectively,
where Fn-linker cages looked morphologically similar to wtFn
cages (Figures S8c,e and 1d). DLS analysis further confirmed

the cleavage of 15.5 ± 0.4 nm Fn-SP cages into 12.8 ± 0.2 nm
Fn-linker cages upon thrombin treatment (Figure S8d,f).
Under similar experimental conditions, thrombin digestion was
also carried out on P22-Fn WB VLPs. P22-Fn WB (thrombin)
showed similar mobility on a native agarose gel, suggesting
maintenance of the P22 cage structure similar to P22-Fn WB
VLPs (Figure S9a). The cleavage of Fn-SP inside P22 was
confirmed by SDS-PAGE analysis (Figure S9b). TEM images
of purified P22-Fn WB (thrombin) showed 63.2 ± 0.7 nm
VLPs with Fn-cage-like density inside confirming retention of
Fn-linker cages within P22 after the thrombin treatment
(Figure S9c). Particle sizes obtained from DLS analysis were in
agreement with the TEM results showing 63.9 ± 0.2 nm VLPs
(Figure S9d). SEC-MALS characterization of purified P22-Fn
(thrombin) VLPs provided Mw of 27.6 ± 0.6 MDa (Figure
S9e), which is a 2.8 ± 0.2 MDa lower Mw than before
thrombin digestion (Figure S5d), consistent with the loss of
linker-SP after the cleavage from Fn-SP cages inside P22.
We tested the iron oxide mineralization capability of Fn-cage

variants (Fn-SP, Fn-linker, Fn control) under total loading of
2000 Fe2+ per cage and P22 VLP variants P22-Fn WB and
P22-Fn WB (thrombin) under total loading of 21 600 Fe2+ per
VLP. The proteins were incubated with aliquots of Fe(II) (as
ammonium iron(II) sulfate) and allowed to air oxidize to form
iron oxide (Fe2O3), and the mineralization reaction was
monitored at 420 nm (iron oxide mineral) and 800 nm
(scattering due to bulk precipitate) and compared to a protein-
free control reaction.
Protein-free control reaction and Fn-SP showed an increase

in scattering at 800 nm (Figure S10a,b) consistent with
mineralization in the bulk medium and not confined to the
interior of the Fn-cage, which was further confirmed by
physical observation of a red-brown precipitate. In contrast, Fn
control and Fn-linker cages showed an increase in the
absorbance at 420 nm during the course of the mineralization
reaction with little to no increase at 800 nm, suggesting
formation of iron oxide mineral inside the Fn-cage without
formation of bulk aggregates (Figure S10c,d). While the C-
terminus of Fn generally does not seem to play an important
role in the iron oxidation,78 it is clear that the fusion of the
SP141 to the C-terminus of ferritin disrupts the mineralization
activity, although it does not prevent the 24-subunit cage
assembly. Mineralization of the Fn-SP and Fn-linker cages
encapsulated inside P22 showed an increase in the absorbance
at 420 nm with a slight increase in scattering at 800 nm during
the course of the mineralization reaction in both P22 VLP
variants (Figure S10e,f).
To confirm that increase in the absorbance at 420 nm was

indeed due to mineral formation and not due to contribution
from large aggregates, TEM analysis was performed to observe
mineral particles (Figure S11) and protein cages were imaged
by negative staining with uranyl acetate. The no-protein
control showed larger sized bulk precipitate formation of 20.2
± 19.3 μm, whereas Fn control showed formation of
constrained mineral with the core diameter of 4.7 ± 1 nm.
The Fn-SP cage failed to mineralize iron oxide in its interior
cavity (Figure S11) and showed particles with diameter of 20.1
± 9 nm, whereas Fn-linker showed constrained iron oxide
mineral with core diameter of 6.1 ± 1.3 nm. This is consistent
with our assertion that SP fusion to Fn hindered Fe2+ entry
into Fn and cleavage of the SP allowed Fn-linker cages to
mineralize iron oxide similar to Fn (Figure S11). Furthermore,
P22-Fn WB and P22-Fn WB (thrombin) both showed mineral
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particles of 64.5 ± 5.8 and 64.3 ± 3.6 nm, respectively (Figure
S11), suggesting the formation of iron oxide mineral within
P22 VLP interior cavity and around P22 VLP exterior. This
observation is similar to our previous reports in the literature
where P22 VLPs with SP141 inside were able to direct iron
oxide mineralization within VLP.79 The interior and exterior
surfaces of P22 are both significantly negatively charged,10,80

which is possibly sufficient to initiate nonspecific Fe2O3
mineralization at those interfaces.
In Vitro Assembly of the P22 VLP-Encapsulating Fn-

