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Abstract  

The complexity of designed bionano-scale architectures is rapidly increasing mainly due to the expanding 

field of DNA-origami technology and accurate protein design approaches. The major advantage offered 

by polypeptide nanostructures compared to most other polymers resides in their highly programmable 

complexity. Proteins allow in vivo formation of well-defined structures with a precise spatial 

arrangement of functional groups, providing extremely versatile nano-scale scaffolds. Extending beyond 

existing proteins that perform a wide range of functions in biological systems, it became possible in the 

last few decades to engineer and predict properties of completely novel protein folds, opening the field 

of protein nanostructure design. This review offers an overview on rational and computational design 

approaches focusing on the main achievements of novel protein nanostructures design. 

Introduction 

Predicting the tertiary structure of proteins from their sequence is still a challenge, particularly for large 

and non-natural folds [1]. Designing novel protein structures as an inverse approach to solving the 

folding problem consists of finding polypeptide sequences compatible to a target structure [2]. However, 

novel protein nanostructures can also be developed by combining and reengineering already existing 

protein domains through rational or computational design. Protein design is especially attractive as it 

could lead to protein structures with completely new functionality, since known protein folds represent 

only a fraction of the conformational space potentially accessible to polypeptide chains [3]. This review 

provides an overview of different strategies for protein nanostructure design, briefly describing a few of 

the numerous examples provided in the recent decades. 

Nano-assemblies through protein fusion 

Symmetry is widely utilised in nature as a way of building larger protein assemblies such as viruses, actin 

filaments, clathrin scaffold and S-layer proteins. Viral capsids form highly organised, stable and 

symmetrical protein nanostructures, where viruses manage to achieve this with small genomes and very 

limited number of building blocks. Therefore, viral capsids offer a perfect platform to learn from and 

adapt for our use. One of the strategies to design protein nanostructures is represented by fusion of 

discrete polypeptide domains. The most straightforward approach is to redesign already existing 



nanostructures. An example of this approach is the design of an Epstein-Barr virus vaccine using ferritin 

and encapsulin fused with part of the gp350 ectodomain [4]. In this case individual building blocks self-

assembled into virus-like particles with ferritin or encapsulin determining shape and size, while fused 

gp350 ectodomain was presented at the surface. The designed virus like particle retained its form and 

self-assembly properties, successfully presenting gp350 ectodomain to the immune system. Another 

example of using similar approach is presented in ref. [5] where authors report a design of ball-and-spike 

protein that is built from a dimer of DNA binding Dps protein and cell-punctuating needles of the T-4 

bacteriophage fused together with a flexible linker. 

Use of naturally existing nanostructures for design is not limited to 3D motives – S-layers offer a robust 

starting point for design of protein lattices. S-layers are crystalline protein arrays present at the surface 

of prokaryotes, forming the outermost envelope of the cell [6]. In an example of creating S-layer based 

nanostructures [7] researchers reported a fusion of heavy chain camel antibody with truncated form of 

Bacillus sphaericus S-layer through a short linker. Fusion resulted in a square lattice structure that self-

assembled on the solid support. Moreover, obtained nanostructure retained the ability of heavy camel 

antibody to bind prostate-specific antigen, which was detected with surface plasmon resonance, thus 

proving that fusions of antigen binding domains with S-layer could be used as biosensors. 

New shapes of nanostructures can also be obtained by fusing naturally oligomerizing domains to make 

e.g. polyhedra. In the pioneering example of this approach [8] dimerization and trimerization domains 

were fused resulting in formation of a tetrahedral protein cage and filaments. To achieve the desired 

nanostructure it was necessary to identify building blocks that obey geometric restrictions, such as the 

angle between two symmetry elements, imposed by the selected architecture; an appropriate helical 

linker, which meets both rigidity and directional requirements and di- and trimerizing proteins in the 

Protein Data Bank that start or end with an α-helix. After these requirements were met, fused dimer-

trimer and dimer-dimer proteins were designed in order to form a tetrahedral protein cage and 

filaments, respectively. While the initial cages were heterogeneous in size and shape, their redesign [9] 

differed in the structure of the linker, which offered higher helicity and thus locked the subunits in the 

appropriate position with less freedom of movement resulting in the formation of monodisperse well-

defined tetrahedral cages (Fig. 1A). 

