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Abbreviations:FDH, Formate Dehydrogenase; LDH, Leucine 
Dehydrogenase

Introduction
There is substantial progress made in the field of self-assembly 

of proteins and peptides in the last two decades .1 Self-assembly of 
biomolecules into array of nano- or -micro structures facilitate in 
generation of smart biomaterials .1-3 Biomolecules based nanostructures 
are extremely sensitive and using proteins as building blocks creates 
an opportunity to transform the functional micro-environment of the 
assemblies. Controlled protein self-assembly is still in its infancy but 
holds great potential in biotechnology.

Protein-protein interactions, essentially subtle non-covalent 
interactions have major contribution in creating self-assembled 
structures from protein molecules. Secondary structure of protein 
molecules such as α-helix and β-sheets serves as a basic unit for 
the self-assembly. Tertiary structure of protein molecule serves 
as building blocks and protein-protein interactions (quaternary 
structures), which may possibly be created using H-bonds and/or 
Van der Waals interactions initiate and generate the functional self-
assembled patterns .1-5 It is important to distinguish between protein 
and peptide based self-assemblies. Peptide based self-assemblies are 
largely dependent on secondary structures. Peptides assemble in water 
at an expense of hydrophobic interfaces formed between building 
blocks .1 Predominantly two secondary structure elements are used 
in peptide self-assembly, namely α-helix and β-sheets, nonetheless 
coils are also used sometimes. Most peptide materials are all α- or all 
β-materials, mixed assemblies are yet to be reported in our knowledge. 
It has to be pointed out that it is far easier to modify and control the 
structure of peptide based assemblies as compared to protein based 
assemblies. Nonetheless, in this article we will touch upon trends in 
chemical and spontaneous 1D and 2D assemblies of self-associating 
proteins to generate complex and diverse patterns. The challenge to 
design protein assemblies lies in the structure complexity of protein 
molecules and incomplete understanding of the ways in which they 
interact to form assembled architectures.5 Here, in this minireview, we 
have discussed the most recent advances to generate self-associating 
assemblies of proteins.

Discussion
One dimensional (1-D) protein self-assemblies

Geometric patterns formed in 1-D include structures such as 
fibers, and strings. The strategy to design such patterns is based on 

linking protein monomers in head to tail fashion, which is similar 
to polymerization process in synthetic chemistry.6 The most salient 
example is of hemoproteins, such as hemoglobin, myoglobin, 
cytochromes and peroxidases. Kitagishi and Hayashi have shown 
linear self-assembly by successive interprotein heme- heme pocket 
interactions. Here, they have mutated the cyt b562 by replacing His 63 
to Cys for site selective modification. Heme modified H63C mutant 
of cyt b562  undergoes a denaturation at pH 1.9 to remove intrinsic 
heme, followed by neutralization of aqueous phase to generate 
heme-modified Apo-Cyt b562  (Figure 1a). AFM image Figure 1b of 
the pattern formed by H63C on HOPG substrate. Myriad ID self-
assemblies are generated using peptides .2 and other biomolecules 
such as DNA .7 which result in tubular .3 fibrous .1,4 rings.1,4 and other 
structures, which are not discussed here.

Figure 1  (a) Schematic representation of the supramolecular hemoprotein 
polymerization. (b) AFM image of the 1a-H63C polymer on the HOPG 
substrate with a height profile along the green line. Adapted with permission 
from Reference 5 copyright 2007 American Chemical Society.

Two dimensional protein (2-D) self-assemblies

In field of biosensing, ordered 2-D protein self-assemblies have a 
great potential. The layered membranes, sheets or ordered structures 
in 2D offer a huge opportunity in sensing of target molecules and 
biomolecules as well as in field of biodiagnostics. Two recent distinct 
examples include computationally designed 2D arrays mediated by 
non-covalent protein-protein interactions .8 and, metal ion mediated 
protein assembly under low pH conditions leading to 2D-array .9,10 
We have chosen few examples to illustrate the rational designing of 
protein self-assemblies using different pathways.

