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Protein cages are hollow protein shells with a nanometric cavity that can be filled with useful materials. The

encapsulating nature of the cages means that they are particularly attractive for loading with biological

macromolecules, affording the guests protection in conditions where they may be degraded. Given the

importance of proteins in both industrial and all cellular processes, encapsulation of functional protein

cargoes, particularly enzymes, are of high interest both for in vivo diagnostic and therapeutic use as well

as for ex vivo applications. Increasing knowledge of protein cage structures at high resolution along with
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recent advances in producing artificial protein cages means that they can now be designed with various

attachment chemistries on their internal surfaces — a useful tool for cargo capture. Here we review the
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1 Introduction

Nanoscale structures consisting of a protein shell surrounding
a central cavity are known as protein cages. Such structures can
be used for protective encapsulation of cargoes which may
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different available attachment strategies that have recently been successfully demonstrated for enzyme
encapsulation in protein cages and consider their future potential.

otherwise be degraded. Nature has exploited this admirably,
most obviously in the case of viruses. These typically have an
approximately spherical protein shell, called a capsid, that can
protect a nucleic acid genome from external degradation
machineries. The virus capsid does an excellent job of shielding
its genome and specifically and efficiently delivering it to target
cells where it can be released and copied. Viruses then, act as
the gold standard exemplar of the potential of protein cages.
Indeed, viruses have been modified to take advantage of these
capabilities, most notably where the viral genome has been
replaced with other nucleic acids of interest for gene therapy.
Currently a number of virus vectors are being tested for
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potential use in this way' and adeno-associated virus mediated
transgene expression of human coagulation factor FVIII, as
a treatment of hemophilia B has met with some success.?

However, for therapeutic®* or industrial® use, a more radical
redesign is required to expand the library of possible cargoes
beyond nucleic acids, to include proteins. This is because, in
simple terms, for any biological process it is usually proteins
(i.e. enzymes, hormones etc.) that carry out the bulk of the
important functionality. Thus, for example, it is desirable to be
able to deliver proteins to cells for therapy. Delivering a protein
rather than its respective coding information may also have the
added benefit of avoiding unwanted side effects associated with
the latter including deregulation and horizontal gene transfer.
Proteins, in the form of enzymes, are also used in many
industrial processes.® Examples include manganese peroxidase
(MnP) for biodegradation of phenolic compounds and amidase
for degradation of nitrile-containing waste.”

Typically, protein cages are highly stable and retain their
structure at, for proteins, extremely high temperatures. In addi-
tion, by nature of their constrained volume, cargoes are main-
tained physically close to one another and cannot diffuse away.
These are favourable characteristics in several scenarios. For
example, in in vivo therapeutics, “naked” proteins may not be used
in many cases as they would not survive in the body long enough
to reach the target site, being for example degraded by proteases,
denatured or cleared. Under these circumstances, a thermostable
protein shell can act as a protective “armour”. This stabilisation
effect may also be beneficial for enzymes used as industrial
catalysts: if a higher temperature favours non-enzymatic parts of
the process, the ability of an enzyme to also function at such
higher temperatures may lead to an increased overall efficiency. In
addition, having multiple enzymes that are involved in a reaction
physically close to each other could conceivably increase local
concentrations and reaction rates. Apart from these potential
applied uses, putting proteins into cages in a tuneable manner
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which controls their density may allow the investigation of more
basic research questions such as the effects of protein crowding.®

These perceived benefits have led to the development of
protein cages able to house other proteins in their cavity. One
way this can be achieved is by modification of existing natural
cage proteins. In this review, we focus on recent studies that
have successfully demonstrated enzyme encapsulation using
protein cages. Given that there are many different kinds of
protein cages available, three main categories of encapsulation
methods are summarized, namely (i) electrostatic interactions,
(ii) affinity and (iii) genetic fusion (Table 1).

