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Abstract: There is a great deal of interest in the possibility that complex nanoscale devices 

can be designed and engineered. Such devices will lead to the development of new materi-

als, electronics and smart drugs. Producing complex nanoscale devices, however will present 

many challenges and the components of such devices will require a number of special features. 

Devices will be engineered to incorporate desired functionalities but, because of the diffi culties 

of controlling matter precisely at the nanoscale with current technology, the nanodevice com-

ponents must self-assemble. In addition, nanocomponents that are to have wide applicability in 

various devices must have enough fl exibility to integrate into a large number of potentially very 

different environments. These challenges are daunting and complex, and artifi cial nanodevices 

have not yet been constructed. However, the existence of nanomachines in nature in the form 

of proteins (eg, enzymes) suggests that they will be possible to produce. As the material from 

which nature’s nanomachines are made, proteins seem ideal to form the basis of engineered 

components of such nanodevices. Initially, engineering projects may focus on building blocks 

such as rings, cages and tubes, examples of which exist in nature and may act as a useful start 

point for modifi cation and further development. This review focuses on the recent research and 

possible future development of such protein building blocks.

Keywords: bionanotechnology, protein engineering, nanomachine, building-blocks, synthetic 

biology

Introduction
Since Richard Feynman’s famous 1959 talk at Caltech; “There’s Plenty of Room at 

the Bottom” (Feynman), it has been one of science’s most ambitious dreams to build 

complex, multi-functional, nanoscale devices, also known as nanomachines. There 

is much controversy in the scientifi c community as to whether complex nanodevices 

such as universal assemblers are feasible (Smalley 2001; Baum 2003). To date no one 

has succeeded in manufacturing a working, complex, artifi cial nanodevice. Obstacles 

to successful production include the materials used and the diffi culty in manipulating 

nanometric components. Amongst non-biological approaches, carbon structures such as 

carbon nanotubes (CNTs) offer exciting possibilities (Baughman et al 2002). However, 

a number of diffi culties are associated with such nanotubes. It is worth considering 

these in some detail as many of the problems typify the general diffi culties inherent in 

non-biological methods and highlight potential areas in which biological molecules, 

particularly proteins may be able to offer signifi cant advantages.

Production of CNTs can be diffi cult and/or expensive and generally relies on 

one of three methods: arc discharge (Iijima 1991; Ebbesen and Ajayan 1992), laser 

ablation (Guo et al 1995) or chemical vapor deposition (Jose-Yacaman et al 1993). 

While much progress has been made in the industrialization of multi-walled CNT 

production, production of single wall CNTs (SWNTs) whose diameters typically lie 

in the 0.4 to 3 nm range (Baughman et al 2002) have proved much more diffi cult to 
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scale up, and remain expensive. Other problems associated 

with CNT production are controlling precisely the length 

of the produced tubes and, in the case of SWNTs, avoiding 

contamination (Baughman et al 2002). Defects in carbon 

nanotubes are common and ironically these are often neces-

sary to allow modifi cation of the tubes, providing convenient 

“hooks” for the addition of required molecules (Hirsch 2002). 

Problems in controlling exactly the length of produced CNTs 

are obstacles to their use in nanodevices where, as with 

components of macro-scale machines, precise dimensions 

engineered within fi ne tolerances may be required. Further-

more, in order to integrate such components into larger scale 

devices, modifi cation to incorporate extra functionalities 

may be necessary. The small size of the basic component 

of the carbon nanotube (a single carbon atom) in which all 

the valence bonds are accounted for, has several implica-

tions: The basic component has no structure in itself and 

overall structure is determined by the covalent bonds with its 

neighbors. Thus, modifi cation of carbon nanotubes without 

disrupting structure is diffi cult. Although progress has been 

made in this areas using, for example, non-covalent modifi ca-

tion (Hirsch 2002; Simmons et al 2007), the structure of the 

CNTs themselves places limits on the extent of modifi cation 

available. Without the ability to modify CNTs to engineer 

in desired binding specifi cities it may be diffi cult for them, 

when mixed with other nanometric components of a device, 

to self-assemble to form the complex, fi nal structure.