Baker et al. 8 have used a computational design approach using 
symmetry docking in Rosetta to self-assemble cyclic protein 
oligomers into 2D pattern. From protein data bank cyclic oligomer 
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Abstract

Protein self-assembly is advancing in this century as an extraordinary research field. 
Spontaneous assemblies of proteins or peptides into highly ordered nano-or-microstructures 
offer unprecedented advances in biotechnology. Designing protein self-assemblies is a 
challenging field but has huge potential to impact the biosensing industry. In this article 
we will focus on the most recent chemical and spontaneous self-assemblies of proteins 
resulting in pattern formation.
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were identified to form six layer groups and based on design 
calculations most shape-complementary solutions were used to create 
low energy interface between oligomers. Designs p3Z_42 (Figure 2) 
from symmetry group P321 with three degrees of freedom, p4Z_9 
from group P4212 with three degrees of freedom and lastly design 
p6_9 from group P6 with two degrees of freedom were generated 
with cyclic symmetry in lattice. The computationally designed planar 
protein arrays matched closely with planar 2D crystals generated  in 
vivo  and  in vitro  experiments with size reaching up to 1μm and 
thickness of 3- 8 nm. Though experiments were not conducted on 
solid support but the technique set a stage to precisely design 2D 
protein arrays. However, the challenges in computational approach 
range from exhaustive sampling and inaccuracies in energy functions 
leading to larger failure rates .9

Figure 2 Cryo-EM micrograph of E. coli–grown p3Z_42 and computationally 
designed models. Reprinted from ref 8 Copyright 2015 American Association 
for Advancement of Science.

Tezcan et al. [10]devised a strategy with a variant of monomeric 
heme protein (cytochrome cb562) to form 1D and 2D arrays by 
changing the pH or concentration of metal ions. cytochrome cb562 was 
substituted with 3 amino acids to carry Zn+2 and 10 amino acids to 
promote dimerization into C2  symmetric complex and they termed 
the variant RIDC3 ( Rosetta Interface Designed Cytochrome 3). The 
modification of cb562 is similar to the work reported by Hayashi et 
al. Sizes and morphologies were typically controllable through pH, or 
ratio of Zn+2 and RIDC3 concentration. The structures converted from 
microtubules to 2D arrays either at low pH or low [Zn+2]: [RIDC3] 
ratio (Figure 3). In addition to metal mediated assemblies Suzuki and 
Tezcan et al..10 have reported the 2D protein lattice of C4 symmetric 
L-rhamnulose-phosphate-aldoase (RhuA) through disulfide bonds 
or metal-coordination linkages.11 RhuA variants (Cys modified) 
self-assembled into 2D open lattice patterns by linking the building 
blocks. It was remarkable to note that 2D crystal suspensions formed 
close-packed lattice arrangements at 4 °C when incubated for 1-3 days 
because of flexibility of single disulfide interactions.

Other strategies include example of association of two or more 
proteins to form self-assembled structures, which are not discussed 
in detail. In one of the examples Gao et al. .12 have developed a 
strategy to self-assemble multiple oligomeric enzymes using protein-
protein interactions and enzyme oligomerization. Multienzyme 
supramolecular device (LPd-FPIMESDs) was created using leucine 
dehydrogenase (LDH) and formate dehydrogenase (FDH). Octameric 
LDH was fused with PDZ domain and dimeric FDH was fused with 
PDZlig at C terminus, which were linked together and 2D organized 
assembly was generated.

Apart from  in-vivo  self-assemblies there is a huge attempt to 
generate controlled 2D protein patterns on substrates. However, for 

scaffold or substrate based protein pattern designing there are various 
approaches that are being used such as layer by layer strategy .13 use 
of protein templates .14 Electrostatic interaction induced assemblies 
.15 ligand or linker - based protein assemblies .16 gradient-directed 
assemblies .17 and Langmuir-Blodgett films.18

Figure 3 Zn-mediated assembly of RIDC3 into supramolecular arrays and 
structural characterization of the arrays. Reprinted from reference 7 copyright 
2014 National Academy of Sciences.