2 Electrostatic interactions

Electrostatic interactions rely on the interior of the protein cage
and the protein cargo carrying opposing charges and is one of
the most common methods for protein cargo encapsulation.
Natural packaging of genetic material inside viruses for
example utilizes this type of interaction. This can be exploited
and viruses devoid of their genetic cargo (called virus like
particles, VLP) constitute the bulk of protein cages used for
protein encapsulation to date. Early demonstrations of protein
encapsulation employing proven or probable -electrostatic
interactions were shown for a number of cages including
cowpea chlorotic mottle virus (CCMV),’ lumazine synthase
(LS)* and MS2 bacteriophage.' In recent years, the number of
enzyme cargoes encapsulated via electrostatic effects has
significantly expanded (Fig. 1).

2.1 CCMV

Work on CCMV was an early example showing that a large
protein could be encapsulated inside a protein cage.'” Later it
was shown that cargoes can be efficiently loaded inside CCMV
using electrostatic interactions between the highly positively
charged N-terminus of coat protein (CP) and the overall negative
surface charged cargo.”'* However, one of the major drawbacks
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Tablel Summary of recent studies on encapsulated enzymes and the
employed encapsulation methods

Cage
size Encapsulation
Cage Cargo (nm) method Reference
AfFtn SOD 12 Maleimide- 63
mediated
conjugation
AfFtn CA% RA?, KE? 12 Electrostatic/ 27
supercharging
AfFtn Luciferase 12 Fusion to AfFtn 81
monomer
TmFtn Lysozyme 12 Electrostatic/ 8
diffusion
Horse spleen ATHase 12 Electrostatic/ 29
ferritin diffusion
AaLS-13 TEVp, RuBisCO*, 40 Electrostatic/ 18-20
CA“, APEX2 supercharging
CCMV GOx%, GCK? 28  Electrostatic/SS- 13
nucleotide
ELP-CCMV  Lipase CalB 28 SrtA-mediated 42
coupling
ELP-CCMV T4 lysozyme 28 SrtA-mediated 43
coupling
MS2 phage TnaA & FMO 28 SpyTag/SpyCatcher 49
MS2 phage GFP-neg, PhoA- 28 Electrostatic/ 11
neg negative peptide
HBV (Cp149) B-Glucosidase 32, Ca*-mediated 52
36 binding
Bacterial DyP 23 Unique anchoring 61 and 62
encapsulin sequence
P22 CelB, Hyd-1 ~60 Fusion/scaffold 74 and 75
protein tagging
P22 CYP ~60 Fusion/scaffold 76
protein tagging
Vault MnP ~34 Fusion to INT 82
domain

¢ CA: human carbonic anhydrase II.  RA, KE: evolved artificial enzymes
((retro-) aldolase RA95.5-8F and Kemp eliminase HG3.17). © RuBisCO:
ribulose-1,5-bisphosphate ~ carboxylase/oxygenase. ¢ GOx:  glucose
oxidase; GCK: gluconokinase.

of this method is the overall cargo loading capacity. Using
diffusion-controlled electrostatics, a rather weak interaction
force, usually results in packing density of cargo proteins per
cage well below the theoretically achievable maximum based on
volume calculations. To increase the strength of the electro-
static interaction between the partners, the cargo encapsulation
method was further improved.”® In this new approach, cargo
protein was coated with highly negatively charged polyanionic
templates such as single stranded DNA, and then assembled
with positively charged CCMV coat protein (Fig. 1a). This not
only led to an improvement in loading capacity but also allowed
capturing of two sequentially active enzymes inside a single
CCMV. This permitted a complete enzymatic reaction cascade
to take place inside the cage.™

2.2 Lumazine synthase

LS is an enzyme involved in riboflavin (vitamin B2) biosyn-
thesis." LS from Aquifex aeolicus (AaLS-wt) possess an unique