Biological molecules have long been recognized as poten-

tially useful components of nanodevices because of their 

structural and sequence fl exibility and because of their ability 

to self-assemble. Widely used biological molecules include 

peptides, DNA and proteins. There has been wide, longstand-

ing research into the use of peptides to produce nanostructures 

having various applications (Aggeli et al 1997; Holmes et al 

2000; Ryadnov et al 2003). These structures include fi bers 

(Takahashi 2002; Matsumura et al 2004) rings (Ghadiri et al 

1993) and tubes (Ghadiri et al 1993; Saviano et al 1994; 

Seebach et al 1997; Clark et al 1998; Gao and Matsui 2005). 

A number of notable successes include the use of a modifi ed 

beta-sheet forming 10-residue peptide that is able to form uni-

form tubes of 50 to 70 nm in diameter with an internal cavity 

20 to 35 nm in diameter and which can reach many hundreds 

of nanometers in length (Matsumura et al 2005). Peptide 

tubes can be patterned on surfaces (Reches and Gazit 2006) 

and coated with metal on the outer (Reches and Gazit 2006) 

or inner (Reches and Gazit 2003) cavity. The advantages 

of using peptides to make nanostructures are that they can 

easily be synthesized and in many cases the fi nal structures 

can be predicted in advance. Disadvantages are that, as with 

carbon nanotubes, the basic unit is small and although they 

can be modifi ed more readily than carbon nanotubes to give 

useful functionality (Matsui et al 2001; Nuraje et al 2004) 

and shapes (Ryadnov 2007) they are nevertheless somewhat 

limited in the amount of modifi cations that can be tolerated 

before structure is adversely affected, with changes typi-

cally limited to alterations of individual peptide side chains 

and chemical modifi cation. It is also diffi cult to precisely 

control the polymerization of the peptide tube structures, 

often resulting in polydispersity of length. Although it is 

possible to construct peptide tubes with small cavity sizes 

(Hartgerinket al 1998; Horne et al 2003), this is not trivial 

and many cavities are considerably larger. While useful for 

some applications, for others such as acting as moulds for 

biomineralization of quantum wires, sub 10 nm diameters 

would be preferable.

DNA has also proven a useful tool for constructing 

nanoscale shapes. Most notably these include regular 2D 

tiling arrays (Fu and Seeman 1993; Winfree et al 1998; 

Seeman 2003; Park et al 2006), 2D arrays of any desired pat-

tern (Rothemund 2006), three-dimensional cages (Shih et al 

2004) and tubes (Aldaye and Sleiman 2007). Advantages in 

using DNA are the ease in which it can be synthesized and 

the relative simplicity of having only 4 bases as the source 

of structural variability, meaning that predicting the overall 

shape is easier, allowing precise control.

It is clear that biological molecules offer exciting pos-

sibilities for construction of new complex, self assembled 

nanodevice components whose structures can be fi nely 

controlled. They potentially offer many advantages over non-

biological systems. Biological molecules will not of course 

be able to replace non-biological nano-scale components 

in all cases. For example, while some biological molecules 

have impressive physical characteristics (the tensile strength 

of spider dragline silk, one of the strongest biological fi bers 

known, is around 1.1 GPa (Vollrath and Knight 2001)) they 

cannot compete with those of nonbiological systems (the 

tensile strength of carbon nanotubes is at least an order of 

magnitude higher (Sinnott and Andrews 2001)). In electron-

ics, carbon nanotubes and related materials have the potential 

to be used as semiconductors or superconductors (Kasumov 

et al 1999; Sinnott and Andrews 2001), something which 

biological molecules are unlikely to be capable of. Where 

biological molecules do show great promise is in the ability 

to self assemble extremely small yet regularly sized (often 

monodisperse) structures that can act as templates for the 

build-up of required structures from inorganic materials 
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which, in the main, currently cannot self assemble. A second 

area where they may have an application is in the produc-

tion of complex nanoscale devices that consist of numerous 

interlocking modules, something which has thus far proven 

diffi cult with inorganic materials yet which Nature does with 

ease. Thirdly, biological molecules may be able to act at the 

interface between inorganic systems and biological systems, 

for example in coating medical implants, or acting as detec-

tors in a biological-silicon hybrid devices. Finally, many 

biological molecules can be produced in large (industrial) 

scale from bacterial expression systems relatively cheaply.

A major hurdle in constructing components of nanode-

vices is that of controlling self-assembly to give well defi ned 

shapes of precise dimensions and utilizing materials that can 

be easily modifi ed to give new properties without losing 

overall structure.

