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Abstract 

Within the materials science community, proteins with cage-like architectures are being 

developed as versatile nanoscale platforms for use in protein nanotechnology.  Much effort has 

been focused on the functionalization of protein cages with biological and non-biological 

moieties to bring about new properties of not only individual protein cages, but collective bulk-

scale assemblies of protein cages.  In this review, we report on the current understanding of 

protein cage assembly, both of the cages themselves from individual subunits, and the assembly 

of the individual protein cages into higher order structures. We start by discussing the key 

properties of natural protein cages (for example: size, shape and structure) followed by a review 

of some of the mechanisms of protein cage assembly and the factors that influence it. We then 

explore the current approaches for functionalizing protein cages, on the interior or exterior 

surfaces of the capsids. Lastly, we explore the emerging area of higher order assemblies created 

from individual protein cages and their potential for new and exciting collective properties.  

Contents: 

1. Introduction 
2. Morphology, size, and structure of protein cages 
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1. Introduction 

Protein cages are, self-assembled, monodispersed, three dimensional structures.  Many of 

these cages are spherical in shape, but other shapes such as rods, rings and more complex 

geometries are also common.  The protein cage family consists of virus-like particles (VLPs),1, 2 

ferritins,3, 4 chaperonins,5 and heat shock proteins,6 to name a few.  They self-assemble from 

multiple copies of a single, or just a few, protein monomers into intricate supramolecular 

structures and possess well-defined interior, and exterior surfaces, as well as interfaces between 

subunit building blocks. The interior cavity is typically used to confine cargo molecules, and it is 

physically segregated from the external environment. In the case of viruses, nucleic acids 

(required for host infectivity and virus replication) are sequestered on the interior of the cage.2, 7 

Similarly, ferritin uses its interior cavity to store iron as a nanoparticle of ferric oxyhydroxide.8, 9  

The exterior surface of viruses is responsible for cellular interaction both for the purposes of 

infection and immunological defense responses7. The interface between subunits also plays a 

critical role in protein cage assembly and disassembly, affecting both the pathways of assembly 

and resulting particle morphology and also the stability of the final cage structures formed 2 

 The vast number of protein cages and their mechanisms of assembly have intrigued 

biologists and virologists for decades, while simultaneously inspiring and capturing the 

imagination of scientists and engineers far beyond the fields of biology and virology. Viruses are 

by far the most abundant biological entities on earth with estimated numbers of individual 

particles that are difficult to imagine (e.g. an estimated 4 x 1030 viruses in ocean water alone)10, 

and yet just a tiny fraction of these have been well-characterized or have known structures. 

Because of this fact, virology is still a widely unexplored area that continues to expand. We do 

know, however, that the formation of virus capsids from protein subunits is an intriguing 
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example of molecular self-assembly11 and that the process has been perfected resulting in a fine 

balance between structural stability and functional dynamics over millions of years of evolution.  

The sophisticated mechanisms of protein cage self-assembly and their delicate functionalities are 

beyond what current materials science can replicate, and scientists have increasingly been 

inspired by these protein cages for new materials. Biomimetic/bioinspired materials chemistry 

has used the principles behind the natural assembly of functional protein cage architectures that 

have been discovered to date to design and create new protein based materials.12, 13 In addition to 

using individual protein based nanoparticle structures, protein cages have been exploited as 

building blocks for construction of higher order bulk materials because of their size homogeneity 

and ability to impart a wide range of functionalities.14-17 

Protein cages serve as a unique platform for synthetic chemistry not only because the 

diverse reactive groups available on naturally occurring amino acid side chains (e.g. amines, 

carboxylates, thiols, amides, phenols) but also the genetic capability to introduce non-native 

amino acids with a wide range of functionality in a site specific manner.18, 19 Most of protein 

cages mentioned in this review have near-atomic resolution structure models (either x-ray crystal 

structures or high-resolution Cryo-EM structural models) and based on this structural 

information, one can predict and select the location on the protein cage (e.g. interior, interface, or 

exterior) where the targeted functionality is to be introduced. 

Here we focus on the assembly of protein cages across multiple length scales (i.e. from 

individual capsid assembly to assembly of individual capsids into higher order structures). We 

also cover the wide range of techniques for biofunctionalization of the cages to explore new uses 

and properties of the capsids and hierarchically assembled capsids. We begin with the assembly 

of protein cages from individual protein monomer building blocks into a cage-like structure, and 
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the effects of solution conditions on the final protein cage structure.  A reasonably well 

understood mechanism of protein cage self assembly from individual subunits has been exploited 

to incorporate cargo molecules into the cage either in vivo20-24 or in vitro.25-27 This has proven to 

be a powerful approach for the development of functional protein cage nanoparticles. 

Additionally we review recent development of 3D bulk materials constructed via assembly of 

individual protein cages.14, 28 The ability to incorporate wide range of functionality in 

conjunction with the excellent homogeneity and monodispersity of protein cages make them 

unique building blocks to construct higher order materials. Self-assembly of individual protein 

cages themselves into hierarchical structures has led to new materials with the potential for 

emergent or collective properties.29, 30 Other recent reviews have covered a number of 

applications in which functionalized protein cages, particularly virus particles, have been used.31-

34 These include medicine (vaccines, imaging, gene therapy/delivery, drug delivery, tissue 

engineering), biotechnology (phage display, sensing, nanoreactors), and energy (catalysts, 

devices, battery electrodes, data storage).31 

 

2. Morphology, Size, Symmetry and Structure of Protein Cages 

In nature, protein cages are found in a wide range of related morphologies, sizes, and 

symmetries and in turn adopt many different functions. Some examples of the most familiar and 

widely used protein cages for materials synthesis are shown in Figure 1. Many (most) are very 

homogeneous in both size and shape and are highly symmetrical. This is a result of the fairly 

limited number of protein monomers that assemble to form morphologically distinct and precise 

protein cage assemblies. Typical sizes of these protein cages range from a few nanometers up to 

~500 nm. VLPs are by far the largest and most diverse class of protein cages. Simplistically, 
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viruses consist of an assembled protein shell (capsid) with their nucleic acid cargo sequestered 

on the inside. VLPs assemble to form protein shells nearly identical to their native virus 

structures but lacking the viral genome (and other components such as membranes and accessory 

proteins) and they are thus non-infectious. The majority of the structurally characterized viruses 

consist of roughly spherical protein cages usually built on an icosahedral lattice.  Rod shaped 

viruses are another common shape found among viruses as well as more exotic shapes 

discovered recently among the Archaeal viruses.35  Of course there are many viruses, particularly 

enveloped viruses, that adopt less regular morphologies.36-38 

 

Figure 1. Space filling models of some protein cages discussed in this review. P22 procapsid (56 
nm diameter, T=7) PDBI: 3IYI, CCMV (28 nm, T=3) PDB: 1CWP, CPMV (30 nm, pseudo T=3) 
PDB: 1NYZ, MS2 (27 nm, T=3) PDB: 2MS2, Qβ (30 nm, T=3) PDB: 1QBE, ferritin (12 nm) 
PDB: 2FHA, sHsp (12 nm) PDB: 1SHS, LS (15 nm, T=1) PDB: 1RVV, and Dps (9 nm) PDB: 
1QGH. These images were reproduced using UCSF Chimera (http://www.cgl.ucsf.edu/chimera) 
from the Resource for Biocomputing, Visualization, and Informatics at the University of 
California (supported by NIH RR-01081) 

 

An underlying icosahedral symmetry is common among the spherical viruses. A true 

icosahedral virus will contain 12 5-fold, 20 3-fold, and 30 2-fold rotation axes. The smallest 

number of subunits needed to make a cage of this symmetry is 60, arranged so that there are 12 
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pentameric capsomers (capsomers are the basic building blocks from which the capsid is 

assembled) and no hexamers. Descriptions of viruses often invoke Triangulation number (T),39 

which is an allowable integer used to describe the number of nonequivalent positions in the 

asymmetric unit of the capsid, based on a description by Caspar and Klug.39 Detailed 

descriptions of triangulation number can be found in the literature.39-41 Briefly, a capsid with 

more than 60 subunits does not form a strict icosahedron with symmetrically equivalent subunits, 

but can be formed with minimal distortions using different numbers of equivalent subunits. The 

triangular faces on these capsids are enlarged and further subdivided into smaller triangles. The 

triangulation number arises from geometrical constraints where only certain numbers are allowed 

(T=1, 3, 4, 7, 12, 13… etc). For an icosahedral capsid, the number of pentamers is always 12, 

and the number of hexamers can be calculated using the formula 10 x (T -1). For example, T = 1 

viruses such as Adeno-associated virus (AAV) are composed of only 12 pentamers and no 

hexamers.42  Bacteriophage P22 forms a T =7 capsid with 12 pentamers and 60 hexamers, for a 

total of 420 subunits (although in the infectious P22 phage, one pentamer is replaced with a 

portal complex which plays critical roles in DNA packaging as well as entry and ejection of the 

viral genome).43 

 

2.1 Virus and Virus-like particle protein cages  

2.1.1 Spherical protein cages 

  Naturally occurring viruses provide a vast library of possible architectures that can be 

envisioned as starting materials for nanomaterials design and synthesis. The viruses most often 

encountered and used for materials applications are those derived from plants and bacteria, 
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which are well characterized in terms of structure and biophysical characteristics, and 

importantly can be produced reproducibly in high yield using their native host plants or 

heterologous expression system (typically E. coli). Here we briefly cover some of the key 

properties of the most commonly used VLPs encountered in the biomimetic and bioinspired 

approaches to materials chemistry. 

CPMV: Cowpea mosaic virus (CPMV) is a 30 nm icosahedral plant virus that infects a 

number of legume species that was first reported in 1959.44 The genome consists of 2 separate 

positive sense RNA strands. The outer shell is made up of 60 copies of a small (S) subunit 

protein and 60 copies of a large (L) subunit that consists of two distinct domains.45 The crystal 

structure was reported in 1999 to 2.8 A resolution.46 It has become a popular platform for 

materials design in part because it can be produced with high yield in plants. Until recently a 

limitation of the CPMV system was that there was no easy method for making the CPMV cage 

from individual subunit building blocks and that it was difficult to reproducibly make empty 

virus like particles devoid of infections RNA genome.47, 48 

CCMV: Cowpea chlorotic mottle virus (CCMV) is an icosahedral plant virus that infects 

the cowpea plant creating yellow spots, hence the term “chlorotic”. The CCMV capsid assembles 

into a simple T=3 icosahedral capsid comprising 180 identical 20 kDa subunits.49  It has an 

approximately 28 nm outer diameter and an 18 nm inner diameter. It was first isolated and 

characterized in 1967.50  The virus has a tripartite genome (i.e. its genome is in 3 parts, RNA1 

[3171 nt], RNA2 [2774 nt], and RNA 3 [2173 nt]) and requires 3 morphologically identical 

particles to pack the entire genome, RNA1 and RNA2 are packaged alone, and RNA 3 is co-

packaged with a fourth RNA, RNA4 (824 nt), which is subgenomic, meaning it is synthesized 

from the (-) RNA3 strand.51-53 Thus each capsid particle contains ~3000 nt.53 Structural analysis 
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of CCMV has demonstrated that the highly basic N-termini (with 6 Arg, 3 Lys residues) are not 

required for capsid assembly and project into the interior of the capsid. These 180 N-termini (a 

total of 1620 basic amino acids) are required to package and condense the anionic RNA viral 

genome through complementary electrostatic interactions. The N-terminal region is disordered 

and therefore not observed in the crystal structure.  Using the techniques of limited proteolysis 

combined with mass spectrometry revealed that the N-terminal region is susceptible to 

proteolytic digestion and is the first part of the capsid to be cleaved despite the fact that it 

interacts with RNA on the inside of the capsid, suggesting that this region is highly dynamic and 

is transiently exposed to the outside of the capsid54. The crystal structure was reported in 1995 to 

3.2 angstrom resolution.49  Importantly CCMV has well studied in vitro assembly system53, 55, 56 

and undergoes a fascinating structural transition in which pores in the structure open and close in 

response to changes in pH and [Ca2+], going from a closed form to a swollen form49
, (Figure 2). 

This virus can also be produced with high yield in plant and bacterial expression systems making 

it a very useful platform for synthetic materials applications 57, 58 

 

Figure 2. Cryo EM reconstruction images of the swollen and closed forms of CCMV. The 
swollen condition is triggered upon raising the pH to above ~6.5 and lowering the Ca2+ 
concentration. The swelling occurs at the quasi 3-fold axes to form ~2 nm pores and increases 
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the particle size by ~10%. Figure reproduced from Reference 59 with permission from Wiley, 
copyright 2007. 

 

BMV: Brome mosaic virus is a positive sense RNA, icosahedral virus that is 28 nm is size with 

T = 3 triangulation number that is very similar to CCMV, sharing 70% amino acid sequence 

identity.49, 52 The crystal structure was reported in 2002.60 Like CCMV, the genome consists of 3 

separate RNA strands packaged in three separate virions. RNA1 and RNA2 encode proteins 1a 

and 2a which are necessary for genome replication and transcription of a fourth RNA (a single 

subgenomic RNA or sgRNA4) from the minus strand of RNA3. RNA3 also encodes for a protein 

necessary for cell-to-cell movement that direct infection in the host. Coat protein is expressed 

from the RNA4 strand.61 The CP sequence has a higher positively charged amino acid segment 

that interacts with the negatively charged genome. Also, like CCMV, it undergoes a structural 

transition depending on solution pH and ionic strength. The native state is observed at low pH 

and ionic strength. At neutral pH, it undergoes a conformational change that can be stabilized by 

added Mg2+. At higher salt and neutral pH, the capsid disassembles and the RNA genome 

precipitates. The capsid can be reassembled into empty T=3 particles and T=1 particles, among 

others, upon lowering the pH and ionic strength.60, 62  

Bacteriophage P22: Bacteriophage P22 is a 56 nm double stranded DNA phage that 

infects Salmonella typhimurium. It has icosahedral symmetry and forms a T =7 capsid, with 415 

coat proteins (CP, product of gene 5, gp5,) 60 -300 molecules of scaffold protein (SP, gp8), 

minor proteins (gp7, 16, and 20) and a portal protein (gp1).43, 63-66 The infectious P22 virion also 

contains other gene products known as the tail machinery, necessary for assembly and infection 

shown in Figure 3. The P22 system has developed into a robust platform based in part on the 

ease with which it self-assembles in vitro from purified scaffolding and coat protein,67, 68 and it 
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has served as a model virus for understanding dsDNA phage assembly mechanism and 

structures. The assembly process for the VLP, which lacks the portal complex and is comprised 

of 420 CP and 100-300 copies of the SP, will be described below in section 3.2. Reports of the 

structure of P22 have emerged over the years,66, 69-72 with the most recent cryo-EM structure 

model of P22 reported by Hyrc and coworkers to 3.3 angstrom resolution.73  

 

Figure 3. (A) A surface volume reconstruction image of the infectious P22 virion. The T =7 
organization is indicated by the yellow lattice cage. The portal complex is located at one of the 5-
fold vertices. CP (gp5) is in dark blue. (B) A cutaway interior view of the infections P22 virion. 
The gene products of the tail machinery are shown in different colors: gp 1 (red), gp4, (magenta), 
gp 7, 16, and 20 (purple), gp9 (orange), gp10 (light blue), and gp26 (yellow). Figure reproduced 
from reference 43 with permission from AAAS, copyright 2006. 

