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Abstract

The formation of ordered nanostructures by molecular self-assembly of proteins and peptides
represents one of the principal directions in nanotechnology. Indeed, polyamides provide superior
features as materials with diverse physical properties. A reductionist approach allowed the
identification of extremely short peptide sequences, as short as dipeptides, which could form well-
ordered amyloid-like B-sheet-rich assemblies comparable to supramolecular structures made of
much larger proteins. Some of the peptide assemblies show remarkable mechanical, optical, and
electrical characteristics. Another direction of reductionism utilized a natural noncoded amino
acid, a-aminoisobutryic acid, to form short superhelical assemblies. The use of this exceptional
helix inducer motif allowed the fabrication of single heptad repeats used in various biointerfaces,
including their use as surfactants and DNA-binding agents. Two additional directions of the
reductionist approach include the use of peptide nucleic acids (PNAs) and coassembly techniques.
The diversified accomplishments of the reductionist approach, as well as the exciting future
advances it bears, are discussed.
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1 Introduction

The use of molecular self-assembly is envisioned as one of the principal directions for
advanced nanotechnological applications (1-6). The ability of small building blocks to
organize spontaneously in a bottom-up manner is extremely attractive for the fabrication of
functional devices without the need for top-down lithography methods and blueprint
designs. Biological and bioinspired self-organizing units are especially attractive as all
biological systems inherently feature the process of bottom-up assembly into ordered
functional structures at the nanoscale (7-11). Biomolecules are indeed synthesized as
discrete entities, which consequently form complex functional architectures by the processes
of molecular recognition and self-assembly. This activity is a specific case of supramolecular
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chemical processes as most of the interactions that lead to the assembly of multifarious
structures are noncovalent. Owing to these intrinsic properties, there is a continuous quest
for the identification and characterization of adequate biological recognition and assembly
elements that could be used for technological applications by mimicking natural self-
organization processes. Furthermore, the process of self-organization could be hierarchal
(Figure 1), and its mimicking is the ultimate goal of bioinspired nanotechnology. The initial
attempts to achieve control and new architectures using coassembly are discussed below in
Section 7.

2 Molecular Self-Assembly of Proteins and Peptides

Proteins serve as a central source of materials for all biological systems (12-14). Ranging
from rigid material such as keratin-based horns to the highly elastic resilin and elastin
protein assemblies, polyamide chains, composed of natural or modified amino acids, are the
preferred material for most natural functions both at the cellular and at the organismal level
(15, 16). The organization of proteins into functional arrays can also result in strong and
lightweight materials, such as spider silk or flexible assemblies including collagen-based
fibrils in connective tissues (17-19).

Proteins are also very useful in the preparation of nanostructures of various architectures at
various scales (20-26). The tendency of proteins to self-assemble into ordered architectures
at the nanoscale can lead in many cases to different properties than those of the individual
building blocks. This is an important aspect of the extensively studied fields of molecular
self-assembly, supramolecular chemistry, nanoscience, and nanotechnology, which involve
investigating the effects of molecule association, organization, orientation, and architecture
on the physical and chemical properties of the resulting assemblies. The emerging physical
properties of protein and peptide assemblies are also very useful for technological and
medical applications. Such protein and peptide-based structures are remarkably applicable as
scaffolds and molecular supports in applications ranging from tissue engineering and
regeneration to drug delivery and controlled release of drugs.

2.1 Polyamides as Preferable Synthetic Materials

When proteins are discussed as preferred materials for technological applications, it should
be noted that polyamides in general are also extremely useful as synthetic materials,
including various forms of Nylon® (aliphatic polyamides), Kevlar® and Nomex®R
(aromatic polyamides), and polyphthalamide. Proteins and synthetic polyamides, such as
peptoids, share common structural features especially in the context of their organization as
bulk materials (27-31). Other synthetic polyamide peptoids, discussed below in Section 8.1,
are the bioinspired peptide nucleic acid (PNA) polymers, a family of peptide mimetics of
nucleic acids with polyamide backbone and nucleobase side chains (32, 33), which were
also recently explored for the production of self-assembled structures, showing unique
architectural and physical characteristics (34, 35).

In spite of the usefulness of proteins as materials, these biomolecules are often complex to
prepare, some of them are inherently unstable, and their production may be relatively costly
and requires special settings. Therefore, there is a genuine scientific and industrial need for a

Annu Rev Biochem. Author manuscript; available in PMC 2019 January 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gazit

Page 3

mini-malistic approach to creating mimetic, functional protein materials using much simpler
building blocks. Currently used both in the biological world and in synthetic settings,
peptides offer the most straightforward alternative to protein-based materials and
nanostructures.