This journal is © The Royal Society of Chemistry 2020
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GFP(+36)-
TEVP
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Fig. 1 Examples of protein cargo encapsulation inside protein cages
mediated by electrostatic interactions. Centre: Concept of electro-
statically-mediated cargo encapsulation. (a) Attachment of DNA (red)
to gluconokinase (green) provides sufficient negative charge to facil-
itate encapsulation in CCMV (grey). Figure reproduced with permission
from ref. 13 (https://pubs.acs.org/doi/10.1021/jacs.6b10948). (b) AaLS-
13 has an internal negative charge allowing capture of TEV protease
(TEVp) tagged with positively supercharged GFP. By altering the charge
of the tag on the substrates (S) their entry into the cage and therefore
cleavage by the protease is controlled. Figure reproduced with
permission from ref. 19 (https://pubs.acs.org/doi/full/10.1021/
jacs.7b11210). (c) Mixing of individual TmFtn subunits (left, blue
cartoon representation) and supercharged GFP (green, surface
representation) results in encapsulation of GFP in the assembled
ferritin cage (right, blue surface representation) under favourable salt
conditions. The image was adapted and modified with permission
from ref. 8 (https://pubs.acs.org/doi/full/10.1021/acsnano.7b07669).
Further permissions related to the material excerpted should be
directed to the ACS.

cage-like quaternary architecture, and has been developed as
a biotechnology tool including extensive protein cargo encap-
sulations based on electrostatic interactions.’ To facilitate
electrostatic interactions for cargo loading, the lumen of AaLS-
wt was engineered to generate AaLS-neg, a variant with high
internal negative charge. AaLS-neg was shown capable of effi-
ciently capturing a deca-arginine tagged GFP." This variant was
used to encapsulate a toxic protease from human immunode-
ficiency virus (HIV) tagged with a deca-arginine, protecting the
E. coli host cells from its toxic action.'® Interestingly, the fact
that encapsulation of the cargo was required for host cell
survival in this case meant that the system could be used to
evolve cages with greater cargo capturing capability, yielding the
new variant termed AaLS-13. The concept of using a positively
charged tag to direct cargo into the LS cavity was developed
further with the use of a so-called supercharged GFP carrying
a high positive charge (+36GFP). This could be loaded into
assembled AaLS-13 cages with high efficiency. Additionally, the
interaction with +36GFP accelerates cage assembly of the pen-
tameric capsomer units."” +36GFP could also be used as a fusion
tag, which when appended to a number of different enzymes
was able to direct their encapsulation.’®** Amongst these, an
engineered ascorbate peroxidase (APEX2) was proven to
perform constrained polymerization of compound 3,3-
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diaminobenzidine (DAB) inside the LS cage®® while encapsula-
tion of Tobacco Etch Virus (TEV) protease allowed construction
of a substrate-sorting nanoreactor (Fig. 1b).

2.3 Ferritin

Ferritin is an iron storage protein found in almost all organisms
except yeast.”® Like many cage proteins, ferritins spontaneously
assemble and are stable, requiring relatively harsh conditions
for disassembly.>*** For capturing or releasing active proteins
which may often be quite fragile, this represents a challenge.
Some archaeal ferritins offer a potential solution as they show
reversible assembly in response to relatively mild changes in
salt concentration (salt-dependency). This is seen for example
in ferritin from Archaeoglobus fulgidus (AfFtn) which also shows
an unusual symmetry (tetrahedral, rather than octahedral as
seen in most other ferritins).>**® This advantage along with the
fact that AfFtn has a negatively charged interior was exploited to
encapsulate enzymes tagged with +36GFP.”