 

Bacteriophage MS2: Bacteriophage MS2 is another bacteriophage widely used as a 

platform for nanomaterials synthesis and VLP-based vaccine development.27, 74, 75 It is an 

icosahedral virus that is ~ 27 nm in diameter composed of 180 subunits (T=3). The structure was 

solved to 2.8 Å resolution in the early 1990s.76-78  The genome is a positive sense single-stranded 

RNA that is 3569 nucleotides in length that codes for 4 proteins: the major coat protein, a 

A B 
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maturation protein known as protein A which mediates phage attachment to the bacterial pili, a 

replicase, and a lysis protein.79 Interestingly, the fully assembled capsid consists of 3 quasi-

equivalent CP structures: 30 copies of a symmetric dimer (known as a “C/C” dimer) and 60 

copies of an asymmetric dimer (A/B). The primary difference for these structures is in the FG 

loop region. RNA hairpin structures direct the conformational change in the FG loop region to 

form the A/B dimers.79-81 

Bacteriophage Qββββ: Bacteriophage Qβ is a 25 nm diameter icosahedral capsid that 

forms a T=3 structure.82, 83 The crystal structure was reported in 1996.82
 The genome is made up 

of a single strand of positive sense RNA that is ~4200 bases long.82 A 29 nt hairpin in the 

genome has a high affinity for the CP and initiates assembly.84-86  Like MS2, its CP adopts three 

different conformations with 3 different dimer types. Disulfides link the individual CPs into 

pentamers and hexamers and result in a highly stable structure (Figure 4).87  The dissociation 

temperature (thermal stability) decreases from 85-100 °C to ~40 ° upon removal of the disulfide 

bonds.88 
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Figure 4. (A) Chimera reconstruction of bacteriophage Qβ with A chains colored red, B chains 
colored blue, and C chains colored green. The Cysteine residues C74 and C80 that form disulfide 
bonds are labeled in yellow. PDB: 1QBE (B) The locations of the disulfide bonds along the FG 
loop are highlighted (red arrows), both along the 5-fold and 3 fold axes of symmetry. Part B 
reproduced from reference 88 with permission from Elsevier, copyright 2011. 

 

 

 

 

2.1.2 Tubular protein structures:  

TMV: Perhaps the quintessential example of a tubular rod-shaped protein structure in 

Nature is the tobacco mosaic virus (TMV). TMV was the first virus to be discovered over a 

century ago and it has been extensively studied since then.89 TMV was also the first virus to be 

crystalized and the structure was reported in 1989 to 2.9 angstrom resolution.90 Cryo-EM 

reconstructions91 are shown in Figure 5. TMV consists of a helical coat protein structure 

surrounding a single RNA strand cargo that is bound to the hollow inner channel. There are 2130 

identical coat proteins formed in the right handed helix that is 300 nm in length, 18 nm in 

diameter and has a 4 nm inner channel with 17 coat proteins per turn.92, 93 TMV can be 

reconstituted using a double disk of the coat protein comprising 34 CPs, known as the 20S 

aggregate, acting as a scaffold. A specific 9nt RNA sequence acts as a recognition sequence by 

the TMV CPs and facilitates hydrogen bonding interactions between the RNA and the RNA 

binding sites on the 20S aggregates. More 20S particles are assembled in a cooperative process 

and the 5’ end of the RNA is pulled through the central cavity.89, 92, 94 
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Figure 5. Density map of the TMV structure obtained by cryoEM. (a) Density of a single turn 
composed of 16 subunits (b) 3D construction image of a TMV rod. Figure adapted from 
reference 91 with permission from Elsevier, copyright 2007. 

 

Bacteriophage M13: Bacteriophage M13 is another well-characterized rod shaped filamentous 

virus.  It is a cylindrical capsid of 880 nm in length with approximately 2700 copies of a pVIII 

protein along the cylinder with a width of 6.5 nm.  There are 5 copies each of pIX and pVII at 

one end, and 5 copies of proteins pIII and pVI at the other end, which forms the tail of the phage 
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that infects bacteria. The genome is circular single stranded DNA, and dictates the length of the 

capsid.95-97  One of the most notable applications of M13 in biotechnology is perhaps its use for 

phage display. Here, a library of random peptide sequences is displayed at the end of M13 coat 

protein (typically pIII) and used for high-throughput screening to investigate protein-protein, 

protein-peptide, peptide-DNA, and peptide-materials interactions (see 5.1) 

 

2.2 Non-viral protein cages 

 A number of non-viral protein cages have also been explored for materials design and 

synthesis. While the number of non-viral protein cages are far fewer than the number of viral 

protein cages, they have wide diversity in size and inherent functionalities, hence they have great 

utility as platforms for nanomaterials synthesis. A few of the most commonly encountered are 

discussed here. 

 

2.2.1 Ferritin 

Ferritin protein cages are found in nearly all forms of life3, 98 and function in vivo as iron 

storage containers where they encapsulate and sequester iron, usually in the form of a poorly 

crystalline iron oxyhydroxide.8, 9 The general structure consists of 24 subunits with octahedral 

(4-fold, 3-fold, 2-fold) symmetry (Figure 6). The subunits consist of a very robust four helix 

bundle fold with a left-hand twist arranged in 12 antiparallel pairs. The ferritin cage has an outer 

diameter of ~12 nm and an inner cavity of 7-8 nm.99 Ferritins can be further subdivided into 

maxi-ferritins (24 subunits), of which classical ferritins and bacterio-ferritins are members, and 

mini-ferritins (12 subunits), of which DNA-binding protein from starved cells (Dps) proteins are 
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members.100, 101  While almost all the true ferritins have octahedral symmetry, mini-ferritins 

show tetrahedral symmetry (i.e. 3-fold, 2-fold).4, 102 Despite the quite significant differences in 

primary sequence among ferritins, the secondary and tertiary structures are highly conserved.92, 99 

One notable exception to this is the ferritin isolated from the hyperthermophilic Archaeon 

Archaeoglobus fulgidus (AfFn). Despite the fact that AfFn is assembled from 24 subunits and the 

subunit structure has a high degree of structural similarity with other ferritins, it assembles into a 

cage structure not having octahedral symmetry but rather tetrahedral symmetry with four large 

pores (~ 4.5 nm) (Figure 6).103, 104 Interestingly, a double mutant of AfFn, K150A/R151A, 

assembles into a closed cage with octahedral symmetry, resembling the archetypal ferritin 

structure, suggesting a critical role for these two residues in inter-subunit interactions to form the 

quaternary structure105.  The assembly mechanism of ferritin from its constituent subunits is 

highly concentration dependent and starts with the unfolded monomers becoming properly 

folded.  It is followed by rapid formation of dimers that accumulate since the dimerization is fast 

compared to the subsequent associations. The dimers go on to make trimers, hexamers, and 

dodecamers and finally forms the 24-mer fully assembled cage. The purported hexamer 

intermediate is the most transient of the intermediates and only detected in small amounts.92,106 

On the other hand, the assembly mechanism for mini-ferritins remains poorly understood.  

 

A. Human Fn    B. AfFn    C. ssDps    

4 fold axis 3 fold axis 3 fold axis 3 fold axis 
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Figure 6. Ribbon diagrams of exterior surface of view of (A) human heavy-chain ferritin (PDB: 
2FHA) looking down from 4 fold axis (left) and 3 fold axis, (B) ferritin from Archaeoglobus 
fulgidus (PDB: 1S3Q) looking down from 3 fold axis, and (C) Dps from Sulfolobus sofataricus 
(PDB: 2CLB) looking down from 3 fold axis. These images were reproduced using UCSF 
Chimera (http://www.cgl.ucsf.edu/chimera) from the Resource for Biocomputing, Visualization, 
and Informatics at the University of California (supported by NIH RR-01081)  

 

2.2.2 Other non-viral protein cages 

Lumizine synthase is an enzyme involved with riboflavin biosynthesis that can form 

icosahedral capsids with 60 subunits, i.e. it structurally resembles a T=1 virus capsid.107-109 Other 

structurally characterized icosahedral protein cages include encapsulin,93 clatherin,110 and 

dihydrolipoyl acetyltransferase (E2) from Bacillus stearothermophilus.111 Small heat shock 

protein (sHsp) from M. jannaschii is a 12 nm protein cage with octahedral symmetry composed 

of 24 subunits,6 meaning the overall morphology and size resemble ferritin. However, the 

subunit structure of sHsp consists of β-sheets instead of the α-helix bundles of the ferritin 

subunit. Hsp has large (3 nm) pores at the 3-fold symmetry axis and smaller (1.6 nm) pores at the 

4-fold symmetry axis. Other protein cages with non-spherical morphologies have also been 

discovered, such as chaperonins and vault particles. The chaperonins, which are hollow cylinder-

like protein-assemblies, function to encapsulate non-native state proteins within the cylindrical 

cavity to mediate their proper folding to the native states.5 The chaperonins use their ATP-

dependent conformational changes to assist folding of the guest proteins. The chaperonins are 

categorized into two types; group I and group II based on their structure and origin. Group I 

chaperonins are composed of two stacked rings of supramolecular proteins each with 7-fold 

rotational symmetry (e.g. GroEL in bacteria, HSP60 in mitochondria) which is capped by a 

smaller protein (GroES in bacteria, HSP10 in mitochondria) on the top of the rings.  Group II 

chaperonins (e.g. Thermosome in archaea) have a built-in protrusion that functions as a “lid” 
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structure. Vault particles adopt a barrel-like shape, with a 41 nm diameter and 73 nm length. 

They are termed vault particles of their structural resemblance to vaulted ceilings in Gothic 

cathedrals.112 To date, they have been found in number of eukaryotes, however their function 

remains poorly understood.113  

 

3. Assembly of monomers into protein cages 

3.1 Assembled structures have common protein folds. 

 Since their discovery at the end of the nineteenth century, viruses have provoked 

discussion among scientists regarding the question of whether viruses should be considered 

living organisms..114 The origin of viruses from an evolutionary perspective also remains an 

active area of investigation.115, 116 With a number of viral structures and viral protein structures 

now known (>6900 entries in the PDB with the keyword virus), a few families with common 

protein folds have been identified and structural relationships to these have been proposed as a 

method for classification of viruses.117 Interestingly, capsids with similar architecture/folds infect 

hosts of all domains of life, which suggests a common ancient origin for virus families.117-120 

Four major classes have been proposed for icosahedral viruses: (1) PRD1/adenovirus-like, (2) 

picornavirus-like (3) HK97-like, and (4) BTV-like.117 Here, we focus on the well-established 

PRD1/adenovirus and HK-97 like viruses because their members are the most commonly 

encountered in the protein cages used for materials synthesis. The others are reviewed 

elsewhere.117 

The capsids of the PRD1/adenovirus family consist of trimeric major capsid protein with 

a double β-barrel structure. The major capsid proteins form trimers, that become hexagonal 
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capsomers that eventually go on to make an icosahedral structure.120 Bacteriophage PRD1 serves 

as the naming member of this lineage. The structure of the infectious virus consists of the protein 

capsid surrounding a protein-rich lipid membrane. The dsDNA genome is contained within the 

lipid membrane. The structure of the major capsid protein was first reported in 1999,121 followed 

by the entire virion structure solved by X-ray crystallography in 2004.122, 123 Since then, other 

capsid types with similar double β-barrel fold have been identified and classified as part of the 

lineage, some of which are given in Figure 7. 
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Figure 7. Structures of member capsid proteins of the PRD1-adenovirus lineage. (a) The 
structures are STIV (Sulfolobus turreted icosahedral virus, cyan), human adenovirus (purple), 
bacteriophage PRD1 (green), bacteriophage PM2 (blue), and Paramecium bursaria Chlorella 
virus type 1 (PBCV-1, red). (b) The structure of the PRD1 virion, which forms a T = 25 capsid. 
The inset shows the trimeric capsomer with the individual monomers indicated. Figure adapted 
with permission from reference 120 with permission from Nature Publishing Group, copyright 
2008. 
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Another group that has been well characterized is the HK97 protein fold, named because 

HK97 was the first virus structure solved in this group. Over 40 different structures have been 

identified having HK97-like protein folds (Figure 8). Interestingly, only about 10-15% of the 

amino acid sequence is shared among the members. The structure of this protein fold is identified 

by a number of features that include an N-terminal region arm (N-arm) sometimes containing 

alpha helical portions, an extended loop of varying lengths (E-loop) that is a two-stranded anti 

parallel beta sheet.124 It is also characterized by a peripheral domain (P domain) containing a 

“spine helix” and an unusually long beta sheet, and an axial domain  (A domain) with a central 

beta sheet surrounded by short helices and loops.124 The family of viruses having this protein 

fold structure are also characterized by the presence of an internal scaffolding protein that directs 

capsid assembly. Additional domains are also observed among other family members. 
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Figure 8. HK97 and related protein structures with common features highlighted. (A) HK97 in 
the immature state (PDB: 3E8K), (B) P22, (C) T4, (PDB: 1YUE), (D) BPP-1 (PDB: 3J4U), and 
(E) P-SSP7 (PDB: 2XD8). The common features are N-arm (red), E-loop (yellow), P-domain 
(green), A-domain (cyan), β-hinge (orange). (F) An electron density map of the HK97 capsid 
with capsomers (both the hexamer (6-assymmetric subunits, multicolored) and the pentamer 
(red) indicated. Parts A-E adapted from reference 124 with permission from Elsevier, copyright 
2015. Part F adapted from reference 125 with permission from Nature Publishing Group, 
copyright 2009. 
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3.2 What drives the Assembly Process? 