2.2 Peptides Are Minimal Functional Units That Could Be Readily Synthesized

Peptides, as short protein fragments or stand-alone entities, serve as ideal building blocks for
attaining protein-like properties in significantly simpler and much more robust systems (36—
46). Ranging from the conjugation of two amino acids to a few tens of residues, peptides are
readily produced by solid-phase or solution-phase (for short peptides) chemical synthesis,
facilitating their efficient production (47-52). We currently witness an effort in the
optimization of the speed of peptide synthesis similar to the revolution in DNA mass
production. The current state-of-the-art for peptide synthesis is a total cycle time of 40 s per
amino acid residue (53). These new developments may revolutionize the availability of the
repertoire of peptides for technological applications as well as for basic research. Peptides
are also used as ingredients in the food industry for which some of the peptides are produced
in very large amounts, for example, the NH,-Phe-Asp-Me dipeptide (the artificial
Aspartame® sweetener), which is remarkably similar to some of the building blocks
discussed below (54). The annual production of this dipeptide was over 4 million tons a year
at its peak with a production cost of only a few cents per gram. Therefore, if a practical
commercial use is developed for dipeptide nanostructures, such as diphenylalanine
mentioned below in Section 5, the cost of production should be economically practicable.

Automated peptide synthesizers are widely available in both academic and industrial
settings, and the production of functional sequences following their biophysical and
biochemical identification is remarkably simple. Another very important technological
advancement facilitating the exploitation of functional peptide sequences is related to the
production of thousands of peptides in the format of custom-made peptide arrays. An array
of peptides can now be produced at a cost of less than 0.1 cent per peptide (e.g.,
PEPperCHIP® peptide microarray technology), resulting in the cost-effective production of
thousands of peptides on a standard solid support chip (54-59). Peptide arrays allow the
mapping of molecular recognition between peptide elements and the identification of
interaction modules. We envision that this technology will revolutionize the field of peptide
research, similar to the effect of DNA microarray technologies (known as DNA chip or
biochip) on cellular and molecular biology research.

2.3 Beyond the Twenty Coded Amino Acids

The collection of explored synthetic peptides is not limited to the 20 coded amino acids used
by the ribosomal synthesis of many peptides in living systems. Hundreds of nonnatural
amino acid analogs are available for synthetic chemistry, many of them already in N-
terminal protected forms that make them readily available for facile synthesis, thus
remarkably increasing the available chemical space to be explored (60-62). This tactic is
also employed by biological systems in which many peptides that contain noncoded amino
acids are synthesized in enzymatic nonribosomal pathways (63-65). An additional approach
to increasing chemical diversity is the use of posttranslational enzymatic modifications. For
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example, tyrosine residues are converted to 3,4-dihydroxyphenylalanine (L-Dopa) to allow a
remarkably efficient surface adhesion observed in many marine organisms (66—70).

Moreover, modification for the efficient production of cyclic peptides can be applied to
obtain various properties. The simplest cyclic peptides, cyclic dipeptides chemically denoted
as diketo-piperazines, are utilized in various biological systems, as well as by peptide
chemists, for the production of new materials with altered properties as compared to the
linear peptides (71-73). Diketopiperazines are actually available in many types of natural
food products, which suggests their safety and availability for human consumption (74). The
ability to explore a vast chemical space together with the ease of synthesis make peptides
ideal building blocks for various material-related applications. Moreover, peptides are
usually much more stable than proteins under thermal or chemical stress. Therefore, the use
of peptide building blocks may allow scientists to take advantage of the superb material
properties of proteins but to utilize the minimal building blocks in a cost-effective manner
for a large variety of applications.

2.4 Early Work on the De Novo Design Self-Assembly of Peptides

The availability of facile peptide synthesis and the ability to study self-assembly using
spectroscopy, atomic force microscopy, and electron microscopy resulted in the intriguing
exploration of peptide self-assembly in the 1990s and 2000s (75-83). It was shown that
designed cyclic peptides with alternating D and L amino acids, a histidine-rich designed
peptide, charge complementary peptides, and surfactant-like peptides could form well-
ordered nanoassemblies with attractive architectures and functionalities. The most notable
structures were those of nanotubes, which were of primary interest to the scientific
community following the discovery of carbon nanotubes by Sumio lijima in 1991 (84). This
is a very important chapter in the field of peptide nanotechnology that is still relevant for
current applications. However, this direction of research and development was extensively
reviewed (e.g., 82, 83). Here, we limit our focus to the minimalistic-reductions approach for
the discovery of increasingly shorter building blocks and for emerging future directions,
including coassembly and the convergence of the DNA and peptide worlds, and the use of
structurally hindered peptide motifs that form superhelical structures.