Conclusion
This mini review highlights some recent chemical and spontaneous 

protein based self-assembly strategies. Designing of patterns through 
chemical modification of protein moieties and computational 
designing and implementation for  in vivo  and  in vitro  protein self-
assemblies are the two main domains that are touched upon. For 
biosensing and diagnostics these approaches need to be further 
developed and implemented. Protein assemblies on substrates 
present huge opportunity to design patterns using various techniques. 
However, challenges are faced in designing the real-life applications 
using self-assembled protein scaffolds. Nonetheless, designing blue 
prints for biomolecular smart materials with spatial characteristics 
and active functionalities have vast potential.

Conflicts of interest
No conflict of interest exists.

Acknowledgments
None.

References
1.	 Quan Luo, Chunxi Hou, Yushi Bai, Ruibing Wang, Junqiu Liu 

Protein Assembly: Versatile Approaches to Construct Highly Ordered 
Nanostructures. Chem Rev. 2016F;116(22):13571‒13632.

2.	 Emiliana De Santis, Maxim G Ryadnov Peptide self‒assembly 
for nanomaterials: the old new kid on the block. Chem Soc Rev. 
2015;44(22):8288‒8300.

3.	 Kazunori Matsuurua Rational design of self‒assembled proteins 
and peptides for nano‒and micro‒sized architectures. RSC Adv. 
2014;4(6):2942‒2953.

4.	 Hongcheng Sun, Quan Luo, Chunxi Hou, Junqiu Liu Nanostructures 
based on protein self‒assembly: From hierarchical construction to 
bioinspired materials. Nano Today. 2017;14(1):16‒41.

5.	 Yen Ting Lai, Neil P King, Todd O Yeates Principles for designing 
ordered protein assemblies. Trends Cell Biol. 2012;22(12):653‒661.

https://doi.org/10.15406/jnmr.2017.06.00154
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00228
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00228
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00228
http://pubs.rsc.org/en/content/articlelanding/2015/cs/c5cs00470e#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2015/cs/c5cs00470e#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2015/cs/c5cs00470e#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ra/c3ra45944f#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ra/c3ra45944f#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2014/ra/c3ra45944f#!divAbstract
http://www.sciencedirect.com/science/article/pii/S1748013216305436?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S1748013216305436?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S1748013216305436?via%3Dihub
http://www.cell.com/trends/cell-biology/fulltext/S0962-8924(12)00143-2
http://www.cell.com/trends/cell-biology/fulltext/S0962-8924(12)00143-2


Designing protein self-assembly for smart materials 3
Copyright:

©2017 Thakur et al.

Citation: Thakur G, Thundat T. Designing protein self-assembly for smart materials. J Nanomed Res. 2017;6(2):1‒6. DOI: 10.15406/jnmr.2017.06.00154

6.	 Hiroaki Kitagishi, Koji Oohora, Hiroyasu Yamaguchi et al. 
Supramolecular Hemoprotein Linear Assembly by Successive 
Interprotein Heme‒Heme Pocket Interactions. J Am Chem Soc. 
2007;129(34):10326‒10327.

7.	 Rothemund PW (2006) Folding DNA to create nanoscale shapes and 
patterns. Nature 440(7082): 297‒302.

8.	 Gonen, Frank Di Maio, Tamir Gonen, David Baker Design of ordered 
two‒dimensional arrays mediated by noncovalent protein‒protein 
interfaces. Protein design. 2015;348(6241):1365‒1368.

9.	 Ajasja Ljubetic, Helena Gradis, Roman Jerala Advances in design of 
protein folds and assemblies. Curr Opin Chem Biol. 2017;40(2):65‒71.

10.	 Jeffrey D Brodin, Jessica R Carr, Pamela A Sontz et al. Exceptionally 
stable, redox‒active supramolecular protein assemblies with emergent 
properties. PNAS. 2014;111(8):2897‒2902.

11.	 Suzuki Y, Cardone G, Restrepo D et al. Self‒assembly of coherently 
dynamic, auxetic, two‒dimensional protein crystals. Nature. 
2016;533(7603):369‒373.

12.	 Xin Gao, Shuai Yang, Chengcheng Zhao et al. Artificial Multienzyme 
Supramolecular Device: Highly Ordered Self‒Assembly of 

Oligomeric Enzymes  In Vitro  and  In Vivo  Angew. Chem Int Ed. 
2014;53(51):14027‒14030.