Complex nanomachines found in nature, such as 

enzymes, are proteins and it is reasonable to suppose that 

this material is a good candidate for producing artifi cial 

nanodevices. When considering the design of nanoscale 

devices, a common problem is that of how to assemble the 

components, whose dimensions make them extremely dif-

fi cult to manipulate. This problem is overcome by using a 

protein “building block” approach. In this system, protein 

components are used that naturally have, or can be engineered 

to have, affi nities for other building blocks such that nanode-

vices can spontaneously self-assemble upon mixing of the 

individual components. Protein systems offer a number of 

other advantages such as synthesis under ambient conditions 

with no toxic by-products.

Protein cages, rings and tubes all offer useful starting 

points for further modifi cation and have been engineered to 

produce semi-artifi cial structures which offer promise as basic 

components that may be built upon in future work. Recent 

work and future prospects of each of these proteins types is 

considered in more detail in the following sections.

Protein cages
Protein cages are three-dimensional protein structures, 

usually roughly spherical in shape, which enclose a central 

hollow space into which materials can be deposited. Spheri-

cal cages have two surfaces: The inner surface and the outer 

surface. Protein cages self assemble from monomers in 

solution and one of their great advantages is that the central 

cavity is completely enclosed. This means that the interior 

of the cage can provide an isolated environment in which 

chemical reactions can take place shielded from bulk solu-

tion. The protein cage also acts to physically limit the size 

of particles produced in the cavity, making production of 

monodisperse nanoparticles relatively trivial. Protein cages 

of varying sizes are known. Dps (DNA-binding protein 

from starved cells, Figure 1; (Harrison and Arosio 1996; 

Bozzi et al 1997)) from Listeria innocua, with an external 

diameter of 9 nm, is possibly the smallest. Dps is a bacterial 

protein produced in response to starvation and oxidative 

stress which has numerous reported functions including a 

role in protection of DNA from oxidative damage (Mann 

1993). It also has a ferritin-like ability to biomineralize 

iron in its central cavity. Dps is an extremely small cage 

protein, with a central core approximately 4.5 nm in diam-

eter (Stillman et al 2005). It has been shown that Dps can 

be used to biomineralize cobalt oxide in its central cavity 

(Allen et al 2002). Furthermore, it has been used as part of 

a “ball-and-spike” supramolecule in which the C-terminal 

a b

c d

Figure 1 Crystal structures of a range of cage proteins. (a) Dps protein (pdb 2bjy (Ilari et al 2005)), diameter 9 nm; (b) Ferritin (pdb 2za6 (Yoshizawa et al 2007)) diameter 
12 nm; (c) Cowpea chlorotic mottle virus (CCMV, pdb 1cwp (Speir et al 1995)), diameter 26 nm; and (d) Cowpea mosaic virus (1NY7 (Lin et al 1999)), diameter 28 nm. In (d), 
red spheres show the N-terminal glycine that points into the central cavity. Dark blue spheres show the C-terminal lysine on the external surface.
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of gp5 protein (gp5c), part of the cell puncturing apparatus 

from bacteriophage T4 (Kanamaru et al 2002) was fused 

to the N terminus of Dps via a short (22 residue) linker 

peptide. Gp5c assembles as a trimer into a triangular prism. 

Because Dps is a dodecamer it has four 3-fold symmetry 

axes meaning that with a linker of the appropriate length 

(22 residues), four full gp5c trimers can be assembled 

with equal spacing around the surface of Dps, at positions 

corresponding to the vertices of a tetrahedron (Figure 2). 

Dps can be fi lled with metal or semiconductor, which can 

function as a quantum dot. If gp5c can also be modifi ed 

to act as a template for biomineralization, then it is hoped 

that biomineralized gp5c “spikes” could act as electrodes 

around a central Dps quantum dot, forming the basis of 

extremely small electronic components.

Dps is a ferritin-like protein and ferritin itself is one of the 

most widely studied and utilized cage proteins. Found in all 

domains of life, it is highly conserved, consisting of 24 identical 

protein subunits (Banyard et al 1978; Yoshizawa et al 2007). 

In vivo its role is to act as a store of ferric oxide. Ferric iron in 

the cavity of ferritin is formed from Fe(II) in solution. Fe(II) is 

able to enter the internal cavity via a channel lined with acidic 

residues. Once inside, biomineralization begins at specifi c 

nucleation sites on the interior surface (Lawson et al 1991).