3 Amyloid Assemblies as a Generic Organization Motif

The B-sheet-rich amyloid fibrillary structures are key examples of generic protein
organizations of ordered arrays of supramolecular structures. Originally identified in
association with human diseases, the generic amyloid organization appears to represent a
global energetic minimum for the aggregated state of proteins and peptides (85-91). The
general arrangements of amyloid structures are fibrillary assemblies of 7-10 nm in diameter
in which the polyamide chains are organized in cross-f secondary structures stabilized by
dense networks of hydrogen bonds. The assemblies are remarkably ordered, as reflected by
X-ray fiber diffraction and electron diffraction analyses, and show typical features, such as
birefringence upon binding to the indicative Congo red dye and fluorescence following
staining with thioflavin T. Amyloids also show high affinities to biological membranes,
which may be useful for their biological activities.
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The formation of amyloids was initially identified only for disease-related proteins and
polypeptides, underlying the cytotoxic activity observed in neurodegenerative disorders such
as Alzheimer’s disease and Parkinson’s disease. However, many proteins not related to any
pathological state were later shown to self-assemble into amyloid fibrils that were
structurally identical to those formed by the pathological building blocks. Dobson and
coworkers pioneered the concept of amyloid structure as archetypical for protein and peptide
assemblies in general based on studies from their group and others (92-95). The difference
between the various amyloidogenic proteins appeared to be mainly related to the kinetics of
formation rather than the structural and physical properties of the final products. Thus,
amyloids serve as unique structural elements of generic properties and universal chemical
organization. As most or all proteins eventually aggregate to produce the amyloidal state if a
sufficient incubation time is provided, it seems that the soluble form of proteins actually
only represents an energetically metastable state, and in time, the majority of proteins will
adopt an amyloid structure (96, 97). Living cells actively prevent the unwanted association
of proteins to form aggregated structures in a process called proteostasis (98-100).

3.1 Amyloids Are Also Natural Assemblies of Unique Physical Properties

Amyloids are also very interesting assemblies from a functional point of view. In various
microorganisms, amyloids serve as structural material for the formation of a communal
biofilm or the production of hyphae by a process of coordinated self-assembly (101). It
appears that these organisms employ the remarkably efficient process of self-assembly for
environmental fitness and protection against chemical and physical challenges. Another
functional role of amyloid fibrils appears to be the production of melanin. Pigment cell-
specific premelanosomal proteins undergo a process of assembly into amyloid structures that
catalyze the formation of melanin in the melanosomes.

These functional amyloid assemblies, as well as the disease-related ones, were found to be
extremely stable, showing notable mechanical rigidity (102) and label-free luminescence
(103). These physical properties are of special interest as peptide nanostructures, which were
discovered by the reductionist analysis of amyloid structures, possess properties similar to
the protein assemblies, as described in Section 3.2 below.

3.2 The Formation of Amyloids by Self-Organization

The process of amyloid formation is based on a nucleation-growth mechanism, similar to the
process of biomolecular crystallization into ordered three-dimensional arrays (104-108). In
such a process, a set of thermodynamically unfavorable steps of molecular association
occurs until a nucleus of a critical size is formed. This is followed by thermodynamically
favorable steps of sequential noncovalent addition of new molecules to the preformed
nucleus. The resulting structures are evidently supramolecular, and the organization of these
stable assemblies does not depend on the formation of any new covalent bonds. The process
is mainly mediated by a complex network of hydrogen bonds, although aromatic,
hydrophobic, and electrostatic interactions can also contribute to the nucleation and growth
steps.
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4 Searching for the Smallest Recognition Modules

4.1

4.2

Aimed at identification of the shortest recognition module that can form typical amyloid
fibrils, Kapurniotu and coworkers (109) performed a seminal work. The researchers
demonstrated that a hexapeptide fragment of the islet amyloid polypeptide, a 37-amino acid
amyloidogenic polypeptide associated with Type Il diabetes, could form typical amyloid
fibrils, showing the structural and biological properties of amyloids formed by much larger
amyloidal polypeptides. The hexapeptide, Asn-Phe-Gly-Ala-lle-Leu, forms typical amyloid
fibrils that show the same morphology, cytotoxic activities, and dye-binding specificity as
the full-length polypeptide. An even shorter tetrapeptide, Phe-Gly-Ala-lle, can form
unusually broad ribbons. The assemblies formed by both the hexapeptide and pentapeptide
building blocks show a high amount of B-sheet secondary structure, as determined by
analysis of the amide | vibration frequency using Fourier-transformed infrared spectroscopy.

