
Self assembly

2756 | Chem. Soc. Rev., 2016, 45, 2756--2767 This journal is©The Royal Society of Chemistry 2016

Cite this: Chem. Soc. Rev., 2016,
45, 2756

Protein self-assembly via supramolecular
strategies

Yushi Bai, Quan Luo and Junqiu Liu*

Proteins, as the elemental basis of living organisms, mostly execute their biological tasks in the form of

supramolecular self-assemblies with subtle architectures, dynamic interactions and versatile functionalities.

Inspired by the structural harmony and functional beauty of natural protein self-assemblies to fabricate

sophisticated yet highly ordered protein superstructures represents an adventure in the pursuit of nature’s

supreme wisdom. In this review, we focus on building protein self-assembly systems based on

supramolecular strategies and classify recent progress by the types of utilized supramolecular driving

forces. Especially, the design strategy, structure control and the thermodynamic/kinetic regulation of the

self-assemblies, which will in turn provide insights into the natural biological self-assembly mechanism, are

highlighted. In addition, recently, this research field is starting to extend its interest beyond constructing

complex morphologies towards the potential applications of the self-assembly systems; several attempts

to design functional protein complexes are also discussed. As such, we hope that this review will provide a

panoramic sketch of the field and draw a roadmap towards the ultimate construction of advanced protein

self-assemblies that even can serve as analogues of their natural counterparts.

Key learning points
(1) Various supramolecular driving forces for dictating protein self-assembly.
(2) Strategies of designing various protein self-assembly morphologies.
(3) Characterization of protein self-assemblies.
(4) Modulation of protein self-assembly systems.
(5) Preliminary functionalization of protein self-assemblies.

1. Introduction
1.1 Why protein self-assembly

Proteins, which bear the basis of life, are nature’s evolving
‘masterpiece’. The ubiquity and significance of proteins can be
affirmed in all domains of life ranging from viruses, bacteria
to eukaryotes. Proteins are the direct performers of most
cellular dynamic interactions (e.g. catalytic metabolism, signal
transduction and chemical transportation) and the major
components of structural scaffolds (from viral capsids, cyto-
skeletons to macroscopic bones). Notably, instead of ‘working
alone’, via non-covalent interactions, most natural proteins tend
to function in the form of regularly organized protein self-
assemblies across all three dimensions such as the filamentous
MreB complex1 (Fig. 1a), the helical tobacco mosaic virus nanotube2 (Fig. 1b), the cyclic light-harvesting system3 (Fig. 1c), the planar

bacteria surface layer4 (Fig. 1d) and the cage-like micro-
compartment5 (Fig. 1e).

The highly synergistic coordination of the protein subunits
endows the protein self-assemblies with various advantages

Fig. 1 Various natural protein self-assembly structures. (a) Crystal structure
of Mreb filaments (PDB: 1JCE). (b) Surface view of tobacco mosaic virus
nanotubes (EMDB: 1730). (c) X-ray crystal structure of the LH2 complex (PDB:
1KZU). (d) AFM image of the 2D S-layer of Corynebacterium glutamicum
adsorbed on a mica surface. (e) One plausible model for the carboxysome
shell. Adapted with permission from ref. 1–5. Copyright 2001, 2010, 1997,
2002, 2008, Nature Publishing Group & Elsevier & John Wiley and Sons & The
American Association for the Advancement of Science.
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Shape in eukaryotic cells

Shape in eukaryotic cells is provided by the cytoskeleton that consists of actin, tubulin, and 
intermediate filaments. 
Bacterial cells come in a variety of different shapes, including spheres, rods, spirals, and 
crescents. 
Shape is important for bacterial cells because it plays a role in cell division, helps to maximize 
the uptake of nutrients, and aids cell movement.



Filaments and microtubules within the cell
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7.1.3  Microtubules Formed from α- and 
β-tubulin Are Polarized

Near the center of most eukaryotic cells—except for higher plants and fungi—
are two orthogonally arranged cylindrical structures called, appropriately, cen-
trioles (Figure 1.1, Figure 7.5A,B). They are surrounded by the pericentriolar 
material (PCM) that contains proteins, such as γ-tubulin, necessary for micro-
tubule nucleation. The PCM and the centrioles together constitute the centro-
some, which serves as the MTOC. The centrosome plays three key roles in the 
lives of cells: nucleation of microtubules for guiding motor proteins, manage-
ment of the microtubule network used in cell division (Figure 7.5C), and the 
formation of cilia used for cell locomotion (Figure 7.5D).