In higher animals, ferritin is made from two similar pro-

teins; H and L type ferritin with only H type ferritin possessing 

a true catalytic site, known as a ferroxidase centre (Lawson 

et al 1989) although both types, when reconstituted as pure 

H or L type ferritin in vitro, are able to promote biominer-

alization of ferric iron (Theil et al 2000). Work with ferritin 

was one of the earliest successes in biomineralization using 

proteins other than virus capsids. In pioneering work, Mann 

and colleagues were able to biomineralize a range of materi-

als including manganese and iron oxides in the central cavity 

of purifi ed ferritins (Meldrum et al 1991, 1992, 1995; Mann 

1993; Douglas et al 1995). Ferritin was found to have the useful 

ability to inhibit biomineralization on its outside surface while 

catalyzing biomineralization in the cavity (the so-called “Janus 

effect”). Since then, signifi cant work has been carried out by 

Yamashita and colleagues to extend the types of materials that 

ferritin can biomineralize (Figure 3), and they have achieved 

success with numerous metals and semiconductors includ-

ing nickel hydroxide (Okuda et al 2003), cadmium selenide 

(Yamashita et al 2004), zinc selenide (Iwahori et al 2005) and 

gold sulfi de (Yoshizawa et al 2006) while other groups have 

succeeded in minerlizaing further materials (Douglas and Stark 

2000; Kramer et al 2004). The Yamashita group have also 

developed systems of fi nely controlling the deposition of fer-

ritin on various surfaces (Kumagai et al 2006; Yamashita et al 

2006; Matsui et al 2007) and have used ferritin-based quantum 

dots as the basis of prototype electronic devices (Yamashita 

2001; Miura et al 2006, 2007). It is anticipated that in this way, 

biomineralized ferritin may become an important component 

of future electronic devices. Indeed, it has already found a 

number of other applications, having been used as a catalyst 

for growth of polycrystalline silicon fi lms (Kirimura et al 2005) 

and single wall carbon nanotubes (Bonard et al 2002) as well 

as a reporter protein in MRI (Cohen et al 2005).

Figure 2 Transmission electron micrographs of “Ball-and-Spike” protein shown in 
two different orientations. Inset shows an interpretation of the micrograph using 
existing crystal structures of gp5c and Dps. Reproduced with permission from 
Sugimoto K, Kanamaru S, et al 2006. Construction of a ball-and-spike protein supra-
molecule13. Angew Chem Int Ed, 45:2725–8. Copyright ©.  Wiley-VCH Verlag GmbH 
and Co. KGaA.

Powered by TCPDF (www.tcpdf.org)



Nanotechnology, Science and Applications 2008:1 71

Protein nano-shapes

The other major class of protein cages used in 

bionanotechnology research are the virus capsids. Ranging 

in size from 18 to 500 nm in diameter for icosahedral viruses 

(Figure 1), they offer the potential for use in a diverse range of 

applications (Douglas and Young 2006). A particularly useful 

property of widely utilized capsids such as cowpea chlorotic 

mottle virus (CCMV) and cowpea mosaic virus (CPMV) is 

that they have N or C-termini on the outer or inner surfaces 

of the capsid and have additional external residues that can 

be addressed genetically or chemically. In a series of experi-

ments by the Evans group, 180 exposed carboxylate groups 

on surface of CPMV were shown to be addressable and were 

attached to methyl(aminopropyl)viologen, which resulted in 

a redox active capsid nanoparticle (Steinmetz et al 2006). 

Similarly, modifi cation of surface exposed lysines with biotin 

and surface-exposed cysteines with fl uorescent dyes, resulted 

in fl uorescent particles that formed a dense monolayer on a 

gold surface. If the capsid layer was alternated with layers 

of streptavidin, multilayers of different fl uorescently labeled 

particles could be achieved (Figure 4; (Steinmetz et al 2006, 

2008)). In a similar way surface-exposed amine groups were 

used for attachment of redox active ferrocenecarboxylate 

molecules (Steinmetz et al 2006). Plant viruses such as this 

are particularly attractive for use as potential in vivo thera-

peutic agents as they are not infectious to animals (although 

this may be a disadvantage if high effi ciency of transport to 

the interior of target cells is required, see discussion of SV40 

below) and they can be made and purifi ed in large quantities 

from plant hosts.