Identification of Amyloidogenic Pentapeptides

In 2002, it was demonstrated that a pentapeptide fragment could form typical amyloid fibrils
with structural and chemical properties as found in assemblies obtained by aggregation of
much larger building blocks (110). The Asp-Phe-Asn-Lys-Phe peptide is part of the 31-
amino acid calcitonin polypeptide, the organization of which into amyloid fibrils is
associated with thyroid carcinoma. Identification of the fragment was based on the pH
dependency of amyloid formation by the full-length polypeptide. The only charged amino
acids in the entire peptide sequence were part of this pentapeptide, facilitating the truncation
experiments that identified the pentapeptide motif as the shortest amyloid-forming element
at that time. The organization of the peptide was recently determined by X-ray
crystallography (111) and confirmed the earlier model for the organization of peptide
building blocks.

Two other amyloidogenic pentapeptides were identified in another region of the Type 1l
diabetes-associated islet amyloid polypeptide (112). The identification of two minimal self-
associating sequences in the same polypeptide is quite intriguing and probably reflects the
fact that this polypeptide is one of the most potent amyloid-forming molecules known so far.
The Phe-Leu-Val-His-Ser and Asn-Phe-Leu-Val-His peptides, comprising a part of the
central recognition module of the polypeptide, were identified by peptide array technology.
The recognition module was identified by synthesis of a set of 28 overlapping decapeptides
spanning the entire sequence of the islet amyloid polypeptide (i.e., peptide representation
positions 1-10, 2-11, ... 28-37 of the polypeptide). This array of peptides was incubated
with the full-length 37-amino acid polypeptide, and the degree of binding was determined.
The most active region in the binding process was then utilized for the systematic
reductionist exploration of even the shortest elements within the decapeptide sequence that
could self-assemble into amyloid-like structures.

Identification of Designed Amyloidogenic Tetrapeptides

Although the exploratory studies outlined above were conducted with peptide fragments of
naturally occurring polypeptides, a later study using a designed peptide resulted in the
identification of a tetrapeptide, Lys-Phe-Phe-Asp, that efficiently formed typical amyloid
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fibrils (113, 114). These assemblies were very similar to the fibrils formed by much larger
polypeptides, and the driving forces seem to be aromatic interactions and electrostatic
attraction.

Follow-up studies by several groups clearly established the formation of typical amyloid-like
structures by very short peptides, ranging from tetrapeptides to hexapeptides and including
both peptide fragments and designed peptides. Thus, very short peptides contain all the
molecular information needed to mediate the process of molecular recognition and self-
assembly to form ordered assemblies. Moreover, very short sequences are sufficient for the
packing of polypeptide chains into regular structures.

4.3 The Role of Aromaticity in Amyloid Formation

Interestingly, all of these very short amyloid-forming peptides show high occurrence of
aromatic amino acids, especially phenylalanine (115). It was therefore suggested by the
author, in a hypothesis paper in 2002, that unlike the prevailing notion that amyloid
formation stems merely from hydrophobic interactions, interactions between aromatic
moieties may play a central role in the process of amyloid formation (115). Although
aromaticity is not essential for amyloid formation per se, which is a backbone-related
phenomenon, it appears to accelerate the process. This is especially crucial for very short
peptide fragments in which the degree of hydrogen bonding between backbone elements is
limited. It was suggested that the geometrically restricted interactions between aromatic side
chains can contribute to the acceleration of the self-assembly process by providing order and
directionality as well as binding energy (115).

The first high-resolution structural study of peptide amyloid fibrils using X-ray and electron
diffraction techniques, performed in 2005 by Serpell and coworkers (116), clearly
demonstrated the role of phenylalanine residues in the stabilization of intersheet packing via
rt-me stacking of the aromatic systems. Later studies demonstrated the same phenomenon in
other short amyloidogenic peptide fragments (117-120).

The notion of the role of aromatic residues in the process of amyloid self-assembly was
confirmed by a pioneering work by Dobson and coworkers (121). The authors mapped the
aggregation propensity of all 20 naturally coded amino acids and discovered that the
aromatic phenylalanine and tryptophan have the highest potential to promote amyloid
formation. It was found that these two amino acids actually have more than three times the
propensity to induce aggregation as compared to the highly hydrophobic and nonaromatic
isoleucine amino acids (121). Furthermore, it was realized that some aliphatic amino acids,
most notably leucine, actually have a negative propensity toward the self-assembly of
amyloid fibrils (121). Thus, this comprehensive work further established that the aromatic
model versus the hydrophobic model is the best way to understand the formation of ordered
amyloid supramolecular assemblies by proteins and polypeptides.