One possible disadvantage of AfFtn is that it has 4 large holes
in its surface®**® which are potentially large enough for prote-
ases to enter and degrade guests or for smaller protein cargoes
to be released. This problem was partially solved by using
ferritin from Thermotoga maritima (TmFtn), which was also
found to be salt-dependent but had octahedral symmetry and
lacked the large holes. TmFtn was shown able to encapsulate
+36GFP (Fig. 1c) and protein cargoes were protected from
proteases. In fact, encapsulated lysozyme showed increased
activity, most likely due to protein crowding effects.® The fact
that TmFtn containing active enzyme can be assembled into
a superlattice in the presence of gold nanoparticles was
exploited to generate an enzymically active superlattice.?®

Another early demonstration of protein encapsulation in
ferritin was performed using horse spleen ferritin. It was shown
that this ferritin can incorporate an artificial transfer hydroge-
nase (ATHase) during reassembly of the cage triggered by pH
changes.* Given no covalent or engineered affinity interactions
between cargo and cage, electrostatic effects likely play a role.*

3 Encapsulation via affinity methods

The affinity strategy (Fig. 2) is mainly achieved by genetic
engineering of cage proteins to create specific interactions with
selected cargoes. An example is complementary coiled-coiled
sequences on cage and guest proteins.*>** There are also natu-
rally occurring examples of affinity interactions between cage
and cargoes which can be mimicked for protein encapsula-
tion.*** Some recent examples are explained in detail in this
section.

3.1 SrtA-mediated coupling

Sortase A (SrtA) is a 206 amino acid long transpeptidase found
in Gram-positive bacteria which is involved in catalysing the
attachment of proteins to the cell wall.** The enzyme is able to
specifically recognize a LPXTG cell wall sorting signal (where X
can be any amino acid).**?® It cleaves the bond between tyrosine
and glycine residues to form the LPXT-SrtA intermediate.
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Fig.2 Scheme of protein cargo encapsulation inside protein cages by
affinity methods. Centre: Concept of affinity-based cargo encapsu-
lation. (a) SrtA-conjugation-mediated mechanism in CCMV. Glycine-
ELP (purple) was fused to the N-terminus of CCMV whereas the CalB
cargo protein was fused to the sorting peptide (LPETG, green). The
image was reproduced from ref. 42 with permission from The Royal
Society of Chemistry. (b) SpyTag and SpyCatcher-mediated mecha-
nism in MS2. The wild type MS2 (green) was genetically engineered to
produce an version (brick red) having the SpyTag (orange) inserted
between S53 and A54. The cargo protein (blue) was fused with Spy-
Catcher. The image was reproduced with permission from ref. 49
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) A
dual expression system produces a truncated capsid protein from HBV
either not fused (Cpl149, red) or fused (Cpl44-DL-PP, blue) to C20W
for construction of mosaic capsids (top left). In the presence of Ca®*
ions (black) the a-helical C20W binds TR2C (bottom left). GFP fused to
TR2C can be encapsulated into the capsid via the C20W-TR2C
interaction (right). The image was used with permission from ref. 52
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)
DyP-E (blue) can be encapsulated in encapsulin. In tandem with GOx
this forms a catalytic cascade producing green-coloured ABTS radicals
in the presence of glucose. The image was used with permission from
ref. 61 (https://doi.org/10.1021/acsnano.7b07669). Further permis-
sions related to the figure should be directed to the ACS.

Subsequently this intermediate joins to the amino group of
a glycine residue on host pentaglycine crossbridges via an
amide bond, resulting in anchoring of the surface protein to the
host cell wall. The sortase A and LPXTG peptide system was
firstly identified in Staphylococcus aureus as part of the pathogen
infection mechanism.*”*®

The SrtA system has clear biotechnology potential in
attaching together two discrete proteins including protein cage/
cargo combinations.** This was demonstrated using elastin-
like-polypeptide (ELP)* modified CCMV (ELP-CCMV)* where
ELP facilitates capsid assembly at pH 7.5 triggered by high salt
concentration®? (Fig. 2a). The resulting salt-induced icosahedral
ELP-CCMV capsid has a diameter of 20-30 nm (triangular
number (7) = 1). To exploit the sortase reaction, an additional
glycine was introduced at the N-termini of ELP-CCMV capsid
proteins (G-ELP-CCMV).*> Meanwhile, a SrtA recognition site
peptide was genetically appended to the C-terminus of cargo