Like ferritin and Dps, the cavities of plant viruses offer 

potential uses as nanoreactors or as delivery systems. CCMV 

has been used to mineralize paratungstate, decavanadate and 

iron oxide in its cavity, taking advantage of the fact that pores 

in the capsid can be opened and closed via changes in pH, 

allowing for fi ne control of the reaction (Douglas and Young 

1998; Douglas et al 2002).

Another virus with potential for in vivo use is Simian virus 

40 (Anderer et al 1967; Liddington et al 1991), a spherical 

virus with a diameter of 40–45 nm. SV40 is a tumorigenic 

DNA virus and is able to infect a variety of human cells with 

high effi ciency. For this reason it is a potential candidate as a 

Figure 3 Transmission electron micrographs of ferritin (left) and Dps (right) both fi lled with CdS cores (Iwahori et al 2007; Iwahori and Yamashita 2007). Figure courtesy of 
Kenji Iwahori.

Figure 4 CPMV capsids can be layered on a gold surface with each layer carrying 
a different modifi cation. In this example, the biotinylated base layer is unlabeled, the 
second layer is labeled with a red fl uorescent dye (AlexaFluor dye AF568) and a third 
layer with a green fl uorescent dye (AF568). Layers are bridged by streptavidin (black 
cross). Fluorescence imaging microscopy (left) shows that each layer is homogenous. 
Scale bar is 10 μm. Reproduced with permission from Steinmetz et al 2006a. Plant 
viral capsids as nanobuilding blocks: construction of arrays on solid supports. Langmuir, 
22:10032–37. Copyright © 2006.  American Chemical Society.
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gene delivery system or as a method for transporting a variety 

of cargos to cellular targets. Furthermore, SV40 represents 

an interesting example of the fl exibility and controllability 

inherent in many protein nanostructures. In vivo, the virus 

forms spherical particles constructed from 72 pentamers of 

VP1 protein, the major capsid protein, and 72 copies of minor 

proteins VP2 or VP3. VP1 alone is, however, enough to form 

a capsid and the morphology produced varies signifi cantly 

depending on experimental conditions (Figure 5). At pH 5.0, 

for example long, tubular structures are formed whereas at 

high salt concentrations, small (20 nm) particles predomi-

nate. A variety of switching mechanisms are also available 

to control structure: VP2 switches on assembly of spherical 

particles with VP1 at neutral pH (Kawano et al 2006) and 

the capsid can be reversibly disassembled by the addition 

of EGTA (Kanesashi et al 2003). Another layer of control 

can be affected by DNA, the presence of which is required 

for correct assembly of  SV40 particles under physiological 

conditions and which is able to promote switching from 

tubular to spherical forms at pH5 (Tsukamoto et al 2007a). 

As well as its potential as a drug or gene delivery nanocap-

sule SV40 also, like other cage proteins, has potential for 

biomineralization of inorganic materials.

Protein rings
Protein rings are squat, three-dimensional tubes whose length 

is less than their diameter. Ring structures have a central 

hole and generally, four distinguishable surfaces; the sur-

face lining the central hole, the corresponding outer surface 

and two “end” surface orthogonal to the hole axis. Ring 

proteins are common in nature where they perform numer-

ous roles (Figure 6). One well-known example is Rad52, an 

important protein involved in homologous recombination 

of DNA where it has a role in promoting annealing of single 

DNA strands. The protein forms a ring structure of 7 mono-

mers (Stasiak et al 2000) and, if only the N-terminal half of 

the protein is present, it forms an 11-membered ring (Kagawa 

et al 2002; Singleton et al 2002). The resulting structure is 

approximately 12 nm across with a central hole ranging 

from 2.5 to 5 nm in diameter and it is thought that DNA 

wraps around the outside of the ring. Another ring protein 

with similarity to RAD52 is the phage recombinase known 

as β. β is a 30 kDa protein that achieves single stranded 

DNA-annealing working in tandem with a partner protein, 

Exo (Poteete 2001; Court et al 2002). In solution, β forms 

an approximately 12-membered ring but forms an approxi-

mately 12- to 18-membered ring if ssDNA is present (Passy, 

Yu et al 1999).

The holes within ring proteins can be used to capture 

inorganic materials and array them on surfaces. The beta 

subunit of the HSP60 chaperonin protein from Sulfolobus 

shibatae, forms a barrel-like ring structure that has been suc-

cessfully used to capture gold nanodots over the central core 

and arrange them into a well ordered 2D array (McMillan 

et al 2002).