BOX 7.1 CELLULAR FILAMENTS CONTROL CELL SHAPE AND MOTILITY

Actin filaments (also known as microfilaments) are helical 
polymers of the protein actin. They are flexible structures 
with a diameter of 8 nm that organize into a variety of linear 
bundles, two-dimensional networks, and three-dimen-
sional gels. Although actin filaments are dispersed through-
out the cell, they are most highly concentrated in the cortex, 
just beneath the plasma membrane.

Microtubules are long, hollow cylinders made of the 
protein tubulin. With an outer diameter of 25 nm, they are 
much more rigid than actin filaments. Microtubules are 
long and straight and frequently have one end attached 
to a microtubule-organizing center (MTOC) called a 
centrosome.

Intermediate filaments are ropelike fibers with a diam-
eter of about 10 nm; they are made of intermediate filament 
proteins, which constitute a large and heterogeneous fam-
ily. One type of intermediate filament forms a meshwork 
called the nuclear lamina just beneath the inner nuclear 
membrane. Some of the proteins are keratins, related to the 
structure of hair. Structural studies are emerging concern-
ing these filaments. Other types extend across the cyto-
plasm, giving cells mechanical strength. In an epithelial 
tissue, they span the cytoplasm from one cell–cell junction 
to another, thereby strengthening the entire epithelium 
(Figure 1).

ACTIN FILAMENTS

25 nm

100 nm
100 nm

MICROTUBULES

25 nm

100 nm

INTERMEDIATE FILAMENTS

25 nm

Figure 1 Filaments and microtubules within the cell. (From Alberts B, Johnson A, Lewis JH et al. [2007] Molecular Biology 
of the Cell, 5th Edition. Garland Science, New York. With permission from W. W. Norton.)
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Microtubules are formed by spontaneous, but regulated, assembly of het-
erodimers of α- and β-tubulins (Figure 7.6) into protofilaments that in turn 
assemble into microtubules containing 13 protofilaments. The heterodimers 
(panel A) always assemble into protofilaments in a head-to-tail fashion (pan-
els B–D). Although α–β contacts are strongly favored in the protofilaments, in 
the microtubules, α–α and β–β contacts are preferred between protofilaments. 
The structural interactions amongst the tubulins cause the microtubules to 
have a spiral arrangement with α-tubulins at one end (defined as minus) and 
β-tubulins at the other (defined as plus). The microtubules are thus polarized, 
i.e., all the α–β dimers within a microtubule are aligned in the same direction. 
The nucleation sites for microtubule formation are so-called ring complexes—
formed from γ-tubulin—located at the ill-defined surface of the centrosome 
(panel E). Because the ring complexes have a strong affinity for α-tubulin, the 
microtubules grow outward, forming a starburst cluster of polarized microtu-
bules (panel F).

7.1.4  The Molecular Motors Kinesin and Dynein “Walk” 
along Microtubules to Transport Membrane Vesicles

Among the many marvels of cell life are the molecular motors kinesin and 
dynein that literally walk along microtubules powered by the hydrolysis 
of ATP (Box 7.2). Both motors are ATPases, because they split ATP into 