Higher polyhedral nanocages designed based on the principle of protein domain fusion were reported, 

including a highly porous cube [10]. Various fusion constructs using dimeric and trimeric protein domains 

joined together by a continuous α-helix were designed in silico, followed by screening for a defined angle 

between the two- and three-fold symmetry axes (35.3° for the 24-subunit cube). A fusion of trimeric E. 

coli 2-keto-3-deoxy-6-phosphogalactonate aldolase31 and the dimeric N-terminal domain of E. coli FkpA 

protein 32 linked with a four-residue α-helical linker assembled into three porous nanocages – a 12-, 18- 

and 24-mer, which represent a tetrahedron, a trigonal prism and a cube, respectively. The porous cube 

formed a nanostructure with 100 Å openings to a central cavity with a diameter of 130 Å, while the 

whole structure had a diameter of 225 Å (Fig. 1B). 

Nano-assemblies through protein interface design 



An alternative but similar approach to building nanostructures based on the self-assembly of multiple 

domains is by engineering novel protein-protein interactions (PPIs). This strategy offers various 

advantages in comparison to using naturally oligomerizing protein domains. An immediately evident 

benefit is the removal of limitation of using only naturally associating subunits, extending the range of 

potential building blocks. Furthermore, this approach reduces the intrinsic conformational flexibility of 

designed nanostructures, which often accompanies the use of linked oligomerizing domains as 

associating units and renders the isolated structures somewhat polydisperse [11–14].  

At the root of successes in designing novel protein folds through interface design lie tremendous 

advances in computational protein design [15–18] and lessons learned from previous attempts to 

redesign existing PPIs for greater selectivity or binding affinity as well as to engineer completely novel 

PPIs [19–22]. Computational tools used for designing interacting surfaces are in principle the same as 

those used in de novo protein design. They must be able of generating as many conformations as 

possible and adequately scoring them to find tightly packed interfaces that form hydrogen bonds and 

have a favourable solvation energy [18, 23]. For examining conformational space different algorithms 

such as dead-end elimination, linear integer programming and Monte Carlo optimization are being 

applied [24–26]. Scoring functions are usually a mix of terms based on physical and empirical 

considerations [23]. Among computer programs that can carry out interface design, Orbit [27] and 

Rosetta [28] are by far the most popular. 

Protein interfaces are considerably more polar than protein cores. In natural dimers around 40% of 

interfacial amino acids have polar side chains [29]. On the other hand, a comparison of successful and 

failed interface designs attempted with Rosetta modelling suite revealed that the former are mainly 

hydrophobic. This shows that while Rosetta scoring function faithfully recreates packing interactions it 

still somewhat struggles with describing polar interactions [29], failing to accurately describe the trade-

off between desolvation and formation of hydrogen bonds as interface contacts form. Since water is 

usually only implicitly considered in protein design calculations, the fact that interfacial hydrogen bonds, 

which are important for high binding affinity [30], are often water-mediated poses an additional 

problem. This issue has been addressed by development of different algorithms that place individual 

water molecules at appropriate positions along the interface [31]. Despite these drawbacks, recent 

advances show that Rosetta might be able to tackle the challenge of designing polar interfaces rather 

soon [32]. The accuracy of scoring functions is not the only hurdle facing the design of protein interfaces 

as well as protein design in general. Another limitation is speed, restricting the size of conformational 

space that can be inspected in reasonable time, consequently imposing constraints on the size of 

designable interfaces [17]. Different approaches for reducing computational costs connected with 

calculating interaction terms and searching conformational space are constantly being developed [33–

37]. Currently, interface design is feasible for surfaces consisting of approximately 100 residues. 