Recently TRAP (trp RNA-binding attenuation protein) 

has emerged as a potentially useful component for construct-

ing bionano components. The protein, found in species of 

Bacillus, is involved in regulation of tryptophan synthesis 

(Babitzke et al 1994, 1995; Babitzke 1997, 2004; Gollnick 

et al 2005). The structure of the protein shows it to be a small 

ring consisting of 11 monomers, approximately 8.5 nm in 

diameter with a central hole approximately 2.5 nm in diam-

eter (Antson et al 1995). A further structure shows that the 

protein can bind single stranded RNA of a specifi c sequence 

around the circumference (Antson et al 1999). TRAP is 

Figure 5 SV40 can form spherical or tubular structures depending on buffer conditions. Left: SV40 VP1 pentamers assembled into tubular structure in vitro. Middle: SV40 VP1 
pentamers assembled into 40 nm spherical particles in vitro in the presence of DNA. Right: VP1 assembled into VLPs (Virus Like Particles) inside insect cells. In all cases, scale 
bar is 100 nm. Images courtesy of Hiroko Tsukamoto.
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extremely thermostable (Baumann et al 1997; Heddle et al 

2006) and is also tolerant to mutation. In our own work 

we have begun to use TRAP as an engineerable building 

block from which to construct more complex structures. For 

example, we were able to line the central hole with cytseine 

residues in order to capture gold nanodots (Heddle et al 

2007). The gold-binding protein ring was further modifi ed 

with a titanium binding peptide (Sano and Shiba 2003) such 

that the gold bound ring was able to be specifi cally placed on 

a titanium or silicon oxide surface in a known orientation. 

Arraying gold nanodots in this way, we were able to construct 

a prototype MOS capacitor (Figure 7; (Heddle et al 2007)). 

Furthermore, by fusing together TRAP monomer genes in 

tandem it was possible to produce a TRAP protein that self-

assembled not into the preferred 11mer form but a 12-mer 

form with 12-fold rotational symmetry which may be most 

suitable for formation of 2D crystals (Figure 6b; (Heddle 

et al 2006; Watanabe et al 2008)).

Proteins that interact with nucleic acids appear to com-

monly form ring structures: RuvB is another protein involved 

in homologous recombination, specifi cally resolution of Hol-

liday junctions, and forms a hexameric ring 12 nm in diameter 

with a central hole 2–3 nm in diameter (Miyata et al 2000; 

Yamada et al 2001) through which double-stranded DNA can 

bind. Other ring proteins, which also bind DNA include heli-

cases such as gene 4 from bacteriophage T7 (Singleton et al 

2000) and recombinases such as Dmc1 (Passy et al 1999). Pro-

teins of shapes that may be useful in future nanodevices and 

also have the ability to bind DNA may be of particular interest 

as DNA itself is a well established, programmable nano-scaf-

fold. It is possible to take advantage of the well-understood 

nature of Watson-Crick base-pairing in DNA molecules and 

the fact that DNA can be made with complimentary “sticky 

ends,” to construct “DNA tiles” that can be assembled into 

large-scale arrays (Seeman 1999). More recently, a different 

approach, known as “DNA origami” has proved that it is 

possible to construct arbitrary two dimensional shapes using 

DNA (Rothemund 2006). It should be possible to construct 

DNA patterns containing specifi c areas for attachment of 

proteins. This offers the promise of three dimensional protein 

devices that can be templated onto surfaces in any given pat-

tern using a DNA scaffold. Indeed, such experiments have 

already been carried out and include construction of a grid of 

RuvA protein arranged on a lattice of DNA Holliday junctions 

(Malo et al 2005) and use of DNA nanoarrays containing 

aptamers specifi c for certain proteins to arrange those proteins 

into arbitrary patterns (Chhabra et al 2007).

There are many other protein rings of different sizes and 

characteristics which may provide useful building blocks for 

nanostructures. Naturally occurring protein rings may still 

offer surprising structures such as the catenated rings recently 

reported in crystals of mitochondrial peroxiredoxin III 

(Cao et al 2005).