The assembly process is driven primarily by favorable interactions, typically a number of 

individual, weak contacts are made among capsid subunits and cargos that add up to give a 

globally stable structure. The primary interactions to be considered are subunit-subunit, subunit-

cargo, and cargo-cargo interactions.126, 127  Assembly of capsids can be divided into two 

categories: those that can assemble without the need for a cargo molecule (empty capsid 

assembly) and those in which interactions between capsid subunit and cargo direct the capsid 

assembly. The second categories can be further subdivided into two sub-class based on type of 

cargo molecules: either proteinaceous molecules (called scaffold protein) or nucleic acids 

(typically virus genome, but can be non-genomic nucleic acid). 

 

3.2.1 Empty Capsid Assembly 

Empty capsid assembly can be understood from a model of nucleation and growth.127, 128 

Viruses need to encapsulate their genomes inside of the capsids and the assembly of empty 

capsids can be modeled and understood from relatively simple models, which nevertheless 

provide useful insights into how subunit-subunit interactions lead to the self-assembly of the 

capsid architecture. In this mechanism, an assembly nucleus or seed is formed from just a few 

protein subunits. These clusters are transient and relatively unstable because of the low number 

of favorable intersubunit interactions. A critical nucleus is formed when a sufficient number of 

subunits form in the correct geometry that allows for further growth. Growth is rapid in 

comparison to the formation of nuclei. The assembly process kinetics are sigmoidal in which an 
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initial lag phase, where the nuclei are formed, is followed by rapid addition of subunits to 

complete the capsid (growth), followed by an asymptotic approach to equilibrium due to 

depletion of subunits (saturation). In general, increasing the subunit concentration or 

strengthening inter-subunit interactions will lead to more rapid assembly and the possibility 

increases for the formation of an excess of partially formed capsids, due to too many nucleation 

sites formed or kinetically trapped assembles, that might not lead to the correct close shell capsid 

structure. Lowering the subunit concentration leads to large nucleation barriers, due to fewer 

collisions between subunits, and therefore fewer chances of forming the critical nuclei .127, 129 

CCMV is model virus that has been studied for decades in order to elucidate the self-

assembly process of capsid formation. It has been demonstrated that under appropriate 

conditions, subunits of CCMV can self-assemble to form empty capsid in the absence of RNA.56, 

130  For empty capsids, it follows the nucleation and growth model where CCMV subunit dimers 

associate to form a pentamer of dimers that serves as the critical nucleus for subsequent 

growth.130 When the protein concentration is low, assembly continues with the addition of 

dimers and the formation of T = 3 capsids is favored. When the subunit protein concentration is 

high, many nucleation sites are formed which causes incomplete formation of capsids and leads 

to formation of pseudo T=2 particles.130 As we will discuss later, CCMV capsid can also self-

assemble around RNAs,53 non-viral anionic polymers,131 and negatively charged gold 

nanoparticles.132  In vitro reconstruction of VLPs directed by negatively charged non-viral cargo 

molecules have been demonstrated with other viruses such as BMV and red clover necrotic 

mosaic virus (RCNMV)133-135 

 

3.2.2 Assembly mechanisms involving scaffold proteins. 
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Virus particle formation may also require the use of scaffold protein (SP) to direct the 

self-assembly of subunit components into the correct capsid structure. One well known example 

of this is the bacteriophage P22, whose assembly involves association of both scaffolding 

proteins (SP) and coat proteins (CP) via specific interactions,136 which results in co-assembly of 

415 subunits of CP (gp 5) with about 60 – 300 subunits of SP (gp 8) (Figure 9) and CP is added 

along the growing edge of the shell until the capsid is formed. SP stabilizes and directs the CP 

into the correct geometry.124  Intriguingly, scaffold protein can form oligomers (dimers and 

tetramers) as well as monomers, with the dimer being the dominant, active form in assembly.137 

This suggests a mechanism for striking a proper balance between nucleation and growth by 

changes in the oligomerization state of the SP.138 The interaction between coat and scaffold 

protein is largely electrostatic in nature, because about 30 % of the C terminal helix-turn-helix of 

the SP is positively charged, with R293 on the SP and D14 on the CP being essential for proper 

assembly.124, 139, 140 Additionally, interactions between K296 (SP) and E15 (CP) are also likely to 

be important.140 Scaffold protein is also critical for formation of T=7 capsids, rather than either 

smaller or larger capsids. Without scaffolding protein, aberrantly assembled particles, including 

small shells and spirals, that cannot package DNA are formed, and form at a slower rate141. Also 

during in vivo assembly, a dodecameric portal complex and ejection proteins, which are required 

for formation of the infectious virion, are incorporated into the procapsid at this stage (one 

pentameric vertex of icosahedron is occupied by the portal complex43). The portal complex has 

been proposed to be part of the nucleation complex, which would ensure that only one portal 

complex is incorporated per virion.142  In the infectious virus, DNA is packaged through this 

portal complex after assembly of the P22 procapsid and the scaffold protein is removed after 

procapsid assembly during the morphological transformation of the capsid through packaging of 
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nucleic acid (Figure 9).  Upon DNA packaging, and removal of the scaffold proteins, the 

spherical procapsid transforms into the mature polyhedral capsid - resulting in a change in 

conformation of the coat protein and an approximately 10-15% increase in radius.124, 143 The 

exact exit location of the SP is not known, but it is presumed to be through large 2.5nm  pores at 

the center of the hexamers.143 The scaffold protein can be recycled to take part in assembling 

more capsids as shown schematically in Figure 9.  Most importantly and usefully for materials 

synthesis is the fact that assembly of the bacteriophage P22 capsid can be reproduced by 

expressing only CP and SP in heterologous protein expression system using E. coli, or mixing 

CP and SP under a controlled manner in vitro.67, 135, 144 In this case, the portal complexes of the 

infectious P22 virions are replaced with 5 CP subunits, thus the capsid is composed of 420 

copies of CP with approximately 60 – 300 copies of SP. Removal of SP form the capsid and 

morphological transformation from the procapsid form to the matured polyhedral capsid can also 

be reproduced in vitro by treating the procapsid form of P22 with 0.5 M guanidine 

hydrochloride67, 145 and heating it at 65 °C, respectively.146, 147  

 

Figure 9. Scheme of P22 assembly. Figure adapted from reference 65 with permission from 

Elsevier, copyright 2010. 
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3.2.3 Assembly around a nucleic acid cargo 

Other assembly mechanisms involve assembly directly around the nucleic acid cargo as 

demonstrated  experimentally53, 148-151 and suggested by simulations.127 This mechanism 

generally includes most ssRNA viruses. The primary driving force for this process is electrostatic 

interactions between the positively charged capsid proteins and the negatively charged nucleic 

acid cargo, but recent work has shown that specific RNA sequences act as a signal for packaging 

and play a key role in the assembly of some capsids.151, 152. The RNA of tobacco mosaic virus 

initiates its own packaging and the coat protein subunits co-assemble with RNA to form the 

characteristic rod-shaped particle in which the nucleic acid is sequestered on the interior of the 

300 nm long rod-shaped.153, 154 In another example, based on recent cryo-EM structures of empty 

VLP and fully formed CPMV, a model for assembly both with and without the RNA cargo 

(Figure 10) has been established.  The C-terminal extension of the small subunit (S) plays an 

important role by not only forming favorable hydrophobic and electrostatic contacts with 

neighboring subunits to stabilize penton formation, but also promotes formation of an RNA 

binding site, and therefore can be considered a scaffolding protein or molecular chaperone.155 

The C-terminal extension is highly positively charged and it is cleaved during virion assembly, 

but stay intact longer when no RNA is present. In the virion, the interface between the two 

pentamers (two fold axis) has the strongest interaction with the RNA cargo and begins the 

encapsulation process. Many other members of the Comoviridae family (of which CPMV is a 

member) have a similar C-terminal extension that is cleaved during assembly, however the 

length and sequence are highly variable.  
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Figure 10. A model for CPMV virion and empty VLP assembly. Pentamers are made up of large 
(L, green) and small (S, blue) subunits. The C terminal extension is represented by the violet 
circle. RNA is the orange rectangle. In RNA free assembly (upper panel) C terminal cleavage is 
slow. In the presence of RNA (bottom panel), the C terminal extension is cleaved fast and RNA 
binds at the 2-fold axis. Figure reproduced from reference 155 with permission from Nature 
Publishing Group, copyright 2015.  

 

From these experimental observations and simulations for assembly around a 

polyelectrolyte (i.e. a nucleic acid cargo), two proposed mechanisms have emerged (Figure 

11).127, 156, 157 In one mechanism the CPs assemble “en masse” in a disordered orientation and 

cooperatively rearrange to form the ordered capsid.158 The other mechanism is similar to the 

nucleation and growth mechanism described above, in which the polyelectrolyte helps stabilize 

CP-CP interactions of an ordered nucleus, and growth continues with sequential addition of CPs. 

Simulations suggest that ionic strength plays a role in determining which mechanism is followed. 

At low ionic strength, CP-polyelectrolyte cargo interactions dominate and the en masse 

mechanism is observed, whereas at higher ionic strength, CP-CP interactions dominate and 

nucleation and growth is observed.156 These observations point to the critical role pH and ionic 

strength play in capsid assembly, as has been observed experimentally. 
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Figure 11. Assembly of a capsid around a polyelectrolye cargo (e.g. a nucleic acid). Red is the 
nucleic acid cargo and blue is the coat protein. At low ionic strength (stronger coat-cargo 
interactions) and weak cargo-cargo interactions, an en masse mechanism is favored (A). The 
nucleation and growth mechanism is favored when coat-cargo interactions are weaker (higher 
ionic strength) and stronger coat-coat interactions. Figure adapted from reference 156 with 
permission from Elsevier, copyright 2014. 

 

3.2.4 Assembly of Other Protein cages 

A few studies have investigated the assembly mechanism for non-viral protein cages. For 

example, a mechanism for the assembly of apoferritin was first put forth by Gerl and 

coworkers.106, 159 The assembly is proposed to proceed first by unstructured monomers (mi) 

adopting a structured confirmation (M1), which quickly form stable dimers. Dimers, trimers, 

hexamers and dodecamers intermediates were all detected. In the final step, two dodecamers 

assemble to make a fully formed 24-mer.99  (Equation 1) 

 

 (1) 
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Recent work has used time-resolved small angle X-ray scattering (TR-SAXS) to 

investigate this mechanism further. The observed TR-SAXS profiles were explained by a slightly 

modified simple scheme given in Figure 12.160 The main difference being monomers and trimers 

are not included as intermediates of the reaction. Like the other assembly mechanisms described 

previously, pH, ionic strength, and subunit concentration are important considerations. In the 

case of ferritin, these factors may influence not only the kinetics of the reaction, but which 

intermediates are observed.160, 161  

Another important example of non-viral protein cage assembly are the bacterial 

microcompartments, in which multiple copies of enzymes are enclosed inside of a single 

proteinaceous shell. Hagan and coworkers have adapted their previous model156 for 

encapsulation of a polyelectrolyte cargo to study encapsulation of multiple cargos,162 like that 

observed with a bacterial microcompartment. Their simulation showed that assembly can occur 

via two distinct pathways: 1) a single-step assembly in which cargo molecules and shell subunits 

assemble simultaneously, or 2) a multi-step assembly in which the cargo molecules assemble 

first to form a dense globules, followed by adsorption and assembly of shell subunits around the 

globules.  Relatively weak cargo-cargo interactions lead to single-step pathway, whereas 

stronger cargo interaction tend to follow the multi-step pathway. Their simulation study also 

indicates that encapsulation of high density cargo requires a balance between cargo-cargo, cargo-

shell and shell-shell interactions (in the range of 5-10 kBT)162, much like virus particle assembly 

described earlier.  These observations indicate that a delicate balance of molecular interactions (a 

“sweet spot”) between all the subunits of a protein cage must be struck in order to form 

functional particles. 
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Figure 12. Proposed model for the assembly of ferritin by Sato et al. Each dimer unit is depicted 
as a different color.  In this mechanism, hexamers (a trimer of dimers) can form directly from 
dimers, but also from a tetramer and a dimer.  In the final step, 2 dodecamers form the 24-mer 
cage. Figure reproduced from reference 160 with permission from the American Chemical 
Society, copyright 2016. 

 

3.3 Factors influencing in vitro assembly 

3.3.1. Changes in pH and ionic strength can lead to different assembled structures 

CCMV is the first icosahedral virus that was reassembled in vitro to form an infectious 

particle.50, 163-166 Since then many studies have investigated the factors influencing assembly, 

such as changes in pH and salt concentration, coat protein concentration, and CP ratio to nucleic 

acid.130, 167-169 The CP interacts with the RNA primarily through highly basic, N-terminal 

arginine-rich motifs (ARM). Under appropriate conditions, CCMV capsids can self-assemble in 

the absence of RNA. Assembled structures range from not only single-walled capsids, but 
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mulitshell and tubular structures, depending on the pH and salt concentration (Figure 13). 

Multishell formation is favored at low pH (and low ionic strength) starting near pH 3.7 (the pI 

for CCMV CP) and up to pH 5. As pH increases, the capsid exterior becomes increasingly 

negatively charged, and electrostatic interactions between the exterior surface and the positively 

charged interior surface dominate assembly. The number of shells formed is limited to ~3 due to 

the unfavorable changes in the shell curvature as the layers grow. Multishell formation decreases 

and a single shell regular capsid with 28 nm becomes dominant as ionic strength increases, due 

to charge screening. 56 

The crossover to tubular rather than spherical structures occurs near pH 6 and above. This 

arises due to favorable hexamer-hexamer interactions rather than hexamer-pentamer interactions. 

The hexagonal sheets fold to form tubular structures some of which are capped with hemispheres 

of hexamers and pentamers. Smaller diameter tubes are favored at higher ionic strength due 

screening of the inner and outer surface mentioned above. 56 

  

Figure 13. The range of particle morphologies possible of CCMV assembly as a function of pH 
and ionic strength. (A)Phase diagram of protein assembly outcome over a range of pH and ionic 
strength.  Samples were buffered with sodium cacodylate (red) or sodium citrate (black). The 
blue area represents conditions of assembly from ref. 168 and 169. (B) Electron microscopy images 

c 
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of different observed morphologies. (a) Multishelled structures are dominant at pH 4.8 and I = 
0.01. (b) Tubular structure observed at pH 6.0 and I = 0.01 (c) Dumbbell shaped particles at pH 
7.5, 0.001 M cacodylate buffer. (d) Single walled shells at pH 4.67 and 0.1 M acetate buffer and 
I = 0.1 Figure reproduced from reference 56 with permission from the American Chemical 
Society, copyright, 2009. 

 

pH also plays a critical role in formation of CCMV capsids around an RNA cargo. Near 

neutral pH, strong interactions between RNA and CP (containing the highly-positively charged 

arginine containing N- terminus) result in partially formed protocapsids that condense the RNA. 