This journal is © The Royal Society of Chemistry 2020
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proteins. The G-ELP-CCMV was then covalently linked to the
cargo proteins equipped with the peptide in the presence of SrtA
to form the covalently coupled product (cargo-LPETG-ELP-
CCMV). The co-assembly of Candida Antarctica lipase B-ELP-
CCMV (CalB-ELP-CCMV) and G-ELP-CCMV in capsids was
demonstrated and showed that a maximum of two copies of the
CalB enzyme can be encapsulated in the ELP-CCMV capsid
cavity. This low loading efficiency is probably caused by steric
constraints.*

A second generation of ELP-CCMV was further developed
using the sortase-based encapsulation method to load cargo
proteins without the need for high salt conditions (~2 M
NaCl).* This strategy used metal ions to stabilize the assembly
process and bypass the high salt concentration effect. Here,
a hexahistidine tag was added to ELP-CCMV at the N-terminus
and the presence of divalent nickel ions resulted in local clus-
tering® of the ELP-CCMV capsid proteins to subsequently
trigger the assembly at pH 7.5 without the necessity for high salt
concentrations. Using this approach, it is possible to encapsu-
late four copies of T4-lysozyme despite the fact that it has
a cationic surface charge.

One disadvantage noted in this study of the second genera-
tion of ELP-CCMV is that they cannot be disassembled upon
demand as would be expected by the addition of EDTA which
presumably would chelate the nickel ions to disrupt the inter-
action. A possible explanation is that the action of EDTA could
be hampered by the crowding effect inside the cavity.*

3.2 SpyTag/SpyCatcher targeting

SpyTag/SpyCatcher is one of the most robust protein biotech-
nology tools for protein ligation** which has been further
developed for affinity purification.*® Extracellular proteins of
Gram-positive bacteria such as pilins and adhesin, contain
spontaneously formed isopeptide bonds that help stabilize
protein structures.”” Such a strategy is found, for example,
within immunoglobulin-like domains CnaB1 or CnaB2. SpyTag
(13 aa) and SpyCatcher (116 aa) were generated by splitting the
CnaB2 domain of the fibronectin-binding protein FbaB from
Streptococcus pyogenes. This peptide-protein pair can sponta-
neously form a covalently-linked complex. The system has been
widely used for bioconjugation.*®

The system was introduced to bacteriophage MS2 capsid to
encapsulate multiple enzymes for cascade reactions with
possible applications for use as a nanoreactor® (Fig. 2b). The
SpyTag sequence (GSGAHIVMVDAYKPTKGSG) was inserted
into the MS2 capsid protein (insertion site: S53A54) to produce
MS2-Spy. This insertion does not affect the capsid assembly
(outer diameter = 27 nm, T = 3). Meanwhile, cargo proteins
were genetically fused to the SpyCatcher tag peptide which
allowed the cargo to be covalently linked to the interior of MS2
capsid during the co-expression and co-purification process.
The resulting modified MS2-Spy forms into two products;
elongated nanotubes and spheres, however, only the sphere
capsid contains the SpyCatcher-tagged cargo. Encapsulation of
two-enzymes was demonstrated: pyridoxal phosphate (PLP)-
dependent tryptophanase (TnaA) and nicotinamide adenine

This journal is © The Royal Society of Chemistry 2020
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dinucleotide phosphate (NADPH)-dependent monooxygenase
(FMO), responsible for biosynthesis of the commercially rele-
vant dye Indigo.

As an additional test, the two enzymes were further con-
structed in a polycistronic operon and their order (TnaA then
FMO or FMO then TnaA) was tested to obtain optimal expres-
sion and encapsulation. Having the TnaA ORF prior to the FMO
ORF was found to result in better production of the dye. Enzyme
encapsulation not only helped with increased indigo produc-
tion but also stabilized the enzymes to retain activity for up to
seven days comparing to free enzymes.