Nanostructures composed of multiple subunits can be achieved through symmetry constraints. Rosetta 

has been used to design protein complexes with octahedral and tetrahedral point group symmetry that 

self-assemble from C3 symmetric trimers. Their design process consisted of two stages. Firstly, the 

trimeric subunit was rigidly docked along the symmetry axes of the target structure in order to find 

designable interfaces with a high-density of contacting residues in well-anchored regions. After the 



appropriate position of the building blocks was found, sequence design was performed. The designed 

structures were confirmed by X-ray crystallography and electron microscopy. An interesting result was 

the revelation that very small changes can notably affect the final outcome. For example, a single 

replacement of Serine with Alanine residue significantly impaired self-assembly [38]. Recently this 

strategy was advanced even further as King et al. [11] established a method for designing nanostructures 

from multiple copies of two distinct subunits. To showcase their developments they designed a protein 

with a dual tetrahedral architecture (Fig. 2A). X-ray crystallography showed that interfaces were 

designed with high accuracy with a backbone root mean square deviations between 0.5 and 1.2 Å. 

Moreover, in structures where resolution was high enough to allow a detailed analysis of side chain 

configurations it was discovered that 87 of 113 side chains were positioned as predicted. The main 

benefit of using multiple subunits for nanostructure construction is that it increases the range of 

accessible target structures. As this strategy is advanced even further it will be necessary to take into 

account also the specificity of designed interactions. While algorithms performing explicit optimisation of 

the energy difference between target and off-target interactions have been developed, it is becoming 

clear that mutations promoting the desired interaction are typically also destabilising off-target 

interactions [16, 39]. 

Protein domains can assemble also through metal coordination. Metal binding can be achieved through 

covalent modification of proteins with non-natural metal chelates, though structures of this type usually 

exhibit pronounced flexibility around the metal centre [40]. To achieve structurally well-defined self-

assemblies, the metal ion should be coordinated by the interfacial amino acids. However, coordination 

bonds are relatively weak, leading to protein assemblies with low stability. Furthermore, it is hard to 

precisely predict the orientation between the individual building blocks due to the presence of multiple 

metal-coordinating interfacial amino acids like Asp, Glu, Cys and His. So far only helical bundles, 1D 

nanotubes and 2D arrays have been assembled through metal binding. A particularly attractive feature 

of using metal coordination as the driving force for self-assembly is that it can be easily controlled 

through environmental conditions, like concentration of metal ions, competing ligand and pH [15, 40].  

A clever way for designing protein interfaces is the so-called MeTIR approach [41]. Here monomeric 

protein units are firstly brought together through metal coordination by rationally placing coordinating 

amino acids at appropriate positions. Once a crystal structure is determined for metal-mediated 

complexes the interface area is redesigned so that binding occurs even in the absence of metal ions. In 

such a manner cytochrome cb562 was engineered to form a dimer (Fig. 2B), though the complex induced 

by metal coordination was a tetramer. Design can also be undertaken in reverse. Interfaces between 

domains of ferritin, a cage-like protein for iron-storage, was redesigned so the assembly could occur only 

in the presence of divalent copper ions [42]. 

Design of PPIs has also been extended to yield 3D protein crystals and 2D arrays. In a pioneering attempt 

Saven et al. designed an α-helical coiled-coil trimer that formed 3D crystals with a P6 space group 

symmetry [43]. The final structure deviated from the design only by ~1 Å. Their achievement is especially 

noteworthy as interface design is usually carried out on naturally occurring protein structures, while here 

the trimeric building block was de novo designed. Recently, Rosetta was used to create 2D protein arrays 

[44]. They sought to achieve layer groups that contain only two unique interfaces and belong to a cyclic 



rather than to a dihedral point groups. Out of 6 layer groups that fit this criteria, regular lattices were 

realised for representatives of three different layer groups (Fig. 2C).  

De novo protein design 

In addition to using naturally occurring protein domains, protein nanostructures can also be designed 

completely from scratch. In protein science, the de novo design concept emerged gradually in the 1980s. 

The knowledge of short consensus metal-binding sites, amino acid rotamers and conserved sequence-

structure relation for small protein folds stimulated early attempts to test the validity of an inverse 

approach to the folding problem, establishing the foundation of protein de novo design [45–48]. 