5 Diphenylalanine as a Key Building Block

The diphenylalanine peptide is one of the most studied peptide building blocks in peptide
nanotechnology. Its characterization was inspired by the study of amyloid self-assembly as
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described above in Section 3 (122). This peptide motif was also identified by a systematic,
reductionist, non-biased exploration of an amyloid system to determine the most
fundamental recognition unit that could form ordered structures at a nanoscale within the
polypeptide. Diphenylalanine comprises the central recognition module of the p-amyloid
polypeptide; an aggregation of this is associated with Alzheimer’s disease. The dipeptide
was identified because it is the common denominator between a heptapeptide that forms
amyloid fibrils and two pentapeptide inhibitors (122). It was found that the diphenylalanine
peptide efficiently forms nanotubes in aqueous solution by a simple self-assembly process,
very similar to that of proteins. Moreover, vibrational spectroscopy analysis demonstrated
that the single amide bond in the formed structures had properties similar to the amide bonds
in amyloidogenic proteins and peptides. The usefulness of the peptide as a template for
inorganic material fabrication was demonstrated by self-assembly of the peptide
nanostructures as a degradable cast to mold silver nanowires (122). lonic silver was
chemically reduced in the lumen of the nanotubes, followed by enzymatic degradation of the
peptide, resulting in high-aspect ratio 20-nm silver wires (122). It was also demonstrated
that similar nanotubes could be made with the self-assembly of a dipeptide made of the
enantiomeric D-isomer amino acid building blocks.

Either solvent switch or temperature switch techniques are first applied to obtain the peptide
in its monomeric form, followed by a remarkably efficient self-organization process to form
ordered assemblies. Later studies revealed that under similar conditions the simpler
nonnatural diphenylglycine analog forms spherical structures in aqueous solution with
similarly remarkable efficiency and uniformity (123).

5.1 Formation of Amyloid-Like Assemblies by a Protected Dipeptide

Later studies on diphenylalanine analogs allowed the identification of an even smaller
peptide, actually the simplest, that could form typical amyloid fibrils. It was found that
acetylation of the N terminus and amidation of the C terminus of the diphenylalanine
peptide result in the formation of fibrillary rather than tubular assemblies (124). In fact, the
N- and C-capped analogs may represent the genuine recognition processes taking place
within the polypeptide chains as the charge, present in the zwitterionic state of the peptide,
does not play a role in the assembly process in the context of the polypeptide. Thus, Ac-Phe-
Phe-NH> is most likely the simplest amyloidogenic peptide element identified so far (124),
which is consistent with the aromatic model that was hypothetically suggested (115) and
computationally confirmed (121).

Other studies on the N-capped Boc-diphenylalanine peptide revealed the ability of this
building block to form structures that undergo phase separation and its ability to evolve into
diverse forms by a mechanism consistent with Ostwald’s rule of stages (125). It is therefore
important to note that even very simple peptide sequences possess all the chemical
information required to facilitate their organization into higher-order dynamic structures.
Finally, modification of the peptide’s N terminus with the fluorenylmethyloxycarbonyl
(Fmoc) protecting group resulted in its assembly into an ordered and rigid macroscopic
hydrogel with nanoscale order (126, 127). Numerous research groups are currently exploring
these hydrogels for various technological applications.
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5.2 Physical Properties of the Peptide Assemblies

Careful characterization of the diphenylalanine structures revealed very unique physical
properties. The tubular peptide assembly shows remarkable rigidity with Young’s modulus
of 19-27 GPa as determined by point indentation and bending beam analysis (128, 129).
The spherical assemblies have an even higher metallic-like stiffness with Young’s modulus
of up to 300 GPa, as revealed by point indentation measurements (130). The assemblies
were also found to act as semiconductors with a bandgap of several eV (131-133). The
small size of the peptide building blocks actually allows the use of the quantum chemistry
approach for the calculation of the bandgap and density function theory analysis for
calculation of the bandgaps using first principles (133). Density function theory also helped
explore the basis for the remarkable rigidity as was observed in peptide assemblies (134,
135). Further studies also demonstrated piezoelectricity comparable to lithium niobate, the
best inorganic piezoelectric material (136). Moreover, the assemblies have clear pyroelectric
properties, and electricity could be produced upon exposure of the nanostructures to heat
(137). These observations promoted the field of peptide nanotechnology into a realm that
was previously available only for inorganic or carbon-based materials, such as graphene,
carbon nanotubes, and fullerenes (138).

The peptide assemblies also show clear luminescence at the visible range of the
electromagnetic spectrum (139), remarkably similar to protein amyloids as described above
in Section 3 (103). These features further demonstrate the structural and functional
similarities between the dipeptide nanostructures and amyloid fibrils.

The use of diphenylalanine for various technological applications has been repeatedly
demonstrated (reviewed in 138). Such applications include providing energy for the
locomotion of a nanoboat (140), production of electricity using a piezoelectric array of
peptide nanorods (141) (Figure 2), coating of medical devices (142), and fabrication of a
thermometer that measures low physiological temperatures (143) and those near absolute
zero (144). For a list of some examples of technological applications and their references see
Table 1.