3.3 Calcium-mediated cargo-loading and release

Hepatitis B virus (HBV)-VLP primarily forms icosahedral
capsids with 120 core protein homodimers (T = 4)* along with
a small population of T = 3 icosahedral symmetry (90 homo-
dimers).** The assembly domain (Cp149) can be expressed in E.
coli and also self-assembles into capsids morphologically
equivalent to wild type HBV-VLP.** Protein cargoes can be
packaged into HBV-VLP via fusion to its C-terminus or via non-
specific loading during self-assembly. This Cp149 capsid
forming property was used to achieve efficient and specific
cargo encapsulation via a Ca®>'-dependent method®® (Fig. 2c).
The loading mechanism is based on the Ca*'-mediated
binding®® (nanomolar affinity) between the C-terminal domain
of calmodulin (TR2C) and an a-helical sequence derived from
the membrane plasma Ca** pump (C20W).

Introducing C20W to the C-terminus of Cp149 while fusing
the cargo proteins to TR2C facilitates encapsulation during self-
assembly in vitro. The model cargo protein was a B-glucosidase
from Clostridium cellulovorans (CcBglA) which still retains its
activity while being encapsulated inside the capsid. Two
advantages of Ca®>"-mediated guest loading are (i) calcium ions
are biocompatible, with lower toxicity compared to many other
metal ions. (ii) The interaction is reversible, meaning that the
cargo can be unloaded from the interior surface. This detach-
ment of cargo can be achieved either by the addition of EDTA or
dialysis against decalcified buffer.

3.4 Spontaneous cargo loading

Spontaneous guest cargo loading of protein cages via natural
targeting peptides has been demonstrated in LS****> and some
bacterial microcompartments (BMCs), such as Salmonella
enterica ethanolamine utilization bacterial microcompart-
ment*** or encapsulins.*®

Encapsulins are protein-based nanocompartment organelles
found in prokaryotes.”” They share a similar protein fold to the
Hong Kong 97-like virion, which is one of the most well-
characterized protein fold architectures in virus capsids.*®
Encapsulins form icosahedral particles (7 = 1) 23 nm in
diameter and are known to be used in nature as containers for
protein cargoes.***® There are many other encapsulins found in
different bacteria and archaea.?”***® Here we specifically discuss
the encapsulin from Brevibacterium linens which has recently
been demonstrated to encapsulate enzymes®-*> with the natural
cargo being a dye-decolorizing peroxidase (DyP) (Fig. 2d). The
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mechanism of cargo capture is via an interaction between the
unique anchoring sequence at the C-terminus of DyP and
a defined region of the encapsulin interior surface.

The natural DyP cargo was replaced with a foreign cargo
which was fused to the DyP C-terminal anchoring sequence.®**
Teal fluorescence protein (TFP) was used and cargo loading
efficiency was 10-12 TFP per capsid. In the case of the original
cargo, DyP, only one copy locates in each encapsulin even
though the encapsulation capacity (2.6 x 10° A®) can accom-
modate considerably more though shape and oligomerization
state of the cargo may limit loading.

DyP-loaded encapsulin can be fixed on a glass surface
without affecting enzyme activity which constitutes an advan-
tage for biosensor applications.®® For in vivo applications, B.
linens encapsulin has other advantages, such as lysine residues
on its outer surface that are available for chemical modification.