Helix bundle proteins revealed to be a solid template-structure to test the potentiality of a design 

approach from first principles. First attempts at de novo design relied on this type of fold mainly due to 

the low complexity of its topology, the presence of only one type of secondary structure and the intrinsic 

periodicity of α-helices [49, 50]. Computational approaches slowly assumed a considerable importance in 

protein design, mostly thanks to more accurate force field calculations, implementation of energy 

minimisation through Monte Carlo and larger rotamer libraries [51]. The first example of a 

computational protocol written to find the optimal sequences for a given backbone conformation 

resulted in the design of a zinc finger protein [27]. Another important landmark in this field is the 

computational design of Top7, a 93 residue protein assuming a non-natural topology, which has been 

accomplished with Rosetta modelling suite [52]. 

De novo multiple chain peptide-assembly design  

Controlled and highly precise intermolecular self-assembling of individual building blocks seems a 

promising avenue for the construction of sophisticated biomaterials [53]. Multi-chain design is mainly 

used to compose symmetrical complexes by combining a small number of the same or a small population 

of peptide building blocks. Larger protein complex designs are based on the juxtaposition of oligomeric 

protein domains, which primarily relies on the energy minimisation of protein-protein interfaces, 

extensively described in another section of this review. Coiled coils possess properties such as 

periodicity, rigidity, specificity and auto-stabilisation which make them a popular choice to build self-

assembling multi-chain nanostructures [54]. Rational design of coiled coil units is based on the heptad 

register rationalisation and is assisted by parametric modelling based on Crick equations [55, 56]. Several 

examples of peptides forming helix bundles in different oligomeric states have been described [57–59]. A 

useful property of helical bundles is an internal channel offering positioning of specific functional groups 

in a controlled environment. An example of such a multi-chain assembly has been reported for a homo-

hexameric channel where reduced cysteine residues could be selectively alkylated [60], proving that such 

structures could be used as a catalytic platform. Coiled coils have also been used to assemble larger 

multi-chain nanostructures, such as cages [61] and nanotubes [62–66] (Fig. 3A).  

De novo design of repetitive and non-repetitive single-chain protein nanostructures 

Since protein design requires an extensive optimization of individual structural units, most of protein 

designs, be it rationally or computationally designed, are based on a modular strategy, which prioritizes 



the stability of the building elements. These modular architectures allow a relatively high degree of 

flexibility in the design process, establishing innovative non-globular folds based more on repetitive and 

topologically isolated interactions rather than a shared hydrophobic core [67, 68]. 

Repeat-proteins represent an interesting scaffold for de novo design; the regularity of their inner 

structure, assessed by repetitive interactions makes this kind of structures an interesting choice for 

nanostructure design. Libraries of randomized repeat-proteins are already widely used in detecting 

protein-protein interactions [69, 70] and as an aid in protein crystallization [71], showing the remarkable 

flexibility, variability and functionality of this kind of folds. A common feature of these nanostructures is 

the encoding of structural units in tandem arrays characterized by repetition of short-range interactions. 

For instance, a dimeric toroidal nanostructure with a precise curvature allowing for a specific target 

binding was designed by using Leucine-rich repeat motifs (ribonuclease inhibitor subtype) as modular 

scaffolding units [72]. Rosetta has been intensively used to design protein nanostructure based on 

repetitive units and has proven to possess an energy function well-suited for designing such structures 

[73, 74] (Fig. 3B). The complexity of folds achievable by tandem repeats is however limited as their fold is 

defined by short and medium range interactions that can define the curvature and pitch of the 

assemblies. 

To create complex folds long range interactions are required [75]. Non-repetitive single-chain 

polypeptide designs based on helix bundles featuring a localized long-range interaction network were 

the target of the first de novo design attempts [49, 50, 76]. Recently, the helix bundle motif has been 

revisited and redesigned through a computational approach employing Rosetta modelling suite. In this 

case, parametric design of different helix bundle proteins has been coupled to sequence optimization, 

providing non-repetitive sequences able to fold in a three, four and five helix-bundle structure [77]. 