6 Minimal Helical Motifs

Most of the work described above in Section 5 was based on B-sheet-rich protein amyloid
assemblies and the organization of short peptides into a similar molecular organization.
However, the other very common secondary structure of polypeptide chains, the a-helix,
also plays a role in various structural proteins. The formation of these structures is based on
the interactions between molecular interfaces in the organization of heptad repeats. Proteins
comprising a coiled coil, one of the interesting helical motifs, contain several helical repeats
that are arranged in tandem to mediate coordinated association into supramolecular
structures.

Pioneering work of Woolfson & Ryadnov (150) and Woolfson (151, 152) allowed the use of
peptide elements that are much shorter than the full-length coiled-coil forming proteins.
Peptides composed of three to four natural amino acid heptad repeats were found stable
enough to form supramolecular assemblies with structural and physical properties
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resembling the coiled structures formed by the natural proteins. These peptide assemblies
were useful in various applications, including structural materials and the production of
surfactants.

In spite of the usefulness of the short coiled-coil forming peptides, even shorter peptides that
could still assemble into superhelical structures were required. The main limitation in a
reductionist approach for exploring a peptide composed of the 20 coded amino acids is the
inherent instability of short helical peptides. The solution for the limited stability of the short
peptides was based on employing natural noncoded amino acids that are used for
nonribosomal synthesis of short peptides, specifically the natural noncoded a-amino
isobutyric acid (Aib) or a-methylalanine (Figure 3). This Ca-methylated amino acid is most
likely one of the best helix inducer amino acids known in nature, as was established by Karle
& Balaram (153). Aib is naturally used by microorganisms to stabilize short peptides, most
notably in the structure of the channel-forming alamethicin peptide antibiotic produced by
the Trichoderma viride fungus. In the context of peptide design to form ordered superhelical
structures, it was established that the incorporation of Aib in a single heptad repeat allows
the formation of superhelical assemblies that resemble the organization of the coiled coil
(154-156). These assemblies were found to have functional properties, including the ability
to act as a very efficient surfactant or to bind DNA molecules.

7 Coassembly for Extension of the Structural Space

Molecular self-assembly is a very useful method for the formation of various nanoscale
architectures, including nanotubes, nanospheres, nanoplates, and more. However, it also
poses limitations for control of the physical dimensions (Figure 46) of the assemblies and
the formation of non-canonical morphologies (Figure 4¢). Inspired by polymer chemistry
and the extensive use of copolymers, it was demonstrated that the use of coassembly could
allow manipulation of the self-assembly process (157-161), for example, by controlling the
length and distribution of peptide nanotubes or by facilitating the formation of toroids (160).

The use of coassembly for the production of nanostructures is a relatively new innovation in
peptide nanotechnology. The full potential of this approach still needs to be fully explored,
and it will surely become an important research procedure in the years to come.
Computational analysis using molecular dynamics has already been demonstrated as an
effective tool in the design of such complex structures.

8 Extension of the Building Block Repertoire

8.1 Peptide Nucleic Acids

In parallel with the advancements in peptide and protein nanotechnology, significant work
was performed on DNA nanotechnology. DNA has the advantage of intrinsic recognition
between complementary bases that allows a precise organization of ordered assemblies. To
take advantage of both peptide and DNA features, PNAs were studied because of their
ability to form ordered nanoscale assemblies (35, 36). PNAs are DNA peptoid analogs that
have a polyamide backbone and nucleobase side chains initially developed for the control of
gene expression. When studied for their ability to form ordered structures at the nanoscale, it

Annu Rev Biochem. Author manuscript; available in PMC 2019 January 30.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gazit

Page 11

was revealed that guanine-containing PNA dipeptides could form well-ordered structures by
molecular self-assembly (Figure 5). X-ray crystallography confirmed that indeed the
structures consist of stacking interactions, such as a peptide and Watson-Crick hydrogen
bonding between the bases as in DNA (Figure 5). Moreover, the PNA supramolecular
assemblies show very interesting fluorescence properties, including the red-edge excitation
shift. This is a lattice-related phenomenon that was previously reported in glassy materials
and graphene oxide and has been observed in bioorganic self-assembled nanostructures.

8.2 Assembly of Metabolites into Ordered Supramolecular Structures

A recent discovery that even a single phenylalanine could form amyloidal assemblies
significantly extended the world of bioinspired nanotechnology (reviewed in 162). Although
these are not peptide structures that share polypeptide organization and physicochemical
properties, the assemblies did share the structural features and the dye binding specificities
of protein- and peptide-amyloidal assemblies, and also revealed typical cytotoxicity, as
observed for protein and peptide amyloids and fragment-based structures.