3.5 Maleimide-mediated cargo conjugation

The classical way of achieving encapsulation in ferritin is by
electrostatic interactions (see Section 2.3). However, an alter-
native approach has been demonstrated employing conjugation
using AfFtn.” Cargo loading is specifically controlled by
maleimide-mediated conjugation between AfFtn and target
protein. The assembly of AfFtn is dependent on the ionic
strength of the buffer. This allows the cargo protein to be
conjugated onto AfFtn first under phosphate-buffered saline
conditions (PBS with 0.15 M NaCl) followed by assembly of
AfFtn nanocages in high salt buffer (1 M NacCl). The formed
nanocages then undergo a crosslinking procedure to stabilise
the cage and are conjugated with antibodies against plasma-
lemmal vesicle-associated protein (Plvap) for endothelial drug
targeting. This research aimed to deliver superoxidase dis-
mutase (SOD) to caveolae, the flask-shaped invaginations of
plasma membranes abundant in the pulmonary endothelium
as an anti-inflammatory agent. Because the internal diameter of
caveolae stomata apertures is considered to be less than 30 nm,
AfFtn cages (outer diameter = 10-12 nm, with an 8 nm diameter
cavity) are sufficiently small for targeted delivery. SOD-carrying-
antibody-modified-AfFtn cages were confirmed to be delivered
into cells and mostly located in endosomes and lysosomes.
Subsequent animal studies have shown that the enzyme-
containing antibody-modified-AfFtn  provides protection
against lipopolysaccharide-induced inflammation.

4 Gene fusion

This section deals with protein cargo encapsulation utilizing
direct genetic fusion either to protein cage monomers or some
auxillary subunits necessary for assembly. Genetic fusion is
normally carried out in such a way that the cargo should face
the internal lumen of the cage (Fig. 3). This method is advan-
tageous compared to other methods in terms of achieving an
efficient encapsulation ratio and retention of the cargo.* One of
the major challenges is to control the extent of cargo loading
inside protein cage, as potentially every monomer will carry
a cargo, possibly leading to steric clashes and inhibition of cage
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formation. A patchwork assembly method addresses this
problem by mixing cargo-fused monomer with unmodified
monomer in different ratios to generate cages with different
numbers of cargo in different protein cages, such as CCMV and
AaLS.**® There are several instances of protein cages known
where cargo encapsulation is carried out using genetic fusion.®”
Among these perhaps the most notable is the P22 bacteriophage
cage VLP where protein cargo encapsulation has almost exclu-
sively been achieved using genetic fusion.®®

4.1 Bacteriophage P22

Bacteriophage P22 is a double stranded DNA virus belonging to
the Podoviridae family and infects the bacterium Salmonella
typhimurium.®® Phage P22 assembles into a T = 7 icosahedral
capsid (known as a “procapsid”) with a 50 nm central cavity into
which DNA is subsequently packaged.®®”® Assembly of the CP
requires the presence of an additional assembly chaperone
“scaffold protein” (SP). P22 VLP is structurally highly similar to
the procapsid (PC) form of the bacteriophage and is normally
formed by 420 CP and 100-300 SPs. SPs attach to the capsid
inner wall mainly by electrostatic interaction. Protein cargo
encapsulation inside P22 is then achieved via fusion of cargoes
to SP wherein modified cargo-SP, unmodified-SP and coat
protein are co-expressed and assembled inside E. coli (Fig. 3a).
Using this approach, several studies have demonstrated P22 as

(a) Scafold-Cargo VLP with encapsulated cargo
(b) e ’ (c)
* nP | INT
e

Fig. 3 Scheme of protein cargo encapsulation inside cage by fusion
methods. Centre: Concept of fusion-based cargo encapsulation. (a)
Schematic showing P22 VLP assembly from individual subunits (coat
and scaffolding protein), scaffold protein is first genetically modified
(fused) with cargo protein and then co-expressed and assembled in
presence of coat protein to generate the cage inside E. coli. The image
was reproduced from ref. 80 with permission from Elsevier. (b)
Schematic showing ferritin-fused with cargo and encapsulation of the
cargo during assembly.®* (c) Schematic showing encapsulation of MnP
in vault via its fusion with the INT domain. Reprinted (adapted) with
permission from ref. 82 (https://doi.org/10.1021/acsnano.5b04073).
Copyright (2015) American Chemical Society.
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the carrier for direct cargo encapsulation.” Examples of
encapsulated proteins include fluorescence protein (GFP and
mCherry),”? alcohol dehydrogenase D (AdhD),*® B-glycosidase
(CelB) (a truncated P22 was employed to form the protein
cages),”>’* NiFe hydrogenase (Hyd-1)"* and cytochrome P450
(CYP).”® It is also possible to encapsulate several different
enzymes inside a single P22 capsid and to use them to perform
a cascade reaction with a good efficiency.”” Such a reaction has
also been demonstrated in P22 which is itself arranged into
a higher order, superlattice structure.**7*