Despite major progresses in de novo design, obtaining a non-repetitive protein scaffold with a long-range 

network of interactions and complex topologies is still a challenge. Although non-repetitive single chain 

nanostructures still require modular structural units, the design of long-range intramolecular interactions 

necessitates a different strategy, which consists of finding a specific arrangement of distinct and 

separate structural elements that will promote folding into the target structure [75]. A polypeptide 

requires topological constraints to fold into a complex intertwined architecture and these constraints 

consist of long-range interactions rather than structurally individual units as in repeat-proteins [78]. 

These properties, utilizing concepts similar to that of DNA origami technology [68], were applied in order 

to design a single-chain polypeptide which assumes a tetrahedral fold not found among natural proteins 

[79] (Fig. 3C). In the case of this peculiar fold, the edges of the polyhedral cage were formed by pairwise 

long-range interactions between different dimeric coiled coil units. The main advantage offered by a 

modular coiled coil-based structures lays in the possibility of individually designing each orthogonal pair 

and assigning specific properties to them, since each dimeric coiled coil provides a distinct structural unit 

and may be subjected to specific and localized modification. The required unique network of topological 

constraints that leads the protein to assume its final fold is imposed by the orthogonality of each coiled-

coil dimer-forming segment, which are concatenated within the same polypeptide chain. These 

constraints are designed by positioning segments along the polypeptide chain, leaving the possibility to 

vary the shape, complexity, length and the topology of such nanocages. This topological-design approach 



allows the design of single chain proteins able of forming hollow polyhedral scaffolds characterized by 

the presence of a modifiable cavity providing a basis for designing modular nano-architectures with an 

intrinsic stability determined by each structural unit, which control the final shape of the internal cavity 

and the overall folding state. Overall, foldable nanocages represent an interesting novel scaffold for 

biomaterial engineering and in vivo applications due to their peculiar fold and modularity. 

Conclusion 

Design of protein nanostructures is in an exciting period of rapid development, employing several 

different design strategies. Polypeptide design can be achieved by either using existing protein domains 

and combining them through regulated linking or through specific protein-protein interactions or de 

novo design. While DNA nanostructures offer an easily achievable orthogonality, which underlies the 

complexity of designed nanostructures, protein nanotechnology is a fast developing field whose 

boundaries are constantly being expanded [80]. Developments are going in the direction of achieving 

larger and more complex nanostructures and also towards bestowing function to the designed structures 

as they show a great potential for a vast array of biotechnological applications. 
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Figures 

 

Figure 1 – Examples of nanocages designed based on the principle of protein domain fusion. (A) Crystal 

structure of a tetrahedral nanocage, self-assembled from a fusion of di- and trimer (PDB: 3VDX) [9]. (B) A 

crystal structure of a nanocage in the shape of a cube also self-assembled from a fusion of di- and trimer 

(PDB: 4QCC) [10]. Hydrophilic core was observed in both examples.  

  



 

Figure 2 – Nano assemblies achieved through designing PPIs. Upper panels show structures of three 

different examples of nanocages constructed through designing PPIs, while the lower panels provide a 

close-up look at the designed interface. (A) Crystal structure of a protein complex with a tetrahedral 

symmetry, achieved by designing protein interactions between two distinct protein units (PDB: 4NWQ). 

87 out of 113 interfacial amino acids assumed the predicted conformation [11]. (B) Crystal structure of a 

redesigned cb562 dimer obtained by using MeTIR approach (PDB: 3HNK). PPIs are mainly hydrophobic 

[41]. (C) Designed structure of a 2D protein crystal belonging to layer group P 3 2 1. The designed 

interface is characterized by zipper-like hydrophobic packing and hydrogen bonds at the edges of the 

interface [44]. 

  



 

Figure 3 – De novo protein design. (A) Self-assembling 29-residue coiled coil peptides forming nanotubes 

[64] (PDB: 3J89). (B) Toroidal tandem-repeat de novo protein designed with Rosetta (PDB: 5BYO) [73]. (C) 

Protein tetrahedron coiled coil-based nanocage rationally designed [79]. 
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