Follow-up studies demonstrated the ability of other amino acids to organize into clusters,
similar to amyloidal oligomers, and their binding to membranes, another property that is
observed for self-assembled amyloid structures (162). Although phenylalanine assemblies
are clearly devoid of the amide bonds that occur in natural and synthetic polyamide, their
organization into ordered structures remarkably resembles that of protein and peptide
assemblies. The X-ray structure of the zwitterion form of phenylalanine clearly
demonstrated a B-sheet-like organization stabilized by hydrogen bonding between layers of
the amino acids and aromatic interactions between side chains. When a hypothetical
polyphenylalanine strand, computationally confined to a p-strand structure, was overlaid on
the amino acid crystal structure, a remarkable superposition was noted. Thus, it appears that
even for the single amino acid organization, the structure is also very similar to that of the
peptide assemblies, forming a type of supramolecular secondary structure resembling that of
proteins and peptides.

Later studies demonstrated that not only amino acids but also nucleobases and other
metabolites could form such typical amyloid-like fibrils (162). Thus, the formation of such
layered B-sheet-like assemblies is most likely a generic property of a large variety of
biological building blocks and is not limited only to the polyamides, proteins, and peptides.
Although many of the current studies of metabolite amyloid formation are concerned with
inborn errors of metabolism disorders in which the accumulation of various metabolites
takes place, another line of research is devoted to the material properties of the metabolite
assemblies. These include the ability of the metabolite to form peptide-like nanostructures
and also the ability to form macroscopic gels with nanoscale order. Extensive investigations
of this area are predicted for the future.

9 From Peptides Back to Proteins

The notable physical properties of the peptide assemblies raise the question of whether such
properties could be observed in protein assemblies. The electric properties, including
semiconductivity, piezoelectricity, and pyroelectricity, are intriguing. Piezoelectricity was
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previously reported in bones (163), but its physiological and pathological roles are not yet
understood. It would be extremely interesting to test whether the electric properties of
protein assemblies play a role in the biological world. One of the greatest innovations of the
twentieth century was the use of inorganic semiconductors for the production of functional
machines. It will be interesting to see whether proteins are naturally used in a similar way in
biological systems.

10 Summary and Prospects

This review provides a detailed account of the ability of extremely short peptide sequences
to form highly ordered and functional assemblies by the process of molecular recognition
and self-organization. The formation of nano- and microstructures with unique physical
properties by peptides, as short as dipeptides, clearly demonstrates the utility of the
reductionist approach in the design and synthesis of technologically valuable peptide
structures. Furthermore, the realization of the mechanism of assembly and the notable
physical properties of the peptide structures are very useful for the development of
diagnostic and therapeutic agents to treat amyloid-associated maladies.

As for the technological applications, peptides clearly represent a class of superior building
blocks for the production of self-assembled materials of desirable and tunable physical and
chemical properties. Even though the full potential of peptides is still not fully explored in
the material world, in principle, the cost of peptides should be very low if a demand for them
is formed. It should be emphasized that the notion of the inherent physical instability of
proteins and peptides is incorrect. The polyamides that are being used by biological systems
represent only a tiny part of the overall chemical space that could be obtained by the
combinatorial arrangement of amino acids in a linear chain. When thermophilic organisms
are studied, it is clear that functional proteins and peptides could be stable in temperatures
over 1000C. The use of synthetic polyamides in modern polymer science and the stability of
such materials for tens of years provide vivid evidence of the usefulness of polyamide
assemblies for technological applications and materials science.

The successful technological utilization of minimalistic peptide structures should drive
production and common industrial applications. Important new directions include the
introduction of building blocks that form superhelical assemblies, the use of PNA units, and
the utilization of coassembly techniques. Finally, the ultimate reduction from very short
peptides to small metabolites further extends the repertoire of building blocks for bioinspired
self-assembly.
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Future Issues

In spite of vast advancements in the field, many questions remain to be resolved during
the investigation of peptide-based nanotechnology in the coming years:

1

What is the minimal chemical information needed to achieve efficient self-
assembly into ordered nanostructures?

What is the physiological significance of the semiconductivity of the
assemblies? Does it have any role in the neurodegenerative processes
observed in amyloid-related disorders?

Could the assemblies be integrated with biological systems for a better man-
machine interface?

What is the minimal peptide length that allows the formation of functional
helical assemblies?

What are the future uses of peptide and nucleic acid integration technologies?
This is the biological process for the formation of highly complex machines
such as the ribosome. Could peptide nucleic acid (PNA) provide the
integration?

Avre there other cases, in addition to melanin synthesis, in which amyloid
assemblies play roles in natural biochemical synthesis pathways?

Did the formation of amyloid assemblies by very short peptides and the
catalytic properties of the amyloids play roles in the origin of life? In 2005,
this was hypothetically suggested (164), and it was very recently supported by
remarkable experimental confirmation (165, 166).
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Figure 1.