Figure 7.4 The cytoskeleton of a 
eukaryotic cell. Microtubules are in 
green and actin filaments in red. 
The nucleus is in blue. The cell in 
this picture has been fixed, and the 
microtubules and actin filaments 
have then been visualized using 
fluorescent antibodies that bind spe-
cifically to each kind of structure. 
Notice that microtubules are gener-
ally arranged radially with respect to 
the nucleus, while actin is arranged 
circumferentially. (From Alberts B, 
Johnson A, Lewis JH et al. [2007] 
Molecular Biology of the Cell, 5th 
Edition. Garland Science, New York. 
With permission from W. W. Norton.)
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Figure 7.5 Centrioles, located near 
the center of most eukaryotic cells, 
are embedded in the centrosome, 
composed of the centrioles and the 
pericentriolar material that contains 
essential proteins for microtubule 
formation. (A) Thin-section electron 
micrograph of a cell that shows 
the centrioles. (B) The centrioles 
are a pair of orthogonally arranged 
cylindrical structures composed 
of microtubules. During cell divi-
sion (mitosis), the centrioles are 
reproduced to produce a pair of 
centrosomes that are subsequently 
responsible for separating mother 
and daughter chromosomes dur-
ing division. (C) Metaphase of the 
cell-division cycle showing how the 
centrosomes and associated micro-
tubules guide separation of the 
mother and daughter chromosomes. 
(D) Centrioles become basal bodies 
in the formation of cilia formed 
from microtubules. (A and C, From 
Alberts B, Johnson A, Lewis JH et al. 
[2007] Molecular Biology of the Cell, 
5th Edition. Garland Science, New 
York. With permission from W. W. 
Norton. B, Nigg EA, Raff JW [2009] 
Cell 139: 663–678. With permis-
sion from Elsevier. D, From https://
en.wikipedia.org/wiki/Cilium.)
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Actin



Figure 16-12 Molecular Biology of the Cell (© Garland Science 2008)

Actin filament



Prokaryotes also have a dynamic, 
filamentous network of proteins, 
which are homologous to the 
eukaryotic cytoskeletal elements. 

In non-spherical bacteria, the 
actin homologue MreB  is 
essential for shape maintenance 
as depletion of MreB through 
genetic knockouts or MreB-
targeted drug treatment results 
in misshapen cells that eventually 
lyse

Procaryotic actin 
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ADP and phosphate to produce propelling forces, but they have different 
evolutionary origins. Kinesins are members of the myosin ATPase family 
(familiar from skeletal-muscle contraction), whereas dyneins belong to the 
AAA ATPase family (AAA means ATPases Associated with diverse cellular 
Activities) that typically assemble into ring-like hexameric structures to 
carry out a diverse number of motor-like activities. Both types of ATPases are 
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Figure 7.6 Polarized microtubules are formed from the assembly of protofilaments, which in turn are formed from the 
assembly of α-β tubulin heterodimers. (A) The structure of a heterodimer of α-β tubulin. (B) The heterodimers assemble into 
a protofilament. Because the dimers always form head-to-tail, the filaments are polarized with α-tubulin at the “minus” end 
and β-tubulin at the “plus” end. (C) 13 protofilaments assemble to from a microtubule. (D) Electron micrograph of the hollow 
microtubule. (E) Centrosome complex showing microtubule nucleation sites consisting of γ-tubulin ring complexes. (F) Sketch 
showing microtubules emanating from the centrosome matrix. Because microtubules are polarized, the positive poles are 
located at the microtubule tips distal to the matrix. (From Alberts B, Johnson A, Lewis JH et al. [2007] Molecular Biology of the 
Cell, 5th Edition. Garland Science, New York. With permission from W. W. Norton.)
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Fiber growth



kinesins and dyneins
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able to serve motor functions because of the large conformational changes 
driven by ATP. These conformational changes power the motor movements 
and can produce forces on the order of 5 pN (measured by optical tweezers; 
see later).

The primary difference between the movements of these two structurally 
different motors is that kinesins generally move their cargos along the proto-
filaments toward the plus end of the microtubules, whereas the dyneins always 
move cargos toward the minus end. These opposite movements underlie vesicle 

BOX 7.2 DYNEIN AND KINESIN MOTORS

Eukaryote cells must move vesicular cargos to and from the 
plasma membrane. The vesicular trafficking is enhanced 
by movement of cargo-bearing motor proteins along 
microtubules, as discussed in the main text. There are 
two evolutionarily unrelated motor proteins, kinesins and 
dyneins (Figure 1A), that transport cargo toward the posi-
tive (+) or negative (–) end of microtubules, respectively. 
Dyneins are related to hexameric AAA ATPases that serve 
many functions throughout the cell, whereas kinesins are 