Lowering the pH increases the strength of CP-CP interactions due to protonation of Glu81 and 

results in procapsid formation.53 The assembly can be described as two separate steps required to 

obtain the properly assembled structure. First, at low ionic strength and neutral pH, the CPs 

undergo disordered absorption on the RNA. When the pH is reduced, CP-CP interactions are 

strengthened, and the ordered capsid is formed. Fine-tuning these interactions is critical for 

proper in vitro assembly; if the attractions are too weak, the capsid is not formed. If they are too 

strong, the assembly falls into kinetic traps.149 For complete packaging of the native RNA, an 

excess of CP is needed – specifically when there is a matched amount of charge among CP and 

the RNA.53 

3.3.2 Formation of non-native viral cages 

 Non-native, aberrantly assembled, virus particles that form tubular structures are known 

as polyheads. These have been observed in HIV,170 bacteriophage T4,171 bacteriophage T7,172 

and bacteriophage P22.173, 174  Generally these structures are formed as a result of mutations in 

the CP sequence.  Remarkably, single mutation of F170 residue in the CP of P22 results in 

formation of polyheads up to 2 um in length.173, 174  F170 is located in the β-hinge region of the 

CP, and causes decreased flexibility in the rest of the CP (especially in the A domain) and 
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consequently favors assembly of hexamers over pentamers, suggesting importance of CP 

flexibility to direct assembly of CPs into a proper capsid structure. The polyheads structures 

consist mostly of hexamers, but pentamers can be incorporated at the ends, which leads to 

termination of the growing structure.173 

 

3.4 Synthetic/computational approaches to designing protein cages 

 Inspired by the intricate self-assembly of native proteins into larger closed shell 

architectures, researchers have applied the principles learned from nature to computationally 

design proteins to assemble into a range of synthetic protein cages. A key concept to designing 

these protein cages is the underlying symmetry of the assembled cages. Highly symmetrical 

structures assembled from a defined number of subunit building blocks allow for a minimum 

number of subunit interactions to be designed, as each new interface increases the complexity of 

the design.175 One such approach is to create fusions of known oligomeric proteins that already 

have intrinsic protein-protein interaction interfaces.12, 175-179 13 For example, the design of a 

protein cage with cubic symmetry (432) has been successfully demonstrated by fusing two 

natural protein oligomers, a dimeric and a trimeric protein (Figure 14). This defines two different 

symmetries, two-fold and three-fold, that are necessary for assembly into the correct structure. A 

computationally designed linker molecule provided the correct angle needed for self-assembly of 

the cubic structure, but other geometries such as tetrahedral and triangular prism structures are 

also observed.13 The other approach is to design new protein-protein interfaces.175, 176, 180, 181 This 

is a new, very promising approach for precisely designing protein cages with desired size, shape, 

and amino acid composition for specific applications. While very specific interfaces can be 

designed, it comes at a cost of requiring sophisticated algorithms for design.175 This can be 
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minimized however, by using natural oligomerization motifs as a model and then begin building 

new interfaces by sequence mutations.176 King et al. were able to engineer a number of two 

component protein cages using a library of dimers and trimers.180 Computationally this is 

accomplished by first choosing the desired architecture and symmetry docking the components 

(regions with large areas of contact) followed by re-designing the contact interface by changing 

the amino acid composition at the interface. The design feature makes use of hydrophobic 

protein cores surrounded by polar rims. More recent work by Baker et al showed that a 60 

subunit protein cage could be computationally designed from trimeric protein building blocks.182 

In another example, Jerala et al showed tetrahedral protein cages,, four-sided pyramids, and a 

triangular prism could be assembled from protein coiled-coil dimers.183 De novo designed cages 

offer advantages over natural protein cages, such as customizable geometry, functionality, and 

increased stability. However, one disadvantage of this approach is that when computationally 

designed proteins are expressed in vivo, many sequences often result in insoluble inclusion 

bodies, which cannot yet be accurately predicted a priori. 
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Figure 14. Model of the engineered fusion protein and the resulting octahedral structure formed. 
(a) The fusions are composed of a trimeric protein (KDPGal aldolase, green) and a dimeric 
protein (FkpA, orange) with a four residue helical linker (blue). The lines represent the three-fold 
(cyan) and two-fold (magenta) axes. (b) The 24-mer cage with octahedral symmetry, with the 
symmetry axes shown. (c) 2D class averages of the 24-mer and 12-mer obtained after aligning, 
clustering, and average particles from several particles (left) which are consistent with calculated 
projections (center). The 3D atomic models (right) are also included. Figure reproduced from 
reference 13 with permission from Nature Publishing Group, copyright 2014. 

 

4. Encapsulation within Protein Cages 

Although the biological function of the previously mentioned protein cages are different 

from each other, they have a relatively simple common task, i.e. sequester and protect the 

encapsulated cargo.  The closed shell architecture of protein cages clearly defines a unique 

interior environment that is physically separated from the bulk, exterior, environment.  Millions 

of years of evolution has taken advantage of this for the sequestration and protection of viral 

genomes within viral capsids, for the sequestration of an inert and non-toxic form of iron as iron 

oxide in the protein cage of ferritin and in some bacterial microcompartments the shell may act 

c    
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to localize enzymes capable of transforming harmful intermediates.  There are many ways to 

achieve sequestration of cargos, and the synthetic community has paid attention to the structural 

and mechanistic understanding of how biological systems have achieved this, which has 

provided inspiration for biomimetic approaches to materials design and synthesis.2  In this 

section, we discuss the approaches and the inspiration behind using protein cage architectures as 

size constrained containers for the encapsulation and sequestration of a wide range of cargos.   

Conceptually the encapsulation of a cargo on the interior of any one of these protein 

cages can usefully be approached in two ways:  either through the initial formation of the protein 

cage which can then subsequently be filled with cargo or alternatively, through the entrapment of 

the cargo on the interior of the cage during the process of assembly from individual components 

into a cage.  As we discussed above, examples of each of these approaches can be found in the 

packaging of nucleic acids within viral capsids, i.e. genomic DNA packing into a preformed 

procapsid as observed in bacteriophage P22,138 or subunit proteins interacting with nucleic acids 

and packaging it during capsid assembly, which is observed in CCMV.53 

Using the preformed capsid as a reaction vessel requires that the cargo (or a cargo 

precursor) can traverse the shell.  This usually implies the use of a small molecule or at least a 

cargo of size commensurate with the pore size of the capsid or that the capsid has dynamic 

behavior allowing the pore size to fluctuate, which could allow larger molecules to pass across 

the shell. Alternatively the cargo can be synthesized on the interior of the preformed capsid from 

small molecule precursors that can freely diffuse across the capsid shell.  This is akin to a ‘ship-

in-a-bottle’ synthesis/assembly and is the approach seen biologically in the biomineralization of 

an iron oxide particle on the interior of the iron storage protein ferritin where iron ions can 
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diffuse through the shell but the inorganic polymer of iron oxide is too large to leave and is  

therefore sequestered on the interior.3, 184 

Co-assembly of capsid and cargo on the other hand suggests an interaction between the 

capsid building blocks and the cargo.  The type and strength of this interaction can vary widely 

from direct covalent fusion of the cargo and the capsid protein to weaker non-covalent 

interactions.  Multivalent interactions and templating of the capsid assembly through interactions 

between the capsid and the cargo have biological relevance and have provided a conceptual 

framework that has been effectively exploited for synthetic applications. 

 

4.1 Ship-in-a-bottle like synthesis in preformed capsids 

As we pointed out previously, the ferritin family of iron storage proteins are widespread 

in almost all domains of life and function largely to catalyze the oxidation of ferrous ions and 

nucleation of a ferric oxyhydroxide nanoparticle sequestered within the cage.4 The protein 

subunits that assemble into these cage-like architectures contain catalytically active sites for 

oxidation of Fe(II) ion to Fe(III) (ferroxidase sites) and iron oxide nucleation which is largely 

through electrostatic interactions between the capsid and the accumulated ions. The cage has 

small well-defined pores of roughly 3 Å in diameter along the 3-fold and 4-fold symmetry 

axes.185 Electrostatic potential calculation of ferritin suggests that the 3-fold channel is likely to 

be a major entrance that enables iron ions to traverse the shell and reach the interior. This 

indicates that ferritin has efficiently evolved this design of taking up iron from external 

environment into its cavity. The overall oxidation and mineralization reactions are catalyzed on 

the interior of the cage.185-187  This mineralization of the small diffusible precursors is an 
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excellent example of the ship-in-a-bottle synthesis on the interior that results in the formation of 

a nanoparticle product that is sequestered on the interior of the cage. In the case of ferritin this 

mineralization has the additional effect of continually removing soluble ions from solution thus 

creating a concentration gradient across the shell, which effectively drives the transport of ions 

into the cage and results in further accumulation on the interior. These components are all 

programmed into relatively simple protein subunits that can act both as the building blocks for 

capsid assembly and the active catalyst for the biomineralization.   

Many studies have shown that a wide range of ionic and metallic nanoparticles, with no 

direct biological relevance, can be selectively grown inside the pre-formed protein cages derived 

from ferritin and related Dps proteins (Figure 15A).4, 188-192 The substrate flexibility in ferritins 

and Dps is largely due to the facile transport of cations across the capsid shell in response to an 

electrostatic gradient, and facilitated nucleation on the interior of the cage driven by ion 

accumulation at patches of high negative charge density on the interior protein interface.  In 

addition, the protein cages themselves provide a well-defined volume and thus control and limit 

the size of the inorganic nanoparticles grown. 

The strategy of using electrostatic interaction between protein cages and cargo molecules 

for cargo entrapment has been extended beyond ferritin and Dps. The observation that CCMV 

packages its RNA cargo primarily through electrostatic interactions between the RNA and the 

capsid is reminiscent of the ion-capsid interactions in ferritin, despite the fact that the charge 

relation between cage interior and cargo is opposite, i.e. interaction between highly positively 

charged N-terminus domain of capsid protein and negatively charged nucleic acid cargo. Thus 

the CCMV viral protein cage was initially explored as a constrained environment for a range of 

nanomaterial synthesis and encapsulation from negatively charged precursor molecules. The 
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viral capsid has pores at subunit-subunit interfaces allowing free access to small molecules 

through the capsid shell. The native CCMV, with its highly positively charged interior, was used 

to nucleate the growth of polyoxometalate crystals comprising the highly anionic H2W12O42
10- 

ions with NH4
+ counterions193. The positively charged N-terminus of the CCMV was postulated 

to act as a charged interface to accumulate the anions, which after nucleation could grow into the 

final particle filling the capsid. Using an anionic Ti ion precursor, this approach was 

subsequently also used to nucleate and grow TiO2 within the CCMV capsids 194.   

The importance of interfacial electrostatics and its utility in approaches for size constrained 

inorganic materials synthesis was further demonstrated in the CCMV system by means of a 

dramatic alteration of the charge on the interior of the capsid from positive to negative. Genetic 

modification of the N-terminus of the CCMV coat protein, in which all the basic residues (i.e. 

lysine and arginine) in the N-terminus were replaced with acidic, glutamic acid residues 195 did 

not affect the capsid assembly.  However, the altered electrostatic character of the interior of the 

protein cage favored strong interaction with cations, which in conjunction with free molecular 

passage of ions across the capsid acts to promote oxidative hydrolysis leading to the formation of 

size-constrained iron oxide particles exclusively on the inside of the CCMV capsid; a functional 

mimic of the ferritin protein.   
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Figure 15. (A) Schematic illustration of magnetite (or maghemite) nanoparticle synthesis in 
ferritin. Magnetite nanoparticles can be formed and sequestered inside of ferritin even though 
temperature and pH used for this synthesis are far from physiological condition. TEM image on 
the right shows magnetite nanoparticles with approximately 6 nm in diameter synthesized inside 
of ferritin. (B) TEM image of a TMV containing an approximately 250 nm long nickel nanowire 
in the central channel. Part B reproduced from reference 196 with permission from Wiley, 
copyright 2004. 

 

Other protein cages such as chaperonins have been exploited to encapsulate or synthesize 

inorganic nanoparticles.197-199 Interestingly, ATP-dependent release of re-folded guest protein 

from chaperonins was successfully mimicked using preformed CdS nanoparticles and GroEL or 

T.th cpn. The CdS encapsulated inside of the chaperonin was released from the cage upon 

conformational changes induced by ATP hydrolysis.197 

 

The controlled synthesis of nanowires is practically important and protein cage assemblies 

have been used to direct these syntheses. The rod-shaped tobacco mosaic virus (TMV) has been 

demonstrated as a constrained template to grow inorganic nanowires (Figure 15B),196, 200-207 and 

one dimensionally aligned nanoparticle arrays.208, 209 The 300 nm long and 18 nm wide TMV has 

a 4 nm diameter interior pore in which metal nanowires such as Ni,202 Co,202 Cu,206 and Co-Fe 

alloy203, 206, 208 have been selectively grown.  Although nanowires with the length of 100 – 200 

nm are typically formed, fiber lengths up to 600 nm were observed, longer than a single TMV 

particle, suggesting some end-to-end assembly of individual capsids.202   

 

 

4.2 Polymers inside protein cages. 
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All viruses are comprised of a capsid that surrounds and protects a viral genome that is a 

charged polymer of RNA or DNA. As pointed out above, in some viruses, the genome packaging 

takes place after the capsid has already formed.  In phages, this process is energetically costly 

and the DNA genome is packaged at very high density with large internal pressure via ATP-

driven packing process but with little or no attractive interactions between DNA and the capsid. 

Other viruses package their genome at much lower density and exhibit strong electrostatic 

interaction between the capsid and the packaged genome.  As described earlier, the plant virus 

CCMV can be produced as an empty, nucleic acid-free capsid.  Initial synthetic studies with 

empty CCMV demonstrated that incubation with an anionic polymer (poly(anetholesulfonic 

acid)) resulted in efficient encapsulation within the CCMV capsid.193 Here, 

poly(anetholesulfonic acid) was incubated with the CCMV at pH 7.5 in which the CCMV took 

the swollen form (i.e. had larger inter-subunits pores) as discussed above, followed by lowering 

the pH to 4.5, well below the transition of the CCMV to the closed form. The polymer which 

passed across the CCMV capsid and accumulated was trapped inside of the capsid at the low pH 

condition. This strongly suggests that preformed capsids can be significantly more porous at the 

swollen form, although the size limit for free diffusion across the capsid has not been quantified.   