Figure 6 Crystal structures of various ring-shaped proteins. (a) wild-type TRAP protein (pdb 1qaw (Chen et al 1999), diameter approximately 8 nm); (b) mutant 12-membered 
TRAP protein (pdb 2zd0 (Watanabe et al 2008)); (c) PCNA (pdb 1axc (Gulbis et al 1996)); (d) RAD52 (pdb 1kno (Kagawa et al 2002)), (e) GROEL (pdb 1grl (Braig et al 1994)). 
All proteins shown approximately to scale.

Figure 7 Cross-sectional TEM image of gold nanodots captured by TRAP and 
embedded in the SiO2 layer of a MOS capacitor. Reproduced with permission from 
Heddle et al 2007. Using the ring-shaped protein TRAP to capture and confi ne gold 
nanodots on a surface. Small, 3:1950–6. Copyright © 2007.  Wiley-VCH Verlag GmbH 
and Co. KGaA.
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Protein tubes
Tubes resemble elongated rings, where length is signifi cantly 

greater than width. Like rings they have 4 addressable sur-

faces. Nanotubes have a number of potential uses, for example 

as containers for controlled release drug formulations, materi-

als and electronics (Bong et al 2001; Son et al 2006).

Many of these functions have of course already been sug-

gested as possible uses for CNTs. We have seen that, while 

CNTs offer vast potential in a wide variety of fi elds, they 

may not be able to satisfy all the needs of future nanodevices. 

Nanometric protein structures may be able to fi ll many of 

the niches not available to CNTs and the two materials may 

complement each other.

The idea of using peptide rings stacked to form tubes has 

a long history, with a system for using cyclic peptides in this 

way being proposed as long ago as 1974 (De Santis et al 1974). 

More recently the use of proteins and protein rings to form 

tubes has been investigated. The use of larger proteins consist-

ing of many amino acids gives a measure of redundancy to the 

system as these larger building blocks can be modifi ed more 

extensively without a signifi cant change in overall structure.

Naturally occurring protein tubes include microtubules, 

fl agella and pili. While these may be useful they have a 

number of features which are not ideal. In some cases, natu-

rally occurring tubes are made from multiple proteins, lack 

ease of modifi cation, cannot be assembled easily in vitro 

and may have structural features that make addressing all 

4 surfaces diffi cult. In addition, they may have a relatively 

short persistence length. For use in nanotechnological 

applications it would be preferable to be able to make a 

small diameter protein tube from a single subunit that can 

be expressed in large quantities and can be easily modi-

fi ed and assembled in solution in vitro. Such a tube should 

have all four surfaces accessible and it should be possible 

to program its length.

A protein that fulfi lls some of these requirements is tobacco 

mosaic virus (TMV). TMV consists of a tubular shaped ribo-

nucleoprotein made from 2130 copies of the coat protein that 

assemble around a single-stranded RNA core. The resulting virus 

particle is approximately 300 nm in length (Shenton et al 1999). 

Longer tubes can be obtained by assembling the coat protein in 

the absence of RNA although in this instance, exact control of 

length is lost. The inner cavity has been used as a template for 

mineralization with nickel, cobalt, cobalt-platinum (Figure 8) 

and iron-platinum nanowires (Knez et al 2003; Tsukamoto et al 

2007b). The external surface has also been used as a template 

for the biomineralization of metals (Dujardin et al 2003; Górzny 

et al 2008) and the insertion of cysteine residues on the surface 

via genetic engineering allowed the chemical attachment of 

fl uorescent chromophores to form a self-assembling light-

harvesting system which was able to collect light over a wide 

spectrum with high effi ciency (Miller et al 2007) and may be 

the basis for future components of optical devices.

While the TMV tube consists of a building block of a 

single coat protein arranged in a helical pattern, other tubes 

of similar dimensions can be made by using stacked protein 

rings as building blocks. Recently, a number of groups have 

succeeded in using synthetic biology approaches to produce 

modifi ed ring proteins that form self-assembled nanotubes, 

this exciting new area of research may result in new ways of 

producing nanowires, biosensors, drug delivery systems and 

structural components of future complex nanodevices.

In one example, Stable Protein 1 (SP1) was used (Medalsy 

et al 2008). This is a nano-ring made from 12 identical proteins, 

found in aspen plants (Wang et al 2002). The 12 proteins 

form a double-layered 6-membered ring which is 11 nm in 

diameter with a central hole 2 to 3 nm across (Dgany et al 

2004). The central cavity was modifi ed by addition of 6 cop-

ies of histidine to the N-terminus of each copy of the protein, 

lining the central hole. The histidine residues bound strongly 

to two 1.8 nm diameter Ni-NTA modifi ed gold nanodots 

giving a total of two dots bound to SP1, one at each end of 

the double ring. The gold dots did not completely enter the 

hole; part of the dot protruded from each end of the double 

ring and so provided attachment points for further rings. In 

this way, the rings polymerized into tube-like chains with 

each double ring bridged by a gold nanodot (see Figure 9). 

