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Nature has evolved sequence-controlled polymers such as DNA and proteins over its long history.
The recent rapid progress of synthetic chemistry, DNA recombinant technology, and computational
science, as well as the elucidation of molecular mechanisms in biological processes, drive us to design
ingenious polymers that are inspired by naturally occurring polymers but surpass them in specialized
functions. The term “designer biopolymers” refers to polymers consisting of biological building
units such as nucleotides, amino acids, and monosaccharides in a sequence-controlled manner. They
may contain non-canonical nucleotides/amino acids/monosaccharides, or they may be conjugated to
synthetic polymers to acquire specific functions in vitro and in vivo.

This special issue, entitled “Designer Biopolymers: Self-Assembling Proteins and Nucleic Acids”
particularly focuses on the self-assembling aspect of designer biopolymers. Self-assembly is one
common feature in biopolymers used to realize their dynamic biological activities and is strictly
controlled by the sequence of biopolymers. In a broad sense, the self-assembly of biopolymers includes
a double-helix formation of DNA, protein folding, and higher-order protein assembly (e.g., viral
capsids). Designer biopolymers are now going beyond what nature evolved: researchers have
generated DNA origami, protein cages, peptide nanofibers, and gels. This special issue assembles
three review papers and seven research articles on the latest interdisciplinary work on self-assembling
designer biopolymers.

The review paper by Lee et al. covers design, self-assembly, and application of various designer
peptides including dipeptides, amphiphilic peptides, and cyclic peptides [1]. These peptides are
especially useful in drug delivery systems and tissue engineering. The in-cell self-assembly of
peptides, termed “reverse engineering of peptide self-assembly,” is highlighted as a new approach to
deliver peptide-based nanostructures to cells. The protein-based self-assembly system is reviewed
by Nesterenko et al. [2]. The building block, ZT, is a complex from two titin Z1Z2 domains and
telethonin. The Z1Z2 double tandem proteins (Z1Z2–Z1Z2) and telethonins co-assemble into polymeric
nanostructures. They are robust scaffolds that can be genetically functionalized with full-length
proteins and bioactive peptides prior to self-assembly. Functionalized ZT polymers successfully
sustain the long-term culturing of stem cells. The review paper by Pereira et al. focuses on designer
polymers based on cyanobacterial extracellular polymeric substances (EPS) [3]. The cyanobacterial
EPS, mainly composed of heteropolysaccharides, emerges as a valid alternative to address several
biotechnological and biomedical challenges. The review covers the characteristics and biological
properties of cyanobacterial EPS, approaches to improving the production of the polymers by metabolic
engineering, strategies for their extraction, purification, and genetic/chemical functionalization, and
their use in scaffolds and coatings.

Two research articles address the important self-assembly phenomena of natural peptides.
Antimicrobial peptides (AMPs) are a diverse group of membrane-active peptides that can interact with
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target membranes and can cause cell death by disturbing the membrane structure. Petkov et al. report
molecular dynamics simulations studies on the solution behaviour of an AMP, bombinin H2 [4].
The simulation results show that bombinin H2 rapidly self-associate when multiple peptide chains are
present in the solution, and the aggregation promotes further folding of bombinin H2 towards the
biologically active shape. This study suggests that AMPs reach the target membrane in a functional
folded state and are able to effectively exert their antimicrobial action. Amyloidogenic peptides
including Aβ1–40, α-synuclein, and β2 microglobulin are regarded as hallmark peptides associated
with key onset mechanisms of neurodegenerative diseases. Yokoyama et al. report pH-dependent
adsorption of these peptides onto gold nanoparticles [5]. Nano-scale geometrical simulation with a
simplified protein structure (i.e., prolate) represents peptide adsorption orientation on a gold colloid,
indicating the presence of electrostatic intermolecular and gold-peptide interactions.

Two other articles use engineered peptides to control inorganic mineralization or peptide-cell
interactions. Kojima et al. describe the effects of peptide secondary structures on hydroxyapatite
(HAp) biomineralization [6]. HAp-peptide composites containing a β-sheet forming peptide show
a higher adsorption ability for basic proteins than those containing an α-helix forming peptide,
most likely due to higher carboxy group density at the surfaces of former composites. Nanofibers
formed from antigenic peptides conjugating to β-sheet-forming peptides have been recognized as
promising candidates for next-generation nanoparticle-based vaccines. Waku et al. demonstrate that
the hydrophilic-hydrophobic balance of peptide nanofibers affects their cellular uptake, cytotoxicity,
and dendritic cell activation ability, which will provide useful design guidelines for the development
of effective nanofiber-based vaccines [7].

In nature, proteins are often designed to form filamentous and circular oligomers to play their
function. The articles from Sekiguchi et al. and Satoh et al. provide mechanistic insights into an
assembly system of 20S proteasome, which is a huge protein complex consisting of homologous subunits
α1–α7 and β1–β7 [8,9]. The correct assembly of proteasome subunits is essential for the function.
Sekiguchi et al. comprehensively characterize the oligomeric states of the α1–α7 [8]. The results
provide potential mechanisms on how the assembly and disassembly of proteasomal α subunits are
controlled. Assembly of some subunits are assisted by chaperones. Satoh et al. have created a model
of PAC3-PAC4 associated with α4–α5–α6 subcomplex based on their biophysical and biochemical
analyses, providing functional mechanisms of the PAC3-PAC4 heterodimer as a molecular matchmaker
underpinning the α4–α5–α6 subcomplex during α-ring formation [9]. Their findings open up new
opportunities for the creation of artificial protein-assembling machine and also design of inhibitors of
proteasome biogenesis.

Creation of artificial nucleic acids and applications are key trends. Mercurio et al. use a peptide
nucleic acid (PNA), which is the neutral pseudo-peptide backbone, based on N-(2-aminoethyl) glycine
units for the downregulation of miRNA function in the ascidian Ciona intestinalis. They have evaluated
the expression level of miR-7 in a developing stage dependent manner and inhibitory effect of
anti-miR-7, which will provide potential usage of PNA for basic research and therapeutics [10].

As shown by this special issue, self-assembly of biopolymers has a great impact on a variety of
research fields including molecular biology, neurodegenerative diseases, drug delivery, gene therapy,
regenerative medicine, and biomineralization. Designer biopolymers will help researchers to better
understand biological processes as well as to create innovative molecular systems. We believe that this
issue will provide readers with new ideas in their molecular design strategies for frontier research.
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