The permeability and porous nature of the capsids suggested that site-specific extension of 

polymer strands anchored on the interior of the capsid could be achieved by transport of the 

monomers to the growing end of the polymer inside that capsid.  Thus introduction of reactive 

amino acids, by site-directed mutagenesis, selectively on the interior of a capsid allows modified 

at these positions to create polymer-initiation sites from which the polymer strand can grow.  

Initiated polymer growth on the capsid interior enables not only the introduction of new chemical 
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moieties beyond what can easily be incorporated using genetic methods, but it does so at high 

density making efficient use of the entire capsid volume.  

Organic polymer synthesis constrained inside of protein cages was first demonstrated using 

the copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) coupling of azide and alkyne  

bearing monomers. A series of polymers were synthesized through a stepwise molecular 

synthesis approach.  In the small heat shock protein cage (sHsp) from Methanocaldococcus 

jannaschii, a branched polymer with pendant amines was synthesized using alternate addition of 

azide and alkyne monomers.210 This resulted in an 8-fold increase in the number of 

functionalizable amine sites in comparison with wild-type sHsp, which could then be chemically 

labeled.211  Thus high density labeling of sHsp at amines with Gd-DTPA, a T1 enhanced MRI 

contrast agent was achieved. A similar approach was taken using azide or alkyne containing 

metal containing compounds as the monomers to create a coordination polymer connected 

through the CuAAC coupling.212  Alternatively, a coordinatively unsaturated metal-ligand was 

attached selectively to the interior of the capsid lumen and served as a site for coordination 

polymer extension through iterative addition of a ditopic ligand and metal ion.213  

By far the most successful approach for high density polymer incorporation using 

functionalizable monomers has been with the use of “living” polymerization approaches,214, 215 

which are fast and accommodate a wide range of monomers. Atom-transfer radical 

polymerization (ATRP) inside of a protein cage was first demonstrated in the bacteriophage P22 

using methacrylate monomers.216  An initiation site was introduced on the interior of the capsid 

through the site selective attachment of a tertiary bromide moiety on each of the 420 coat 

proteins.  The polymerization of 2-aminoethyl methacrylate (AEMA) resulted in polymerized 

particles having 12,000 ± 3000 AEMA monomers per particle constrained within the P22 capsid. 
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The AEMA polymer served as a scaffold for the conjugation of a number of functional small 

molecules with high loading density via the pendant amine groups (Figure 16), including Gd-

DTPA,216  fluorescein isothiocyanate (FITC),216 an isothiocyanate derivative (CoCl(dmgH)2Pyr) 

and Eosin-Y Isothiocynate.216, 217  For example, chemical attachment of up to 10,000 Gd-DTPA 

to the polymer inside the P22 cavity led to development of a novel MRI contrast agent with a 

significantly high r1 relaxivity. This approach was also amenable to co-polymer formation with a 

range of other monomers218. Notably, polymer formation with ATRP has also been demonstrated 

on the interior (and exterior) of the Qβ capsid where an azide-containing group was introduced 

and subsequently reacted with an ATRP initiating tertiary bromide via a CuAAC reaction.219, 220 

 

Figure 16. Atom-transfer radical polymerization (ATRP) can be used for high loading of Gd-
DTPA within the P22 VLP. In the first step, an internal cysteine is labeled with a radical initiator 
(2-bromoiosbutyryl maleimide, 1). Next poly-2-aminoethyl methacryalate (AEMA) is formed 
via ATRP. In the last step, the amino groups can be modified with FITC dye (2) or GD-DTPA-
NCS (3). Figure reproduced from reference 216 with permission from Nature Publishing Group, 
copyright 2012. 
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Some protein cages have pores, which are large enough to allow macromolecules to pass through 

the protein shells to reach the interior cavity.221-224  For example, a Group II chaperonin, 

thermosome,225 has large pores of approximately 5.4 nm diameter.221 Generation four 

Poly(amidoamine) dendrimer, which has about 4.5 nm diameter, has successfully encapsulated 

inside of thermosome to use the protein cage for siRNA delivery vehicle and gold nanoparticle 

have been synthesized on the interior.222, 223 Similarly, a semiconducting polymer poly(2-

methoxy-5-propyloxy sulfonate phenylene vinylene) (MPS-PPV) has been encapsulated inside 

of vault cage, while the MPS-PPV could not enter the cavity if vault subunit proteins were 

covalently cross-linked together prior to the polymer loading. This result indicates that the MPS-

PPV can diffuse into the cage through inter subunit pores.226 

 

4.3 Encapsulation via co-assembly into cage-like structures 

Assembly of some virus capsids is often driven through specific directed interactions 

between the capsids and their endogenous cargos that facilitate the capsid assembly.  As an 

approach it is thus amenable to synthetic manipulation and has been demonstrated in many 

different capsid assemblies and with many different types of cargo.  This highlights the power 

and versatility of a bioinspired approach which harnesses sophisticated self-assembly 

mechanisms observed in nature for smart materials design and synthesis.  

Electrostatic interactions between capsid and cargo is perhaps the simplest example of this 

approach. As mentioned earlier, CCMV uses electrostatic interactions between negatively 

charged RNA and positively charged regions of the capsid to package the genome. This strategy 

of self assembly of capsid subunits around nanoparticles has been applied for encapsulating pre-
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formed inorganic nanoparticles (e.g. gold, iron oxides and quantum dots) inside of capsids 

derived from many viruses (e.g. BMV, red clover necrotic mosaic virus (RCNMV), CCMV, 

HIV-1 Gag protein and hepatitis B virus (HBV).132-134, 227-235 In a notable example demonstrating 

a high yield of encapsulation (>95%), gold nanoparticles modified with carboxylic acid 

terminated poly(ethyleneglycol) (PEG) directed the assembly of BMV subunits (Figure 17A). 

Complementary electrostatics provided the interactions between the carboxyl groups and the 

capsid protein subunits while the PEG moiety served as a mimic for a disordered hydration layer 

in the RNA packaged in BMV.134 BMV VLPs with discrete sizes, each adopting a specific T 

number, were obtained upon varying the size of the gold nanoparticle template, with the number 

of subunits in the final assembled capsid increasing with increasing template size (Figure 17B-

D).231  The co-assembly process of capsid and guest molecules through electrostatic interaction 

has also been exploited to encapsulate other cargo molecules, such as proteins and polymers.25, 

236-238 

 

B C D 

     

A 
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Figure 17. (A) Proposed mechanism of BMV virus-like particle (VLP) assembly around a gold 
nanoparticle (NP). First, electrostatic interaction leads to the formation of a disordered capsid 
protein (CP) -  gold NP complex. The second step is a crystallization phase in which the protein-
protein interactions result in the formation of a regular capsid. (B-D) Three-dimensional 
reconstruction (using negative stain data) of BMV VLP self-assembled around gold NPs with 
(B) 6 nm, (C) 9 nm, and (D) 12 nm diameter gold NPs. Structure and size of reconstituted 
models of (B), (C), and (D) resemble to a T = 1, a pseudo T = 2, and T = 3 models of BMV 
capsids, respectively. Part A reproduced from reference 134 with permission from the American 
Chemical Society, copyright 2006. Part B reproduced from reference 231 with permission from 
the National Academy of Sciences, copyright 2007. 

 

A more elaborate level of directed cargo encapsulation has been demonstrated via an 

approach inspired by the assembly mechanism of some viruses in which specific interactions 

between capsid coat protein and cargo (protein or nucleic acid) play a critical role. For example, 

bacteriophages MS2 and Qβ and RCNMV all use hairpin structures in their ssRNA to bind to the 

capsid proteins and thereby direct both capsid assembly and RNA encapsulation85, 239-241. 

Similarly, as we discussed previously, bacteriophage P22 assembles initially into a procapsid 

form, templated by a scaffolding protein (SP), which interacts with the coat protein to direct 

assembly and during that process the SP is encapsulated within the procapsid67. Co-opting these 

natural specific interactions has allowed for the selective sequestration of cargo with high 

encapsulation efficiency. Representative examples of cargo co-assembly by using specific 

interaction of capsids and cargos are discussed below. 

 

4.4 Encapsulation of Enzymes 

Among the many cargo molecules that have been encapsulated inside of protein cages, the 

encapsulation of enzymes has drawn particular interest recently. Because the interior of a viral 

capsid is a privileged environment, spatially separated from the bulk exterior environment by the 
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capsid shell, an enzyme can be sequestered inside the capsid to create well-defined nanoreactors 

capable of catalyzing a wide range of chemical transformations that conceptually resemble 

bacterial microcompartments.  Encapsulation of enzymes within protein cages is a promising 

approach towards creating efficient catalytic materials and understanding the effects of enzyme 

crowding as well as multi-enzyme transformations. 

Initial work in the encapsulation of active enzymes inside VLPs used the CCMV system, 

which undergoes reversible in vitro disassembly and reassembly in response to changes in 

solution pH as we discussed earlier.  Reassembly of the capsid in the presence of the enzyme 

horse radish peroxidase (HRP) resulted in some fortuitous encapsulation of the enzyme within 

the reassembled CCMV capsid.26  This passive encapsulation of an active enzyme, while not 

particularly efficient, paved the way for more directed approaches towards cargo sequestration 

and demonstrated key concepts: the capsid shell was shown to be porous towards small molecule 

substrates and the enzymes encapsulated within the CCMV were active but displayed some 

different kinetic behavior as compared to enzymes in the bulk. This observation suggests that the 

local environment of the capsid might affect enzyme function. 

 The in vitro assembly approach in CCMV has been refined to incorporate molecular 

recognition tags between the cargo and the capsid protein to achieve more efficient cargo 

encapsulation. Thus complementary peptides that form a heterodimeric coiled-coil were fused to 

the CCMV CP and the cargo protein236 allowing non-covalent coiled-coil interactions to occur 

prior to capsid assembly. This approach was also used to encapsulate the enzyme lipase B (PalB) 

from Pseudozyma antarctica inside CCMV and resulted in packaging of an average of 1 – 4 

PalB per capsid.242 The initial velocity of singly encapsulated PalB was reportedly five times 

faster than the velocity observed for PalB free in solution. This strategy demonstrated successful 
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encapsulation, but the method required incorporating unmodified CCMV CPs into the in vitro 

assembly system, together with the fusion proteins, to achieve assembly of the CCMV capsid 

with the PalB cargo. This approach naturally results in a distribution of species, ranging from 

assembled capsids containing no enzyme cargo to fully packed capsids.  

There is a growing desire to directly harness the synthetic capabilities of biology and let 

biological systems direct the synthesis and assembly of complex materials directed only through 

altered genetics.  Thus a goal is to establish robust methods for in vivo nanoreactor assembly.  

This requires producing all the components for assembly in the cell and introducing specific 

molecular recognition between the capsid protein and the cargo, with no interference from the 

other biomolecules within the cell. This genetically programmed assembly would take advantage 

of molecular level design and self-assembly, as well as metabolic engineering on the organismal 

level.  

Directed enzyme cargo encapsulation has been shown for a number of different enzymes 

and capsids. Using a highly directed approach for enhanced molecular recognition between 

capsid and cargo, Hilvert et al used the protein cage derived from lumazine synthase (LS) and 

created mutants with an increased negative charge density on the interior of the capsid through 

introduction of glutamic acid residues. The fusion of a deca-arginine tag to green fluorescent 

protein (GFP) cargo ensured the directed encapsulation through complementary electrostatic 

interactions between the cargo and capsid interior.237 This approach was then demonstrated in 

vivo where the directed evolution of Aquifex aeolicus (AaLS) variants were screened for 

enhanced binding and encapsulation of HIV protease within the LS capsid.  Encapsulation of the 

protease rendered it inaccessible to proteins in the cell and resulted in enhanced cell survival.238  

The negatively charged LS mutants have been shown to be highly effective at the directed 
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encapsulation of a wide range of positively charge cargo proteins including positively 

“supercharged” GFP and ferritin variants.243, 244 Additionally, various enzymes such as RuBisCO 

and carbonic anhydrase were tethered with the supercharged proteins to direct encapsulation of 

the enzymes in the negatively charged LS mutants, which lead to construction of a functional 

carboxysome mimic.245, 246 Interestingly the loading of cargo in the LS mutant did not require a 

co-assembly but could be achieved by incubation of the assembled LS with the charged cargo.  

Since the cargo proteins themselves are larger than the pores of the LS cage (ferritin has a 

molecular weight of 5x106 Da) it was uncertain how the large cargos could be transported 

acrossn the already formed LS cages.  One suggested possibility was that the LS capsid assembly 

could be dynamic.  However, a recent cryo-EM structural model of two LS variants was 

determined revealing a highly unusual, cage structures with large pores (each variant exhibits 

tetrahedral and icosahedral symmetry, respectively) that might accommodate transport of the 

cargo proteins across the capsid to the interior.247  

Directed enzyme encapsulation has also been achieved using specific interactions, 

through molecular recognition. Finn and coworkers have developed a unique method for directed 

enzyme encapsulation in the virus Qβ.  They used a chimeric single stranded RNA composed of 

3 parts: (1) a hairpin that associates with the internal surface of the Qβ CP, (2) an RNA aptamer 

that binds to an arginine-rich peptide (Rev), and (3) the mRNA sequence that codes for the Qβ 

CP that also acts as spacer between the other components. Cargo proteins tagged with the Rev 

peptide are thus primed for directed encapsulation into the Qβ capsid through the interaction 

between the Rev peptide and the RNA aptamer (Figure 18).24 The transcribed mRNA thus serves 

as both as the transcript for CP expression and as the recognition element for directed 

encapsulation. This approach, using the co-expression of the CP/RNA mediator together with the 
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tagged protein cargo, has been effectively used for the directed encapsulation of other protein 

cargoes within the Qβ system.248 In another example, MS2 shows sequence specific interaction 

between its CP and a short RNA stem-loop to trigger capsid assembly,81 hence the RNA 

sequence has been utilized to encapsulate cargo molecules inside of the MS2 VLPs.249, 250 

Furthermore, encapsulation of cargo proteins has also been demonstrated by using DNA 

oligomers and negatively charged peptides as tags to induce capsid assembly and mediate cargo-

capsid interaction.27 Intriguingly, the presence of a protein stabilizing osmolyte, trimethylamine-

N-oxide, has been reported to increase yield of capsid reassembly. 27 

 

 

Figure 18. An example of a direct encapsulation of enzyme into a capsid by molecular 
recognition. A Rev-tagged enzyme is bound to the interior of the capsid via an RNA with a Rev 
aptamer and a Qβ genome packaging hairpin that that is bound to the interior of the capsid. 
Figure reproduced from reference 24 with permission from Wiley, copyright 2010. 