13.	 Martin Steinhart, Ralf B Wehrspohn, Ulrich Gösele, Joachim H Wendorff 
Nanotubes by Template Wetting: A Modular Assembly System. Angew. 
Chem Int Ed. 2004;43(11):1334‒1344.

14.	 Nicola Ilk, Eva M Egelseer, Uwe B Sleytr Layer Fusion Proteins‒
Construction Principles and Applications. Curr Opin Biotechnol. 
2011;22(6):824‒831.

15.	 Kostiainen, Mauri A, Hiekkataipale et al. Electrostatic Assembly 
of Binary Nanoparticle Superlattices Using Protein Cages. Nat 
Nanotechnol. 2013;8:52‒56.

16.	 Garima Thakur, Kovur Prashanthi, Thomas Thundat Directed self‒
assembly of proteins into discrete radial patterns. Sci Rep. 2013;3:1923.

17.	 Jan Genzer Surface‒bound gradients for studies of soft materials 
behavior. Annu Rev Mater Res. 2012;42:435‒468.

18.	 Sharma SK, Leblanc RM Biosensors based on b‒galactosidase enzyme: 
Recent advances and perspectives. Anal Biochem. 2017;535:1‒11.

https://doi.org/10.15406/jnmr.2017.06.00154
http://pubs.acs.org/doi/abs/10.1021/ja073295q
http://pubs.acs.org/doi/abs/10.1021/ja073295q
http://pubs.acs.org/doi/abs/10.1021/ja073295q
http://pubs.acs.org/doi/abs/10.1021/ja073295q
https://www.ncbi.nlm.nih.gov/pubmed/16541064
https://www.ncbi.nlm.nih.gov/pubmed/16541064
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.957.6636&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.957.6636&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.957.6636&rep=rep1&type=pdf
http://www.sciencedirect.com/science/article/pii/S1367593117300765?via%3Dihub
http://www.sciencedirect.com/science/article/pii/S1367593117300765?via%3Dihub
http://www.pnas.org/content/111/8/2897
http://www.pnas.org/content/111/8/2897
http://www.pnas.org/content/111/8/2897
https://www.ncbi.nlm.nih.gov/pubmed/27135928
https://www.ncbi.nlm.nih.gov/pubmed/27135928
https://www.ncbi.nlm.nih.gov/pubmed/27135928
https://www.ncbi.nlm.nih.gov/pubmed/25319901
https://www.ncbi.nlm.nih.gov/pubmed/25319901
https://www.ncbi.nlm.nih.gov/pubmed/25319901
https://www.ncbi.nlm.nih.gov/pubmed/25319901
http://onlinelibrary.wiley.com/doi/10.1002/anie.200300614/full
http://onlinelibrary.wiley.com/doi/10.1002/anie.200300614/full
http://onlinelibrary.wiley.com/doi/10.1002/anie.200300614/full
https://www.ncbi.nlm.nih.gov/pubmed/21696943/
https://www.ncbi.nlm.nih.gov/pubmed/21696943/
https://www.ncbi.nlm.nih.gov/pubmed/21696943/
http://www.nature.com/nnano/journal/v8/n1/abs/nnano.2012.220.html?foxtrotcallback=true
http://www.nature.com/nnano/journal/v8/n1/abs/nnano.2012.220.html?foxtrotcallback=true
http://www.nature.com/nnano/journal/v8/n1/abs/nnano.2012.220.html?foxtrotcallback=true
https://www.ncbi.nlm.nih.gov/pubmed/23719678
https://www.ncbi.nlm.nih.gov/pubmed/23719678
http://www.annualreviews.org/doi/abs/10.1146/annurev-matsci-070511-155050?journalCode=matsci
http://www.annualreviews.org/doi/abs/10.1146/annurev-matsci-070511-155050?journalCode=matsci
https://www.ncbi.nlm.nih.gov/pubmed/28735682
https://www.ncbi.nlm.nih.gov/pubmed/28735682

	Title
	Abstract
	Keywords
	Abbreviations
	Introduction
	Discussion
	One dimensional (1-D) protein self-assemblies 
	Two dimensional protein (2-D) self-assemblies 

	Conclusion
	Conflicts of interest 
	Acknowledgments
	References
	Figure 1
	Figure 2
	Figure 3