Hg:rarchal assembly of building blocks and the schematic representation of three molecular
species that undergo a sequential self-organization process. Initially, the three types of
molecules are randomly distributed. Then, one type of molecules undergoes self-assembly,
and the two others are randomly distributed. In the next stage, a coassembled structure that
contains two molecules is formed, and the third molecular species is in the solution. At the
final stage, a three-component supramolecular structure is formed.
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Au-coated Si
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Figure 2.
The fabrication of a power-generating device based on a diphenylalanine array. (a)

Schematic of the diphenylalanine peptide-based generator connected to the measurement
equipment. Bottom-right inset: photograph of a real device. The functional device was
produced by Professor Rusen Yang from the University of Minnesota and coworkers. (6)
Schematic of the measurement setup in which a linear motor pushes with controlled forces
on the top electrode in panel a. (¢) Photograph of the generator as a direct power source for a
liquid crystal display (LCD). (d,e) Photograph of the LCD before (d) and after (¢) the
generator in (c) was pressed by a human finger. Modified from Reference 141 under a
Creative Commons CC-BY license.
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Figure 3.

Formation of superhelical supramolecular assemblies of a single heptad repeat with
phenylalanines as interacting moieties stabilized by the incorporation of Aib, an a-
methylated residue. The process of molecular self-assembly leads to the formation of
ordered assemblies as observed using electron microscopy (scale bar is 100 nm). X-ray
crystallography shows the organization into helical assemblies with the hydrophobic
phenylalanines serving as interfaces between the helical elements. Modified from Reference
154 following author reuse guidelines.
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Figure 4.

Cgassembly as a strategy to tune dimensions and obtain new architectures. (&) Self-assembly
of a single type of molecule forms elongated ordered assemblies. (6) The addition of a
second species may control the assembly of the first type of molecule, resulting in structures
of a more limited length. For example, the addition of Boc-diphenylalanine to
diphenylalanine (as described in 161) led to the length of diphenylalanine nanotubes that
were described in Section 5. (¢) The addition of another type of molecular building block
may lead to an alternative architecture. For example, the coassembly of diphenylalanine and
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triphenylalanine at a specific molar ratio leads to formation of noncanonical toroids (as
described in 160).
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Formation of peptide nucleic acid (PNA)-based assemblies. The PNA building blocks
contain an amide bond. This type of bond is present in proteins, peptides, and the synthetic
polyamide polymers (such as Nylon® and Kevlar®), described in Section 2.1. However, the
side chains in PNA consist of nucleobases as in DNA or RNA. The process of molecular
self-assembly leads to the formation of ordered assemblies, observed using electron
microscopy (scale bar is 10 pm). X-ray crystallography shows them in a stacked assembly
similar to the dipeptide assemblies described in Section 5. However, in addition, there are
Watson-Crick hydrogen bonds like those observed in nucleic acid structures. Modified from
34 following author reuse guidelines.

Annu Rev Biochem. Author manuscript; available in PMC 2019 January 30.



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Gazit

Table 1

Technological applications of ultrashort peptide nanostructures

Physical property Technological application Reference(s)
Temperature-dependent luminescence | Thermal imaging and absolute temperature monitoring | 143, 144
High quantum yield luminescence Diagnostics of biological processes 147
Piezoelectricity Energy harvesting devices 136, 141
Pyroelectricity Energy harvesting devices 137
Capacitance Supercapacitors 145
Chemical energy of assembly Nanoboat locomotion 140
Electrochemical properties Supersensitive sensor 146
Metal binding and drug loading Drug-eluting stents 142
Light harvesting Photosynthesis mimicking 148
Mechanical rigidity Epoxy resin reinforcement 149

Annu Rev Biochem. Author manuscript; available in PMC 2019 January 30.

Page 27



	Abstract
	Introduction
	Molecular Self-Assembly of Proteins and Peptides
	Polyamides as Preferable Synthetic Materials
	Peptides Are Minimal Functional Units That Could Be Readily Synthesized
	Beyond the Twenty Coded Amino Acids
	Early Work on the De Novo Design Self-Assembly of Peptides

	Amyloid Assemblies as a Generic Organization Motif
	Amyloids Are Also Natural Assemblies of Unique Physical Properties
	The Formation of Amyloids by Self-Organization

	Searching for the Smallest Recognition Modules
	Identification of Amyloidogenic Pentapeptides
	Identification of Designed Amyloidogenic Tetrapeptides
	The Role of Aromaticity in Amyloid Formation

	Diphenylalanine as a Key Building Block
	Formation of Amyloid-Like Assemblies by a Protected Dipeptide
	Physical Properties of the Peptide Assemblies

	Minimal Helical Motifs
	Coassembly for Extension of the Structural Space
	Extension of the Building Block Repertoire
	Peptide Nucleic Acids
	Assembly of Metabolites into Ordered Supramolecular Structures

	From Peptides Back to Proteins
	Summary and Prospects
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