 

 Yet another approach for directed encapsulation involves the genetic fusion of a cargo of 

interest to a scaffolding protein. Of the protein cages used for directed encapsulation, the P22 

bacteriophage has emerged as an extremely versatile platform for the programmed and directed 

encapsulation of a wide range of gene product cargos within the E.coli cells used for 

heterologous expression. Recall that the P22 SP templates capsid assembly and that SP bound to 

the interior of the capsid is incorporated into the assembled P22 VLP.  The wild type SP is a 303 

residue long protein and it has been shown that it can be truncated to an essential C-terminal 
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scaffolding domain without disrupting its ability to direct assembly.251, 252 This truncation has 

been used to simultaneously direct capsid assembly and cargo encapsulation as genetic fusions to 

either the N-20, 21, 23, 253-257 or C-termini22 of the SP.  Remarkably, the small helix-turn-helix 

domain, that is essential for directing capsid assembly, can be fused to protein cargo of up to 

180kDa without affecting the fidelity of capsid assembly.21  By co-expressing a genetic fusion of 

a protein cargo and the truncated SP together with CP, a number of functional enzyme and 

protein cargoes have been successfully encapsulated inside the P22 VLP, which maintain their 

functional activity. Directed assembly of an enzyme cargo has also been demonstrated with other 

cages. For example, Handa and co-workers used the minor coat proteins (VP2) of the SV40 virus 

to direct encapsulation by genetic fusion of an enzyme cargo, cytosine deaminase within the 

VLP. Co-expression of the modified VP2 together with the major coat protein VP1 and the other 

minor coat protein VP3 resulted in assembly of SV40 VLPs with active enzymes entrapped on 

the interior of the capsid.258 

The capsid morphology can have a profound effect on the enzyme cargo in terms of its 

local concentration, crowding effects, and access between the interior and exterior. The P22 VLP 

capsid undergoes a natural morphogenesis which mimics the native maturation of the infectious 

virus upon DNA packaging.  The initially formed procapsid (PC) form of the P22 VLP expands, 

upon heating at 65 oC, from the spherical PC to the expanded (EX) form, which nearly doubles 

the interior volume of the capsid.71 Upon further heating, to 75 oC, the 12 pentameric vertices of 

the capsid are irreversibly lost leaving 12 pores 10 nm in size in the capsid that forms a structure 

affectionately referred to as wiffleball (WB).259 In some cases, where the cargo is thermally 

stable, the EX and WB morphologies of P22 can be accessed by heating the capsid and this has 

allowed an investigation of the kinetic behavior of encapsulated enzymes as a function of both 
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local enzyme concentration (crowding) and capsid porosity (substrate diffusion across the 

shell).255, 256 In the P22 encapsulation, the enzyme cargo is initially constrained to the interior 

capsid lumen in the PC form, but upon expansion to the EX the SP binding site is lost due to the 

conformational change of CP, and the cargo is free to occupy the entire volume of the capsid 

(Figure 19).260 

 

Figure 19. The morphologies of P22 and the mapping of cargo location within them. (A) P22 
procapsid (PC) undergoes a morphological change to a more angular expanded (EX) from upon 
heating, mimicking the structure of the native virion. The internal volume increases 
approximately 35% and porosity of the capsid decreases. Heating further forms the wiffleball 
(WB) morphology, where pentamers are removed leaving large holes in the capsid wall. (B) The 
central sections of three-dimensional reconstructions of the empty P22 and CelB-P22. The darker 
region on the interior lumen of the capsid indicates higher density, caused by the presence of the 
bound cargos. The arrows indicate the increased density from the SP-C terminal region of the SP 
and the CelB-SP binding to the capsid interior. (C) Reconstructions of the EX forms with cargo. 
Decreased electron density reveals that the cargos are no longer bound to the capsid and can 
freely move within the entire capsid interior volume. Part A adapted from Ref. 261 with permission 
from The Royal Society of Chemistry. Part B and C reproduced from Ref. 260 with permission from 
The Royal Society of Chemistry. 
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While a number of enzymes that have been successfully encapsulated within the P22 

VLP show slightly lower kcat values compared to the enzymes free in solution (likely due to the 

effects of molecular crowding and restricted dynamics during enzyme turnover)255, 256, 

encapsulation of the heterodimeric NiFe hydrogenase from E. coli, Hyd-1, within the P22 capsid 

shows a dramatic enhancement of the activity as compared to the free enzyme (Figure 20).23  The 

encapsulated Hyd-1 activity increases nearly 150 fold over the free enzyme and follows classic 

Michaelis-Menten kinetics. The enhancement is likely due to the entrapment of the enzyme at 

high concentration within the VLP thus shifting its equilibrium toward the more active hetero-

dimeric form of the HyaA and HyaB subunits from the much less active monomers in bulk 

solution.  It is also possible that the dimeric Hyd-1, presenting two copies of the SP from each 

subunit is favored for capsid assembly over a single copy as has been demonstrated in early 

studies on the effects of SP oligomerization on capsid assembly.137  Therefore, capsid assembly 

itself might drive the Hyd-1 equilibrium towards the more active dimeric form and 

simultaneously entrap that form at high concentration within the capsid. Indeed, recent in vitro 

P22 VLP assembly study indicated that cargo proteins displaying multivalent SP preferentially 

encapsulated over monovalent wild type SP while assembling into VLP.262 
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Figure 20. Encapsulation of an active hydrogenase within a P22 VLP (P22-Hyd-1). (A) Scheme 
showing expression of both subunits of the hydrogenase as fusions with truncated scaffold 
protein (hyaA-SP and hyaB-SP) under IPTG control with coat protein (CP) in a separate plasmid 
under L-arabinose control. The result is P22 capsid with both subunits packaged within it. 
Structures are PDB: 3USE (E.coli hydrogenase-1), PDB:2XYY (P22 procapsid), PDB: 2GP8 
(scaffold protein binding domain) (B) Hydrogen is assayed via gas chromatography using methyl 
viologen (MV+·) as the electron transfer mediator and an electron source (dithionite or 
electrochemical reduction). (C) TEM image (negative staining) of P22-Hyd particles. (D) 
Specific activity of P22-Hyd at varying concentrations of methyl viologen. The enzyme activity 
follows Michealis-Menten kinetics. (E) Specific activity traces of P22-Hyd-1 (black triangles) 
and free Hyd-1 (gray squares) shows a marked increase in activity of the P22 encapsulated Hyd-
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1 compared to Hyd-1 in solution. Figure adapted from reference 23 with permission from Nature 
Publishing Group, copyright 2015. 

 

 Unlike many other protein cages, chaperonins have relatively large pores likely due to 

their native function of assisting folding of guest proteins to it native state. These large pores of 

chaperonins allow the encapsulation of enzymes without disassembling the cage structure into 

subunits. For example, horseradish peroxidase was encapsulated into thermosome and used for 

polymerization (via ATRP) of an acrylate which occurred selectively inside of the cavity.221 

 

5. Functionalization of the exterior of Viruses and VLPs 

In nature, the exterior of protein cages are in contact with the surrounding environment 

and must interact with the surroundings in order to function and protect the valuable cargo. The 

exterior surfaces of protein cages can also be rationally designed to conduct specific tasks and 

properties. For a virus, presentation of different functionalities on the exterior is necessary for 

targeting the virus to a particular location in vivo. Also, the exterior surfaces of ferritin has 

evolved to create electrostatic gradients around the three-fold channels, which provides a 

guidance mechanism for cations entering the protein cavity through the channels.185 Because all 

the protein cages described here possess a highly symmetric polyvalent surface, the exterior 

functionalities are typically presented in a multivalent and highly symmetrical manner. For 

viruses, the polyvalent presentation of targeting and cell fusion moieties can enhance affinity to 

their host cells and infection.263 These examples found in nature inspire us to explore the exterior 

surfaces of protein cages to impart functionality by design. In this section, we present an 

overview of the variety of methods for functionalizing the exterior of a protein cage (summarized 

in Table 1). 
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Method of Modification Examples 

Genetic  • Amino acid modification (addition, deletion, mutation) 

• Phage display 

• Fusion proteins 

• Isopeptide formation (Sortase) 

• Split protein complementation (Spytag/Spycatcher) 

Covalent (Bioconjugation) • Amino acid labeling  
(cysteine, lysine, glutamate, aspartate, tyrosine)  

• Specific labeling at protein termini 

• Incorporation of non-natural amino acids  

• Atom transfer radical polymerization  

• PEGylation 

Non-covalent genetic • Decoration protein (Dec) 

• Biotin/Streptavidin 

Table 1. Commonly used methods of exterior (and in some cases, interior) modification of 
protein cages discussed in this section. 
 
 
 

5.1 Genetic functionalization 

 Genetic modification of the protein cage is perhaps the most widely used method for 

exterior functionalization. Modifications of the exterior can be achieved using molecular biology 

techniques to add, delete, or replace amino acid residues. Typically the protein cages are quite 

robust, and remain intact after minor genetic modifications. 

Phage display is a powerful and widely used technique for high throughput screening of 

not only protein-protein and protein-peptide interactions but also interaction between peptides 

and abiotic materials such as inorganic materials. In phage display system, infected 

bacteriophage have a peptide or protein of interest “displayed” on the exterior of capsid. Some 

notable examples include using phage display to present a library of short peptide sequences.264-

266 A foreign gene is inserted within the coat protein gene and it is expressed along with the CP. 
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In this technique, viruses that have affinity for a particular target can be selectively amplified and 

characterized. Modifications to the protein cage are typically done at termini or exposed loops so 

that the coat protein can still fold properly.190, 267-272 The gene (nucleic acid) is packaged within 

the capsid, which allows for linkage of the phenotype (the displayed peptide) and the genotype 

(the encoded DNA). In a process termed biopanning, large libraries of random sequences can be 

screened against individual targets such as proteins, peptides, DNA, and abiotic materials. The 

binding phage can be isolated and its sequence determined. The filamentous phage M13 is one of 

the most commonly used platforms for phage display technology because of the ease of 

replication and commercial availability.265 There are a wide range of applications in molecular 

biology where phage display has proven useful, such as in vitro protein evolution, drug 

discovery, enzyme inhibitors, and finding protein partners.265, 273 This technique has also proven 

useful in the material science community. Certain peptides can be selected that show preferential 

binding for different inorganic surfaces/nanoparticles, based on the composition and 

crystallographic orientation of the material.274-277 In one early example, M13 bacteriophage was 

engineered with peptide sequences to act as a  template for nucleation of ZnS or CdS 

nanocrystals to form nanowires.278 

Whole proteins and protein domains of interest can also be genetically fused to capsid 

coat proteins.279-281, For example, Gleiter and Lilie displayed a 6.8 kDa domain from protein Z 

on surface exposed loops of polyoma VLPs.282 Protein Z is an antibody binding protein that was 

still capable of binding antibodies when attached to the VLP.  In another example, Nabel and 

coworkers displayed trimeric antigen cargo (the ectodomain of the influenza hemagglutinin 

protein) at the 3-fold axes on a ferritin cage by creating a fusion at the N-terminus of the ferritin 

subunit to effectively create a nanoparticle based vaccine.283  Here, symmetry matching, i.e. the 
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trimeric antigen cargo was fused at a trimeric symmetry site of the platform protein cage, is an 

important design consideration and it lead to multivalent antigen display (eight trimeric antigen 

per ferritin as ferritin is composed of 24 subunit).  The nanoparticle based vaccine produced an 

increased immunogenic response to many viral subtypes compared to the commercially available 

vaccine.  Cell targeting peptides have also successfully displayed on the exterior of protein cages 

in a multi-valent manner by genetically introducing the peptides either at the end of N- or C-

terminus of an individual subunit,190, 269, 284 or inserting into a surface exposed loop region.285, 286 

For example, Kang and coworkers demonstrated that a non-viral protein cages, encapsulin, can 

also be genetically modified to display a targeting peptide ligand (Figure 21)285 and an 

encapsulated drug molecule can then be delivered to the targeted cell.  

 

Figure 21. Functionalization and targeting of encapsulin. Encapsulin is genetically modified to 
contain the targeting ligand (SP94) and is assembled to form a protein cage. An anticancer drug 
aldoxorubicin was delivered to the HepG3 cells, resulting in cytotoxicity to the cells. Figure 
reproduced from reference 285 with permission from the American Chemical Society, copyright 
2014. 
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Despite the successes described above the genetic fusion of functional proteins and 

peptides to protein cages can often result in undesired outcomes, such as the formation of 

insoluble fusion proteins or disruption of subunit assembly into a proper cage-like structure. To 

overcome this drawback, a bioconjugation technique using the enzyme sortase287 to mediate site 

specific attachment has recently been applied for functionalization of protein cages because this 

approach possesses great flexibility and versatility.288, 289 For example, GFP and influenza 

hemagglutinin head were successfully conjugated to the exterior surface of P22 VLP (Figure 

22).288 The SpyTag/SpyCatcher protein ligation system290 shows great potential for 

bioconjugation to protein cages.291 Thus, if a sortase recognized motif or a spytag/spycatcher 

motif is successfully introduced onto a protein cage, nearly any protein cargo could potentially 

be conjugated to the protein cage in  a “plug and play” modular manner using  this strategy. 
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Figure 22. A modular approach to presentation of cargo on the exterior of a protein cage. The CP 
of P22 was genetic engineered to contain a LPETG amino acid at the the C terminal that can be 
covalently bound to a poly glycine sequence an N terminal of cargo (here, GFP or 
Hemagglutinin Head) via the enzyme sortase. This modular approach to allows for many 
different cargo types to be presented without the need for redesigning the modified CP sequence. 
Figure reproduced from reference 288 with permission from the American Chemical Society,. 
copyright 2017. 

 

5.2 Covalent modification 

 Chemical conjugation is another widely used functionalization/bioconjugation approach 

that allows for incorporation of many different desired functional groups, both biological and 

chemical, into protein cages to change or enhance their function.292  Because many of the protein 

cages utilized for nanomaterials syntheses have near-atomic resolution structure models, the 

number and location of functionalizable sites in a protein cage can be precisely known with 

knowledge of the protein sequence and structure. Covalent modification of protein cages initially 

utilized natural amino acids with reactive functional groups such as the sulfhydryl group 

(cysteine), the amino group (lysine) and the carboxyl group (glutamate and aspartate). For 

example, the sulfhydryl group can serve as reactive sites for thiol selective chemistry,293, 294 or 

for binding to a gold surface.295 High density labeling can also be achieved by labeling at amines 

using activated N- esters, and carboxylates can be activated into reactive esters. One major 

drawback of this conjugation approach is the poor selectivity of sites with the same functional 

group. Typically there are multiple cysteine, lysine, glutamate or aspartate residues in a protein 

subunit, and it is difficult to conjugate a target molecule to a specific site over others, which 

results in heterogeneous mixtures of modified protein cages. 