4.2 Ferritin

Although ferritin is known for encapsulation via electrostatic
interactions, AfFtn can also be genetically modified in order to
accommodate several protein cargoes via fusion. GFP, Renilla
luciferase, and truncated versions of horseradish peroxidase
have all been fused to the ferritin C-terminus leading to their
presence in the cavity after ferritin assembly®* (Fig. 3b). Unex-
pectedly, it was observed that the protein cargo can be easily
released from the cage by mild alteration of pH followed by
a cleavage reaction. In addition, the encapsulated cargo appears
resistant to thermal, chaotropic, and proteolytic stress and in
some cases appeared to result in several-fold increase in protein
folding efficiency.®

4.3 Vault

Vault is another example of protein cage where cargo loading
was achieved using direct genetic fusion® (Fig. 3c). Vault is
a large (roughly 13 MDa) protein assembly with dimensions of
approximately 67 x 40 x 40 nm. It is found in almost all
eukaryotes and possesses a unique architecture. Its main
physiological function in eukaryotes is still unknown. Almost all
known vaults consist of one major protein component known as
the major vault protein (MVP), with minor components
including poly(ADP-ribose) polymerase (VPARP), telomerase
and small non-translated RNA.* Structural and biophysical
studies have shown that MVP and VPARP interact through
involvement of a particular domain known as interaction
domain (INT) present on VPARP. The domain consists of 161
amino acids and resides on the C-terminus of VPARP. As VPARP
binding to MVP is facilitated by the INT domain, it was initially
predicted and later demonstrated that it can be used as a tag for
direct protein capture inside of the vault particle.** Because of
its unique architecture and its large cavity size, the vault cage
has been widely used for cargo encapsulation of numerous
molecules including therapeutics, small molecules and poly-
mers.** Recently it was used to load MnP for bioremediation.
The enzyme was packaged inside vault by genetically fusing it
with INT-domain, and then encapsulation was achieved via
high affinity interaction between the INT domain and vault
interior.*>

5 Conclusions and perspectives

The growing library of molecular tools allowing capture of
cargoes within protein cages will widen the possible

This journal is © The Royal Society of Chemistry 2020
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combinations of cages and contents that can be paired together.
In turn, this will lead to an increased breadth of potential
applications for enzyme-filled cages. Combined with modifica-
tions to the exterior of protein cages this may allow the devel-
opment of cages able to deliver therapeutic enzymes to
particular tissues and cells. It is notable that all of the above-
described examples are guest loading into (modified) natu-
rally occurring protein cages. The structure of natural protein
cages may have intrinsic limits to the extent or type of modifi-
cation that can be carried out. In recent years, artificial protein
cages that do not exist in nature have been designed and real-
ised in a range of sizes®** with unusual protein-protein inter-
faces and triggerable disassembly properties.**** Little work has
yet been carried out in adding protein cargoes to these artificial
cages, but their programmability should allow bespoke func-
tionalities. In addition, artificial cages will allow the use of all
the capture strategies outlined above as well as further capture
strategies which may not be compatible with a given natural
cage. As natural and artificial protein cages carrying useful
enzyme cargoes are developed further we may expect to see
them integrated into more sophisticated ensembles with a suite
of capabilities ensuring desired stability and positioning of
reacting components for industrial catalysis. Alternatively they
may be used for therapeutic applications targeting and release
of the cargo with correct localisation and timing.
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