closely related to muscle myosin (B). Modern microscopic 
methods and fluorescent molecules attached to dyneins 
and kinesins allow us to observe movements along micro-
tubules (C; courtesy of Jennifer L. Ross and Leslie Conway). 
Utilizing the energy stored in ATP, both types of motors 
quite literally walk along the tubules, as illustrated in (D) 
for kinesins. Both motors have very high molecular weights 
and are comprised of many different components that have 
evolved to transport specific cargos. (Figure 1)
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Figure 1 Tracking the movement of a fluorescently labeled motor protein. (A, From Cooper GM [2000] The Cell: A 
Molecular Approach. Sinauer Associates, New York. With permission from Oxford University Press. B and C, From Carter 
AP [2013] J Cell Sci 126: 705–713. With permission from Taylor & Francis. (D) Courtesy of Leslie Conway and Jennifer L. 
Ross.)
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Virus Structure



Virus Structure
• Size

– 17 nm – 3000 nm diameter

• Basic shape
– Rod-like
– “Spherical”

• Protective Shell - Capsid
– Made of many identical 

protein subunits
– Symmetrically organized
– 50% of weight
– Enveloped or non-enveloped

• Genomic material
– DNA or RNA
– Single- or double-stranded



Virus Structure

• Virus capsids function in: 
– Packaging and protecting nucleic acid
– Host cell recognition

• Protein on coat or envelope “feels” or “recognizes” 
host cell receptors

– Genomic material delivery
• Enveloped: cell fusion event
• Non-enveloped: more complex strategies & 

specialized structures



Viruses 



assembly pathways 



bacteriophage T4



recognition



recognition

Nature Reviews 
Immunology volume 20,
pages 363–374 (2020)

https://www.nature.com/nri
https://www.nature.com/nri


The structure of the trimeric spike 
protein of SARS-CoV-2.

Nature Reviews
Immunology volume 20, pages 363–374 
(2020)

https://www.nature.com/nri


Potential therapeutic approaches



Nature Reviews Immunology volume 20, pages 363–
374 (2020)

https://www.nature.com/nri


History

• In 1953, Crick & Watson proposed … principles of virus structure
– Key insight:

• Limited volume of virion capsid => nucleic acid sufficient to 
code for only a few sorts of proteins of limited size

– Conclusion:
• Identical subunits in identical environments
• Icosahedral, dodecahedral symmetry

• In 50’s & 60’s Klug and others confirmed that several (unrelated) 
“spherical” viruses had icosahedral symmetry
– (Used negative staining & electron microscopy)

• Conclusion:
– Icosahedral symmetry is preferred in virus structure



Icosahedral Symmetry
12 vertices

20 faces (equilateral triangles)

5-3-2 symmetry axes

60 identical* subunits
     in identical environments
     can form icosahedral shell
     * asymmetric



But …
• Clear evolutionary pressure to make larger capsid

– Using larger subunits helps very little
– Using more subunits helps a lot

• Not possible to form icosahedral shell (of identical units in identical 
environments) with more than 60 subunits

• Viruses with more than 60 subunits were observed

• In 1962, Caspar & Klug proposed the theory of  “quasi-equivalence”

– Not all protein subunits are equivalent
• “Identical” subunits in slightly different environments

– Only certain numbers of subunits will can be packed into closed regular 
lattice.



X-ray Crystallography of Viruses

• Symmetry of protein shells makes them uniquely 
well-suited to crystallographic methods

• Viruses are the largest assemblies of biological 
macromolecules whose structures have been 
determined at high resolution



Electron Microscopy



Electron 
Microscopy



focused ion beam



FIB/SEM tomography of an 
HCMV infected nucleus



Quasi-equivalence

• Subunits are in “minimally” 
different environments
– Pentamers at vertices
– Hexamers elsewhere