In order to overcome the sometimes undesired non-selectivity of the reactions, there has 

been a continuing interest to develop new bioconjugation reactions with high level of site- and 
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chemo-selectivity under mild conditions in aqueous environments.292, 296, 297 For instance, the α-

amine of the N-terminus is chemically unique and shows distinctive reactivity over lysines. Thus 

an increasing number of chemical conjugation strategies have developed to utilize the N-

terminus amine as site-specific reactive group.297 For example, the N-terminus amine shows 

lower pKa (6 – 8) than other aliphatic amine (pKa ~ 10.5) as a consequence of the inductive 

effects of the nearby carbonyl group.297, 298 Hence selective acylation and alkylation of the N-

terminus amine can be carried out at low to neutral pH.297 In an application relevant to protein 

cages, the TMV virus was covalently modified at both the N terminus and at an introduced 

cysteine residue with two different chromophores that undergo FRET to produce a “light 

harvesting rod.”299 Another emerging bioconjugation strategy is the incorporation of unnatural 

amino acids with bio-orthogonal reactive groups such as azido, alkyne, alanine and norbornene 

into a protein cage.18, 19  These functional groups can be uniquely modified over other natural 

amino acids in the protein.  For example, Finn and coworkers have demonstrated 

functionalization of Qβ mutants with azide- or alkyne-containing unnatural amino acids using 

Cu(I)-catalyzed [3+2] cycloaddition (known as “click chemistry”).19  

Pioneering work by Francis and coworkers has developed a number of oxidative coupling 

reactions with electron rich aromatic species with both natural and unnatural amino acids that 

can be performed on proteins in aqueous solution under mild conditions.296  In one example, they 

utilize this strategy to dually functionalize both the interior and exterior of bacteriophage MS2.300 

The interior was functionalized with a porphyrin maleimide that was introduced at a mutated 

C87 residue. The exterior was functionalized at the unnatural amino acid p-aminophenylalanine 

via oxidative coupling with a DNA aptamer that targets protein kinase 7 receptors on Jurkat 

leukemia cells. After incubation of the cells with capsids and upon light illumination, the 
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porphyrin generated a cytotoxic singlet oxygen species. The capsids selectively targeted and 

killed 76% of the Jurkat cells in the presence of erythrocytes. (Figure 23)  

 

Figure 23. Overall scheme for the construction of a dually functionalized recomibinant 
bacteriophage MS2. Interior cysteines were modified with porphyrin (purple); exterior p-
aminophenylalaine were modified with DNA apatmers (~20 per particle). (A) Live control cells 
showing the difference in size and shape between Jurkat cells and red blood cells (RBCs). (B) 
Exposure of the cells to the functionalized MS2 capsids to light for 20 minutes results in 
selective killing of Jurkat cells as indicated by trypan blue staining. RBCs are left unharmed. (C) 
Postive control showing death of both cell types induced by 30% ethanol. Scale bars are 100 µm. 

Figure adapted from reference 300 with permission from the American Chemical Society, 
copyright 2010. 
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Atom transfer radical polymerization (ATRP) has also been used to decorate the exterior 

of capsids with polymers, which serve as a scaffold to conjugate imaging agents and drug 

molecules as demonstrated by Finn and coworkers.219, 220 In this study, approximately 180 ATRP 

initiating bromides were introduced on the exterior surface of Qβ by using azide-alkyne click 

chemistry. Oligo(ethyleneglycol)-methacrylate with functional groups were selectively 

polymerized on the surface of the decorated Qβ via ATRP. Direct attachment of polymer 

molecules instead of conducting a polymerization reaction on the capsids has also been 

demonstrated. The most notable example is the bioconjugation of polyethelyene glycol (PEG) to 

proteins (so called “PEGylation”) because it is a common technique for functionalizing the 

proteins in an attempt to reduce renal clearance and immunogenicity, and improve 

pharmacokinetics. PEG with various chain lengths have successfully been conjugated on the 

exterior surface of protein cages such as CPMV, MS2 and ferritin.75, 301-303 The PEGylated 

protein cages exhibited a reduced interaction with a cell and an antibody. 75, 303 

 

5.3 Noncovalent-Genetic Attachment  

  Another approach that has gained traction is the fusion of a cargo to secondary structural 

proteins (sometimes called auxillary proteins) with a natural affinity for a capsid exterior. 

Secondary proteins that bind to the exterior of some viruses are collectively known as decoration 

proteins. This approach offers the advantage of using genetic expression of the necessary 

proteins, and removes the cleanup steps typically needed for after bioconjuation to the capsid. 

Decoration protein functions range from being actively involved in viral infection to providing 

structural support to the capsid. In fact, some decoration proteins are part of the conserved 

structure of the virus.304-306 Decoration proteins were initially used as means to display proteins 
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or protein fragments as an alternative display platform to the M13 phage.307, 308 In another 

example, the bacteriophage T4 structure includes two secondary proteins known as Soc, which 

binds to local threefold interfaces between capsomers, and Hoc, which binds to the center of 

each capsomer. Whole proteins were functionally displayed on Soc and Hoc, and the fusions 

have similar binding affinities as the unmodified proteins.309 

 While P22 does not have a native decoration protein, the decoration protein “Dec” found 

in the highly similar bacteriophage L binds to the EX form of P22.310 The Dec protein binds 

tightly as a trimer at the 60 quasi 3-fold axes and with a much lower affinity at the 20 true 3-fold 

sites. The N-terminus remains close to the capsid shell, while the C-terminus is projected away 

from the capsid311, which provides an ideal environment for presenting proteins on the exterior 

of the P22 capsid. For example, Schwarz et al. showed presentation of both a monomeric small 

peptide (“self peptide” derived from CD47, which inhibits phagocytosis by macrophages312) and 

a trimeric protein cargo (the soluble region of CD40L, which is  a key signal in adaptive 

immunity) on the exterior of P22 with Dec fusions and each of the cargo remained biologically 

active (Figure 24).313 Dissociation constants, KD, of the two Dec mutants to the tight binding 

sites on P22 were measured as 18 – 30 nM, which is nearly identical to KD of wild type Dec (9 

nM). The half-life of the tight binding site was at least 60 hours, which suggests that Dec bound 

P22 is a good candidate for in vivo cargo delivery.  
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Figure 24. Presentation of a target protein trimer CD40L (PDB 1ALY) on a P22 VLP exterior. 
The Dec trimer is pictured in green. A polyhistidine tag (purple) is used for purification. The 
CD40L is genetically fused to the C terminus of Dec and presented as a trimer. Dec binds to P22 
at the quasi 3-fold axes to present the CD40L on the exterior. Figure reproduced from reference 
313 with permission from the American Chemical Society, copyright 2015. 

 

In other examples, entire proteins as well as small molecules can be non-covalently conjugated 

to the surface of platform protein cages via a well-characterized biotin-streptavidin interaction. 

For example, papillomavirus VLPs have been functionalized with protein antigens conjugated 

with streptavidin.314, 315 

 

6. Higher order assembly of protein cages. 

Construction of higher order structure from colloidal nanoparticles in a controlled manner 

has drawn considerable interest in the field of materials chemistry because the assembled 

materials could display collective properties that are different from individual nanoparticles.29, 30 

Exploiting the self-assembly of nanoparticle building blocks into higher order structures is a 

powerful, versatile and low-cost approach to designing such materials. Biological building 

blocks including VLPs and related cage-like proteins have several unique advantages over 
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synthetic colloidal particles as will be discussed below.316 In this part, we will review recent 

progress towards the design of higher order structures built from protein cage building blocks via 

self-assembly processes. 

 

6.1. Protein cages as Building Blocks for Higher Order Assembly 

Self-assembly of biomolecular components into higher order structure with hierarchically 

organized arrangement over multiple length scales is one of the hallmarks of biological 

systems.317 The highly organized structural arrangements of building block components could 

endow collective and orchestrated functionalities to the assembled structures beyond those of 

individual building blocks. For example, the excellent mechanical property of bone is a 

consequence of the highly regulated hierarchical structure of the hydroxyapatite and collagen 

assembly across nano to macro scales.318 The vertebrate striated muscle is another elegant 

example of organized assembly of multiple biomolecular building blocks.319 The functional 

properties of muscle emerge as a consequence of the hierarchical structure composed of multiple 

proteins including actin, myosin and titin.   

Viruses are also excellent examples of nature’s self-assembled constructs which are 

constructed from a limited number of biomolecular building blocks. They exhibit complex 

functionalities through their life-cycle including host-entry, replication and shedding. From a 

materials viewpoint, cage-like proteins are excellent building block components to construct 

higher order structures across multiple length scales for a number of reasons. First, protein are 

genetically encoded materials, hence they are produced with near perfect uniformity. The 

homogeneity of a building block is critical to construct higher order structures in particularly if 

long-range order is desired.  Secondly, as we discussed earlier, a wide range of functional protein 
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cage building blocks can be produced by encapsulation various functional cargo molecules. 

Third, the established chemical and genetic modification strategies can also be used to modify 

the exterior surface of the protein cages, which can lead to modulation of inter-particle 

interactions and control the assembly of individual building blocks into higher order structures. 

Fourth, numerous types of protein cages, which share the same spherical morphology but with a 

wide range of sizes and chemical and physical properties, are available, either naturally 

occurring or by synthetic design. Therefore, similar construction strategies could be applied to 

different cages, resulting in a new class of protein-based superlattice materials. Lastly, VLPs and 

related cage-like proteins are in general chemically and mechanically robust, perhaps as an 

evolutionary consequence of protecting their genomic nucleic acids cargos from the external 

environment. Thus the protein shells can be used as protective coatings for encapsulated cargos 

including fragile enzymes.  

 

6.2. One- and Two-dimensional Assembly of Protein Cages 

One-dimensional (1D) assembly of protein cages into tube like structures has been 

demonstrated through a head-to-head assembly of individual cages. Aida et al. have 

demonstrated fabrication of a micrometer long nanotube self-assembled from a chemically 

modified GroEL chaperonin.320-322 The apical domain of GroEL was modified with merocyanine 

(MC). The MC decorated GroEL “polymerized” into a tube structure in the presence of Mg2+ 

through a head-to-head assembly of GroEL due to coordination between MC and Mg2+. A 1D 

tube of GroEL encapsulating superparamagnetic iron oxide nanoparticles within the cavity was 

shown to form a bundle of tubes under the influence of an external magnetic field.323  
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Ordered two-dimensional (2D) arrays of proteins have been studied for decades as they 

are of interest in electron crystallography and nanotechnology. Such arrays can be developed at 

flat surfaces including air-liquid and liquid-liquid interfaces as substrate to support the growth of 

the arrays.324-331  For example, some of the earliest examples of self-assembled 2D arrays used 

the protein cage ferritin, and were prepared on lipid monolayers at the air-water interface,324-326 

where interaction of protein cages with polar head groups of lipids was key to manipulate the 

array formation. This approach is versatile and close-packed 2D arrays have also been developed 

from larger protein cages including CPMV,327 TYMV,328 and P22.329 It is important to note that 

arrangement of protein cages into ordered arrays is primarily dependent on the properties of the 

exterior surfaces of protein cages. This allows for the development of the same array structures 

regardless of the cargo molecules encapsulated within protein cages. For example, ferritin 

proteins encapsulating iron oxide or indium oxide nanoparticles within the interior cavity have 

been successfully assembled into near perfect hexagonally packed 2D arrays under the same 

conditions that lead to the empty apoferritin array assembly.332, 333 

Assembly of protein cages at the air-liquid and liquid-liquid interfaces is typically a 

dynamic process, thus the arrays formed at the interfaces are usually transferred to solid 

substrates, or an inter-particle chemical cross-linkage is introduced to obtain stable 2D 

monolayers.330, 331 Alternatively, direct deposition of protein cages on the surfaces of solid 

substrates has also been investigated. The deposition can be achieved either through the 

formation of covalent bonds between the protein cage and the substrate or through weak physical 

interactions between them.334, 335 For example, an engineered CCMV Janus particle, which 

possessed a reactive thiol group only on one side of its exterior surface, was shown to bind 

selectively to a gold substrate via a covalent linkage and formed a 2D array of the CCMV.295 
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Controlled deposition of CCMV was also achieved by manipulating electrostatic interactions 

between the overall negatively charged CCMV and the positively charged substrate.336  

The bottom-up approaches for constructing 2D arrays of protein cages can be readily 

combined with top-down techniques such as lithography, which lead to controlled placement of 

protein cages into a designed pattern. Specific interaction between protein cages and substrates 

are required to accomplish site-specific immobilization of the cages. For example, De Yoreo et 

al. demonstrated alignment of virus capsids in a line (one capsid wide) through a combination of 

exterior surface engineering of CPMV and a dip-pen lithography patterning of a substrate334, 335. 

They genetically engineered a CPMV mutant decorated with six contiguous histidine residues 

(His-CPMV). The His-CPMV was successfully placed as lines with 30 nm width on 

nitrilotriacetic acid (NTA)-terminated patterned on a gold substrate (Figure 25) via a bond 

formation with Ni-NTA. The line width corresponds to the 1D alignment of single capsids.  

Modification of the exterior surface of a protein cage with an additional peptide sequence is 

another approach that has been used to immobilize a protein cage in site-specific manner. 

Peptide sequences which exhibit high affinity to specific metal, inorganic and polymer materials 

have been identified by several techniques such as phage display library277 and de novo 

design.337 These peptides can be readily introduced on the exterior surfaces of protein cages via 

genetic or chemical modification and are utilized to immobilize protein cages on a targeted 

substrate338, 339. For example, a titanium binding peptide (RKLPDA) was introduced onto the 

exterior surface of ferritin allowing the ferritin to be localized to titanium patterns on a silica 

substrate.340 This result illustrates that engineering of protein cages in combination with top-

down patterning techniques will lead to further development of fabricating protein cage based 

devices. 
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Figure 25. (A) Schematic of nanografting and virus deposition process. (A) A Ni-NTA 
terminated surface is created at specific locations on a gold substrate (red lines) to allow for 
deposition of His-tagged CPMV (yellow spheres) via Ni(II) chelation. (B-E) AFM images 
showing the coverage of the CPMV on the substrate as well as the increasing order observed by 
increases in virus concentration (flux) and increasing inter-viral attractive interaction (increasing 
PEG concentration). (B) At a condition of low flux and weak inter-viral attractive interaction (0 
wt% PEG), His-CPMV attaches almost exclusively to the Ni-NTA line, but the coverage is low. 
(C) At higher flux with weak interaction, His-CPMV still exclusively attaches to the line, but  
with increased coverage. (D, E) As the inter-viral interaction is increased (by addition of 1 wt% 
PEG), virus assembly spreads outward from the lines, and clusters of viruses lie between the 
lines. (F) Higher resolution AFM image of condition (C), showing His-CPMV alignment at a 
single capsid width. (G) Higher resolution image of condition (E), showing ordered packing of 
virus capsid on the Ni-NTA line. Figure reproduced from Reference 335 with permission from the 
American Chemical Society, copyright 2006. 