SP Cage and CelB-SP Tetramer. To create a hierarchical
compartment with multiple protein cargos as a cell-like mimic,
we used an in vitro co-assembly approach to co-encapsulate
preformed Fn-SP cages as subcompartments and the
glucosidase enzyme CelB-SP as accompanying co-packaged
macromolecules (Figure 5a). The in vitro co-assembly of CP
subunits with cargo-SP and wtSP has been previously
demonstrated as a powerful method to encapsulate multiple
types of cargo with controlled loading stoichiometry inside P22
VLPs.58,81 Here, we used this approach to co-encapsulate Fn
and CelB cargo. Different subunit molar ratios of Fn-SP/CelB-
SP (1:1, 1:3, and 1:6) were added to CP subunits in the

presence of 1.5 M GuHCl. Dialyzing out GuHCl from the
assembly mixtures resulted in formation of P22-Fn-CelB VLPs
where both Fn-SP cages and CelB-SP were co-encapsulated as
cargo inside the P22. SDS-PAGE confirmed the presence of
Fn-SP, CelB-SP, and P22 CP in the purified material under all
co-assembly conditions tested (Figure 5b Lanes 5, 6, and 7),
indicating successful co-encapsulation of both Fn-SP and CelB-
SP cargo inside P22. Densitometry analysis of the SDS-PAGE
gels revealed that the relative amount of each cargo
encapsulated was proportional to the input stoichiometry
used during co-assembly (Figure S15). These results
demonstrate direct control over the average loading
stoichiometry of two different macromolecular cargo species
inside the P22, which depends on the input cargo
stoichiometric ratios.
TEM of P22 VLPs co-assembled with both Fn-SP and CelB-

SP at a 1:1 subunit molar ratio showed the formation of
spherical P22 particles with average diameter of 59 ± 1.7 nm,
morphologically similar to native P22 VLPs (Figures 5c and
S2). A TEM image of a single particle showed the presence of
a small Fn-cage-like density inside the P22 VLPs (Figure 5c,
inset image), an observation similar to P22-Fn VLPs (Figure

Figure 5. Characterization of co-assembled Fn-SP cages and CelB-SP inside P22 VLPs. (a) Schematic representation of the co-assembly of Fn-SP
and CelB-SP to form P22-Fn-CelB VLPs using the in vitro self-assembly approach. Purified Fn-SP cages and CelB-SP tetramers were mixed in
varying stoichiometric ratios to control cargo loading density. (b) SDS-PAGE analysis showing the purity of Fn-SP and CelB-SP cargo along with
the coat protein used in this work (Lane L1, L2, and L3). Lane L is the standard protein ladder. Lane 4 and Lane 8 represent P22 VLPs assembled
only with Fn-SP cages or CelB-SP cargo. Lane 5, 6, and 7 represent P22-Fn-CelB co-assembled VLPs with input subunit ratios of Fn-SP/CelB-SP
during assembly corresponding to 1:1, 1;3, and 1:6. At 1:1, 1:3, and 1:6 input subunit ratios of Fn-SP/CelB-SP, the output subunit ratios were
observed to be 1:0.7, 1:1.9, and 1:3.9, respectively, after densitometry analysis on the SDS-PAGE gel. (c) Transmission electron microscopy
(TEM) image of P22 VLPs where the 1:1 subunit molar ratio of Fn-SP/CelB-SP was used for assembly showing a morphology and size similar to
P22 VLPs. The TEM inset image showing the Fn-cage-like density inside 58.9 ± 1.7 nm P22 VLPs suggesting Fn-SP encapsulated as cages inside
co-assembled P22 similar to P22-Fn. (d) Molar mass from SEC-MALS was observed to be 32.82 ± 0.01 MDa, whereas Rg and Rh of VLPs were
observed to be 22.1 ± 0.1 nm, and 27.2 ± 0.43 nm, respectively.
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4c). Similar Fn-cage-like density was also observed inside co-
assembled P22 particles where assembly was carried out at 1:3
and 1:6 subunit molar ratios of Fn-SP/CelB-SP (Figure S16).
SEC-MALS provided average molar mass, Rg and Rh, of P22-