The presence of the gold in the rings offers the potential that 

the tubes could be used as nanowires.

In a second example, hcp was used. Hcp is a 

homohexameric protein found in Pseudomonas aeruginosa, 

Figure 8  Aurothioglucose-stained TEM image showing TMV with biomineralized Co-Pt 
forming a nanowire in its cavity. Scale bar is 50 nm. Reproduced with permission from 
Tsukamoto et al 2007b. Synthesis of CoPt and FePt3 nanowires using the central chan-
nel of tobacco mosaic virus as a biotemplate. Chem Mater, 19:2389–91. Copyright © 
2007.  American Chemical Society.
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a protein ring that forms part of the bacteria’s type VI 

secretion system; it was modifi ed to self-assemble into a 

tube (Ballisteret al 2008). The protein naturally forms a 

ring approximately 9 nm in diameter with a central hole 

approximately 4 nm in diameter (Mougous et al 2006). To 

promote stacking of the ring into a tube, cysteine residues 

were engineered into the top and bottom faces so that inter-

ring disulfi de bonds would form between opposing cysteines 

(see Figure 10). In this way the protein was able to polymerize 

into tubes of up to 100 nm. Furthermore, by introducing rings 

with only one face modifi ed with cysteines, it was possible to 

cap the end of the growing tubes, a form of statistical length 

control. The capping rings could further be modifi ed to plug 

the central hole such that the tubes became nanocapsules.

Future prospects
Modifying proteins to produce new nanometric structures 

endowed with novel structures and properties is an innovative 

and exciting synthesis of bionanotechnology and synthetic biol-

ogy and is already being used to make components of prototype 

nanodevices including nanocapsules (protein cages), nanorings, 

nanotubes and nanowires. As a catalogue of self-assembled 

nanoshapes is compiled, we may see the emergence of more 

complex nanodevices that consist of several such components 

that assemble together to make a complex, functioning system 

or “nanomachine”. A recent example demonstrating how this 

may be achieved is the “ball and spike protein” (Figure 2) 

a multicomponent device made from a single gene formed 

by the fusion of genes for Dps and gp5c (described above). 

This could be used as part of an electronic device with the 

biomineralized Dps cavity addressed by 4 “spikes” which, if 

decorated with appropriate materials, could play the roles of the 

source, drain and gate of a three dimensional, self assembling 

Figure 9 (a) A schematic showing the polymerization of SP1 rings (shown in blue) 
via interaction with gold nanodots (yellow) placed in the central cavity of the ring; 
(b) a TEM image of tube-like chains (highlighted by red lines) of SP1 rings (light grey) 
mediated by gold nanodots (black dots). Reprinted in part with permission from 
Medalsy et al 2008. SP1 protein-based nanostructures and arrays. Nano Lett, 8:473–7. 
Copyright © 2008.  American Chemical Society.
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Figure 10 (A) Crystal structure of hcp (pdb 1y12 (Mougous, Cuff et al 2006)). Shown 
from the top, bottom and side. Dimensions are given in nanometers. Each monomer is 
shown in a different color and three monomers are removed for the side view. Based on 
the packing of the rings in the crystal structure into tubes (B) residues R157 and G90 
were mutated to cysteine residues to facilitate tube formation via disulfi de bond forma-
tion (C) Reproduced with permission from Ballister et al 2008. In vitro self-assembly 
of tailorable nanotubes from a simple protein building block. Proc Nat Acad Sci U S A, 
105:3733–8. Copyright © 2008.  National Academy of Sciences, USA.

Figure 11 Imagined array of ball and spike protein binding to nanodots and electrodes 
that interface it to a microelectronic device. Image courtesy of Ichiro Yamashita.

nanoscale transistor (illustrated in Figure 11). Applying this 

“building-block” approach to other engineered proteins could 

result in novel devices with applications as smart drugs and 

biosensors as well as nanoscale electronics and the fi eld looks 

set to progress rapidly in coming years.
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