 

6.3. Three-Dimensional Assembly of Protein Cages 

 Construction of three-dimensional (3D) superlattice from functional nanoparticle building 

blocks in a controlled manner is of significant interest because they have the potential for making 

a new class of materials that exploit collective behavior and properties arising from those of the 

individual particles341-344. Although synthetic particles such as metallic, inorganic and polymer 

nanoparticles have been extensively studied as building blocks, protein cages are appealing 

multifunctional nanoparticles as has been described in the previous sections. In the assembly of 
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nanoparticles, the formation of amorphous aggregates is common28, 345-347 but the successful 

formation of long-range ordered assemblies of nanoparticles, i.e. superlattices, has been 

demonstrated by optimizing interactions between building block components16, 343, 348-350. A 

range of methods have been explored to construct 3D assemblies of protein cages and in many 

cases linker molecules have been utilized to direct and control assembly. Electrostatic interaction 

is one of the most well explored interactions to mediate assembly of protein cages into bulk 

materials.14, 15, 17, 351-353 For example, Kostiainen et al. have demonstrated the formation of 

protein cage based superlattice materials through electrostatic interactions between the protein 

cages and oppositely charged mediator particles.14, 15 Chemically modified gold nanoparticles 

bearing positive surface charge were used to mediate 3D assembly of CCMV, which has a 

negatively charged exterior surface. Inter-particle interactions were manipulated by changing 

ionic strength and pH of the solution (Figure 26A). When the interparticle interactions were too 

strong, an amorphous aggregate was formed, whereas an ordered array with a face-centered-

cubic (FCC) arrangement of CCMV was obtained under an optimal range of interaction (Figure 

26B).14 They have further explored the approach and demonstrated that superlattices with not 

only FCC structures, but also hexagonal-close-packed (HCP) structures, and body-centered-

cubic (BCC) structures have been realized by changing the type and size of the mediator (Fig 

26C).15, 353  

 Catalytically active VLP superlattices were recently developed using a similar assembly 

approach combined with genetic modification of VLP exterior surface to modulate interparticle 

interactions.17 In this study, two enzymes, which catalyze a sequential two-step reaction to form 

isobutanol, were encapsulated individually into the P22 VLPs. The superlattices constructed 

from the two populations of P22 VLPs retained the coupled two-step catalytic activity, despite 
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the fact that this was now a bulk material with the enzymes immobilized within it.  This result 

indicates that the assembled lattice is porous and the diffusion of small molecules substrates and 

products through the lattice is not the rate-limiting step in the overall reaction under the 

conditions it was investigated. As it is a bulk material, the catalytically active superlattice is 

readily condensed, recycled and reused. 

Higher order assembly mediated by electrostatic interaction has been applied for 

developing protein cage templated binary arrays of encapsulated inorganic nanoparticles. Beck et 

al., used two types of ferritin cages, one with a positively charged exterior surface and the other 

having a negatively charged exterior surface.354 The oppositely charged ferritin mutants were co-

crystalized with a tetragonal lattice structure. By synthesizing cerium oxide and cobalt oxide 

inside of negatively charged and positively charged ferritins independently prior to the co-

crystallization process, the protein cages served as a template to construct a binary crystalline 

array of cerium oxide and cobalt oxide nanoparticles. 
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Figure 26. (A) Superlattice formation of positively charged gold nanoparticles (AuNP) and 
negatively charged CCMV at different Debye screening lengths, κ -1, (adjusted by NaCl 
concentration), AuNP/CCMV mass ratios (top) and pH (bottom) determined by small angle x-
ray scattering (SAXS). At a given pH, the superlattice is formed only in a narrow NaCl 
concentration window (Region 2), which is shifted to smaller κ -1 (i.e. higher NaCl 
concentration) when the pH is increased. Superlattice formation is possible only when the pH is 
higher than pI of CCMV (pH = 3.8). High NaCl concentration screens the electrostatic 
interaction between CCMV and AuNP, resulting in non-assembly of the particles (Region 3). (B) 
Two-dimensional (inset) and integrated one-dimensional SAXS data obtained from a CCMV 
superlattice (sample 2 in (A)) (top). The experimental scattering pattern (black trace) matches 
well with the respective theoretical scattering pattern of an AB8

FCC-type structure (red and green 
traces). Crystalline superlattices are also observed with cryo-TEM (bottom). The particles 
arrange into an AB8

FCC type lattice, where CCMV (blue) adopts an FCC structure and the voids 
between the CCMVs are filled with eight AuNPs (yellow) as shown in inset. (C) Crystal 
structure models and lattice parameters of CCMV-avidin, CCMV-G6 PAMAM dendrimer and 
CCMV-Au nanoparticle superlattice. Superlattices with different structures are yielded 
depending on linker molecules, which mediate assembly of CCMV. Parts A and B reproduced 
from reference 14 with permission from Nature Publishing Group, copyright 2013. Part C adapted 
from reference 15 with permission from Nature Publishing Group, copyright 2014. 

 

 Three-dimensional assembly of protein cages do occur naturally in vivo. Iridovirus such 

as Wiseana iridescent virus (WIV) is known to display a “rainbow-like” opalescent hue in 

heavily infected host insects.355, 356 This is because paracrystalline arrays of viral particles are 

formed within the cell cytoplasm of the infected hosts and a weak optical interference effect due 

to Bragg scattering from the assembled arrays is observed.357 Vaia et al., have successfully 

reproduced the assembly of WIV particles in vitro by various sedimentation or thin-film 

assembly techniques and demonstrated that optical iridescence of the in vitro assembled 

materials is much stronger than that commonly observed in vivo.357 The inter-particle interaction 

is characterized by weak long-range electrostatic repulsion and short-range attractive interaction 

due to depletion and van der Waals forces.  

Complementary pairs of oligonucleotides have been another widely used linker molecule to 

mediate assembly of nanoparticles into higher order structures.342-345, 348, 349 Various physical 

parameters of the oligonucleotide linkers including strength and specificity of the 
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complementary strand interactions, and the length and shapes of the linkers can be finely tuned 

by rationally designed sequence of the linkers. Thus a wide range of ordered arrays of not only 

close packed structures, but also loosely packed structures such as a diamond lattice have been 

realized via this approach.16, 343, 350 Finn et al., applied oligonucleotide linkers for directing 

assembly of protein cages. They demonstrated temperature dependent assembly and disassembly 

of two populations of virus capsids, each conjugated with one of the complementary pair of 

oligonucleotide linkers. They have also reported construction of a binary superlattice with NaTl 

(B32)-type crystalline structures assembled from oligonucleotide decorated virus capsid and gold 

nanoparticle.16 In principle, complementary pairs of peptide motifs such as coiled-coil peptides 

have the potential to mediate assembly of protein cages in a sequences specific manner similar to 

the oligonucleotide-based linker.358 Although they have not yet been explored as assembly 

mediators to nearly the same extent that oligonucleotide-based linkers have, polypeptide linkers 

could be significantly more diverse that oligonucleotide linkers and have great potential to direct 

and control assembly of protein cage building blocks into complex structures.359-362 

Two-dimensional arrays of protein cages discussed earlier are readily expanded to 

construction of 3D architectures via layer-by-layer deposition.28, 338, 363-371 For instance, Sano et 

al. fabricated 3D layer of a ferritin mutant (T1-LF) which possesses a titanium binding peptide 

on its exterior surface.338 The T1-LF exhibit two unique functions, specific binding to Ti and 

capability to induce titania mineralization around the cage. In the fabrication process, the first 

layer of the T1-LF was selectively adsorbed on a Ti pattern formed on a Pt substrate due to 

specific affinity of the Ti binding peptide. Next, the substrate was soaked in a solution containing 

titanium bis(ammonium lacto) dihydroxide (TiBALDH), a precursor of titania and a thin titania 

layer was formed on the top of T1-LF layer. The titania layer worked as a binding target of the 
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second T1-LF layer. Hence stacking layers of ferritin and titania were successfully fabricated by 

utilizing binding and mineralization capability of the T1-LF. 

Anisotropic shaped filamentous and tubular cages such as TMV and bacteriophage M13 

have also been utilized to fabricate 2D film and 3D assemblies of cages, because they could 

exhibit liquid-crystalline ordering under appropriate conditions.372-376 For example,  Lee at al. 

demonstrated formation of a film of M13 filaments with long-range order on a substrate through 

simply dipping and pulling the substrate vertically from a suspension of the M13 phage at 

precisely controlled speeds.376 Importantly, the helical structure of individual M13 phage was 

mirrored in the hierarchical assembly and a helical twist to the organization of the assembly was 

observed when fabricated under appropriate conditions. TMV, whose surface is negatively 

charged, has been assembled into a bundle of superlattice wires mediated by an oppositely 

charged metal nanoparticle. Similar to the example of M13 film, the assembled bundle shows 

right-handed helical twisting because of the right-handed structure of the individual TMV 

building units.373 

One of the unique features of protein cages over other nanoparticles is their ordered and 

highly symmetric arrangement of subunits (as discussed in previous sections), thus they present 

well-defined symmetry specific sites. By exploiting symmetry specific sites on the protein cages 

as binding sites for linker molecules, protein cages can serve as coordination nodes for the 

construction of three dimensional network structures, which conceptually resemble the metal 

ions in metal-organic frameworks (MOFs). For example, Tezcan et al. have exploited the 3-fold 

symmetry site of the ferritin cage to direct its assembly into a crystalline material.377 They 

substituted threonine 122, located at the 3-fold symmetry site of ferritin, with histidine. The three 

histidine residues at the 3-fold symmetry site of the cage (i.e. one from each subunit) coordinate 
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with Zn2+ with tetrahedral coordination geometry, and an additional ditopic ligand molecule can 

occupy the last coordination site of Zn2+ and serve as a linker to mediate assembly between 

ferritin cages. As a consequence, the engineered ferritin formed a BCC type crystal in the 

presence of Zn2+ and a ditopic linker, instead of an FCC type crystal which wild type ferritin 

typically forms (Figure 27). Each ferritin cage possesses eight 3-fold symmetry axes, hence the 

engineered ferritin crystalized into a BCC structure that has eight nearest neighbor positions.  

 

Figure 27. Schematic illustration for metal/linker-directed self-assembly of ferritin into three-
dimensional crystals. Surface exposed Zn2+ binding sites are engineered at 3-fold symmetry (C3) 
sites of ferritin by mutating threonine 122 to histidine (T122H). In the presence of ditopic 
organic linkers, the T122H ferritin mutant forms a BCC lattice through coordination of ferritins 
at the C3 sites. On the other hand, in the absence of such ditopic linkers, the mutant forms a FCC 
lattice, which ferritin typically crystalized into, through coordination at 2-fold symmetry (C2) 
sites. Figure reproduced from reference 377 with permission from the American Chemical 
Society, copyright 2015. 

 

An engineered protein can also serve as a linker molecule to direct self-assembly of protein 

cages into higher order structures. For example, a decoration protein (Dec), which binds at 

symmetry specific sites on the expanded (mature) form of P22 was used to construct protein-

based linkers to mediate controlled assembly of the P22 VLP.28 A linear ditopic linker and a 

tetrahedral tetratopic linker were genetically engineered through either a point mutation of Dec 

or fusion of Dec to the exposed termini on the smaller Dps protein cage respectively. Bulk 
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assembly and layer-by-layer deposition of P22 VLP in solution was successfully achieved using 

both linker molecules (Figure 28). Although the obtained bulk assemblies of P22 VLPs in this 

study did not show a long-range ordered structure, optimal manipulation of interaction between 

protein cages and linker proteins could lead to construction of protein only superlattice materials 

because Dec binds to symmetry specific sites of P22.310, 311 

 

     

Figure 28. (A) TEM images of P22 mixed with a ditopic linker derived from Dec (left) or wild 
type (wt) Dec (right). In the case of P22 with ditopic Dec linker, large clusters of micrometer to 
tens of micrometers in size, which composed of P22 VLP, were observed. In the case of P22 
with wtDec, each VLP were well dispersed and no cluster of VLP was observed. (B) Quartz 
crystal microbalance (QCM) resonance frequency changes upon alternate injection of P22, 
ditopic Dec linker and wtDec on a gold coated QCM sensor. The decrease in resonance 
frequency corresponds to the increase in mass on the sensor due to the deposition of the proteins. 
Layer-by-layer deposition was demonstrated through the alternative addition of P22 and ditopic 
Dec linker. Addition of wtDec caps the deposited layer and passivates from further attachment of 
P22 because it has only one binding site for P22. The cartoon on the right depicts observed layer-
by-layer deposition. Figure adapted from reference 28 with permission from Wiley, copyright 
2015 . 
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7. Conclusion 

 It is evident that the natural world has a seemingly infinite number of protein cages, 

specifically viral protein cages waiting to be discovered and exploited. Even the small number of 

cages that have been thoroughly characterized to date have provided us with a vast library that 

can be used for further design and manipulation for materials synthesis. Fundamental studies into 

the mechanisms of viral capsid assembly and protein-protein interactions are being harnessed for 

development of novel nanomaterials and armed with the knowledge of Nature’s synthetic 

methods, novel designer cages can be constructed to have specific features (such as stability, 

size, rigidity, and porosity).  With increasing synthetic precision a wide range of desired moieties 

can be presented on either the interior or exterior of these cages taking advantage of the high 

symmetry and associated multivalent presentation of these platforms.  Thus these closed shell 

protein architectures provide interior and exterior surfaces for presentation and cargo 

encapsulation as well as intersubunit interfaces that allow for fine tuning of the structural 

properties and inspiration for de novo design.  The diversity and synthetic versatility of these 

platforms has made them attractive materials for an increasing number of applications in 

materials science, chemistry, biology, and medicine.  These applications have grown extensively 

in the last few decades, and will continue to grow as the library of cages, our foundational 

understanding of individual protein cages, and the generality of new approaches develops. New 

advances in directing the interactions between functionally active individual particles also holds 

the promise of future applications where the collective properties of an ensemble of particles can 

be harnessed.  Viruses no longer need to be understood only as hostile pathogens but rather as a 
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source of active nanomaterial inspiration and the raw materials for a new and exciting materials 

future.  
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