Fn-CelB co-assembled particles (Figures 5d, S16 and Table
S1). The molar mass of the empty shell was subtracted from
the mass of the co-assembled particle to get the total molar
mass contribution of Fn-SP and CelB-SP. The ratio of Fn-SP
to CelB-SP in the three co-assembly reactions obtained from
densitometry analysis of SDS-PAGE Gel (Figure 5b) was used
together with the average cargo molar mass obtained from
SEC-MALS to estimate the average number of Fn-SP cages
and CelB-SP tetramers per P22 capsid (See the Experimental
Section and Supporting Information, Section 12 for details).
Roughly, 143 ± 0.2 Fn-SP subunits (5.9 ± 0.01 cages) and 100
± 0.04 CelB-SP subunits (25.1 ± 0.01 tetramers) were
encapsulated when the input subunit ratio of 1:1 was used
during co-assembly. For 1:3 and 1:6 input subunit ratios, 68 ±
2 and 37 ± 0.5 Fn-SP subunits along with 129 ± 3 and 143 ±
1 CelB-SP subunits were co-encapsulated, respectively (Table
S2). These results show broad control over the degree of
compartmentalization and cargo packing stoichiometry inside a
complex hierarchical structure at the nanoscale. From the
volume of Fn-SP (∼1440 nm3) and the CelB-SP tetramer
(∼660 nm3),74 we estimate the total macromolecular packing
density for P22-Fn-CelB to be in the range of 54−56% for the
co-encapsulation reactions (Table S2). Based on the number
of Fn-SP subunits and CelB-SP subunits co-encapsulated
inside P22, we calculated the total internal cargo concen-
trations, which is reported here as the molarity of confinement
(Mconf). The Mconf for the co-encapsulated P22-Fn-CelB ranges
from 6.4 to 8.7 mM (Table S2), which is similar to the
expected macromolecular concentration within a cell.59,82

P22-Fn-CelB Glucosidase Enzyme Activity. To assess
whether the CelB glucosidase enzyme, co-encapsulated with
Fn, retains catalytic activity, we determined the kinetic
parameters using 4-nitrophenyl-β-glucopyranoside (PNPG)
as a substrate, which upon cleavage of the glycosidic bond
releases 4-nitrophenol that was monitored spectrophotometri-
cally at 405 nm.51 P22-CelB was used as a control and is
reported to exhibit the same kinetic parameters as the free
CelB enzyme, suggesting that the enzyme CelB is insensitive to
crowding and confinement effects.51 The P22-CelB and P22-
Fn-CelB (Fn-SP/CelB-SP 1:3) showed similar catalytic activity
when tested under the same enzyme concentrations (Figure
S17 and Table S3), confirming that the co-encapsulated CelB
enzyme is catalytically as active as previously determined for
free and encapsulated CelB. A systematic comparison of the
kinetic behavior of the enzyme at different loading ratios (Fn-
SP/CelB-SP 1:1 and 1:6) revealed only small differences in the
catalytic activity (Figure S17 and Table S3) that are hard to
interpret as being solely due to crowding effects.

■ CONLCUSIONS
Hierarchically organized compartments in organisms, such as
cells or subcellular compartments, control and sequester
important biochemical reactions. Here, we have presented a
proof-of-concept study using the P22 VLP capsid to mimic in
our synthetic design some aspects of an eukaryotic cell, notably
the formation of subcompartment isolation within a larger
compartment. We have demonstrated that we can encapsulate
multiple macromolecular cargos, one which is itself a protein
cage with its own interior environment and thus acting as a

subcompartment and the other an active enzyme macro-
molecule. We have demonstrated the formation of a complex
protein-based hierarchical structure, which exhibits some of the
features of a minimal synthetic cell using multiple protein self-
assembly processes by design. Both in vivo and in vitro self-
assembly approaches were explored to form nested compart-
ment structures. Our results demonstrate encapsulation of 10−
13 copies of the 960 kDa Fn-SP cages with 14 nm diameter as
the smaller compartment inside the 58 nm P22 VLP. Using
controlled in vitro assembly, we also demonstrated co-
packaging of the active CelB enzyme, together with the ferritin
subcompartment, thus creating a densely packed macro-
molecular environment inside the sequestered volume of the
P22 capsid. The ratio of the encapsulated Fn to CelB cargo
could be tuned through changes in the self-assembly input
stoichiometry to vary the degree of compartmentalization. To
our knowledge, it is the first time when control over degree of
compartmentalization has been demonstrated in protein-based
systems with the modulating stoichiometry of multiple cargo
loading. Our findings show that multiple different protein
cargos can be encapsulated inside P22 VLPs in highly crowded
and cell-like macromolecular concentrations while retaining
some of their catalytic efficiency. The successful design and
assembly of hierarchically complex materials opens up future
opportunities to develop organelle-mimic synthetic materials
with desired biochemical functions.
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