• Predicts packing arrangements 
of larger capsids
– Shift from T1 to T4 packing
=> 8-fold increase in volume
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corresponding 60-subunit structure. Such capsids have integral numbers of the basic trian-
gle in each triangular facet (Figure 8.9). These triangulation numbers (T) conform to the 
selection rule T = h2 + hk + k2, where h and k are non-negative integers. T-numbers map on 
a hexagonal lattice called the Goldberg diagram (Figure 8.10). If h or k equals 0 or h = k, 
the lattice is said to be non-skew, but if h and k are both non-zero and h ≠ k, the lattice is 
skew. Each skew lattice has two enantiomorphs, levo (l, left-handed) and dextro (d, right-
handed). Considered as geometrical constructions, the enantiomorphs are related by simple 
reflection. However, proteins are not reflection-invariant: for capsids, enantiomorphs do 
not represent valid alternatives. For example, the capsid of bacteriophage HK97 is always 
T = 7l and that of polyoma virus is always T = 7d.
The corresponding generalization of the basic dodecahedron with its 12 pentagonal facets is 
made by inserting additional hexagons between them, thereby generating Fullerene struc-
tures (Figure 8.11A), named after Buckminster Fuller, who developed the geodesic dome 
as an architectural form based on icosahedral/dodecahedral lattices.
The icosahedron is a geometric construction with flat facets and sharply defined vertices. 
Some capsids have this form, but others are almost perfectly spherical and still others have 
shapes that are intermediate between these extremes (Figure 8.11B). The deciding factor is 
how the subunits involved achieve a free-energy minimum in the assembled state.
The number of subunits per capsid prescribed by quasi-equivalence is 60T. The capsomers 
may still be all dimers or all trimers, but for pentamer-containing capsids their number 
remains fixed at 12 (one per vertex), complemented with increasing numbers of hexamers. 
For example, a T = 3 capsid could consist of 90 dimers or 60 trimers, or 12 pentamers plus 
20 hexamers (see Figure 8.8, bottom row).
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Figure 8.9 Icosahedra increase in size as 
the T-number increases. For a fixed unit cell 
size (red triangle), the diameter increases as 
T1/2 and volume as T3/2. T = 7 is the lowest 
skew T-number and has two enantiomorphs, 
d (dextro) and l (levo). (Courtesy of  
James Conway.)

Figure 8.10 The Goldberg diagram 
specifies T-numbers compatible with 
quasi-equivalence. T = h2 + hk + k2. The 
yellow lattice points mark virus structures 
that have been observed. It seems certain 
that other high T-numbers will be discovered, 
especially among dsDNA bacteriophages and 
the adenovirus-like clade.

Goldberg diagram



Spherical viruses have icosahedral symmetry



Icosahedral capsids 
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Helical viruses 
tobacco mosaic virus (TMV



Helical viruses 



Disassembly of TMV 



Assembly of TMV 



Assembly of TMV 



small Icosahedral viruses 
hepatitis B virus 



Life cycle 



Figure 1. CryoEM and 3D reconstruction of hepatitis B virus (HBV) core assembled from full-length 
HBV core proteins at 3.5Å resolution.

Yu X, Jin L, Jih J, Shih C, Hong Zhou Z (2013) 3.5Å cryoEM Structure of Hepatitis B Virus Core Assembled from Full-Length Core Protein. 
PLOS ONE 8(9): e69729. https://doi.org/10.1371/journal.pone.0069729
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729


Figure 2. Comparisons between corresponding cryoEM structures (green) and crystal structures (red) by 
superimposition.

Yu X, Jin L, Jih J, Shih C, Hong Zhou Z (2013) 3.5Å cryoEM Structure of Hepatitis B Virus Core Assembled from Full-Length Core Protein. 
PLOS ONE 8(9): e69729. https://doi.org/10.1371/journal.pone.0069729
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729


Figure 4. Maps of HBV core reconstruction filtered to 10Å resolution.

Yu X, Jin L, Jih J, Shih C, Hong Zhou Z (2013) 3.5Å cryoEM Structure of Hepatitis B Virus Core Assembled from Full-Length Core Protein. 
PLOS ONE 8(9): e69729. https://doi.org/10.1371/journal.pone.0069729
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069729


neutron diffraction 

tomato bushy stunt virus (TBSV) 



assembly and maturation of human 
immunodeficiency virus (HIV)





Influenza virus 





Assembly pathway of influenza virus. 



Display of proteins on accessory 
proteins of dsDNA bacteriophages



Display of proteins on accessory 
proteins of dsDNA bacteriophages



Display of an Ig domain
flock house virus



Display of green fluorescent protein 
at the tips of HBV capsid spikes 



Generation of  protective 
vaccines 




