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Abstract

In recent years there has been increasing interest in nanostructure design based on the self-

assembly properties of proteins and polymers. Nanodesign requires the ability to predictably 

manipulate the properties of the self-assembly of autonomous building blocks, which can fold or 

aggregate into preferred conformational states. The design includes functional synthetic materials 

and biological macromolecules. Autonomous biological building blocks with available 3D 

structures provide an extremely rich and useful resource. Structural databases contain large 

libraries of protein molecules and their building blocks with a range of sizes, shapes, surfaces, and 

chemical properties. The introduction of engineered synthetic residues or short peptides into these 

building blocks can greatly expand the available chemical space and enhance the desired 

properties. Herein, we summarize a protocol for designing nanostructures consisting of self-

assembling building blocks, based on our recent works. We focus on the principles of 

nanostructure design with naturally occurring proteins and synthetic amino acids, as well as hybrid 

materials made of amyloids and synthetic polymers.
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1 Introduction

Nanotechnology aims to design novel materials and molecular devices, often by exploiting 

the natural ability of molecules to self-assemble into larger, ordered structures at the 

nanoscale. Nanotechnology applications include targeted drug delivery systems, 

computational devices, and scaffolding tissues [1–3]. In nature, protein domains often self-

assemble, spontaneously organizing in stable higher-order structures through noncovalent 

interactions. These molecules may create large complexes of well-defined structures and 

functions. The shapes, sizes, and functions of these structures are determined by the amino 

acid sequence of these proteins [4, 5]. In recent years there has been much focus on the 

experimental and computational design of self-assembled nanomaterials based on the self-

assembly properties of proteins. Exploiting the natural ability of macromolecules to self-

assemble can be a very useful approach in the design and construction of novel molecular 

structures [5–8]. Much work has been done in recent years in the design and construction of 

nanostructures using DNA, RNA, and protein segments [9–14]. Advances in peptide 

synthesis and molecular engineering techniques have made self-assembly of peptide 

segments a favorable route by which to obtain nanostructures [5, 15–17], particularly those 

consisting of single or associated tubes, fibers, and vesicles.

Computational methods have become a powerful tool in nanobiology and nanostructure 

design. The use of advanced simulation methods and efficient modeling algorithms, in 

addition to the rapidly increasing amount of data in DNA, RNA, and protein databases, can 

considerably accelerate the design process via fast probing of many possible models in a 

high-throughput cost-effective way, aiming to experimentally test only feasible models. In 

this chapter we describe a computational and experimental protocol, based on our previous 

and current work. We first introduce a protocol for designing self-assembled nanostructures 

from naturally occurring protein motifs, followed by structural enhancement by synthetic 

amino acids. Next, we introduce a related method to construct nanostructures based on 

amyloid peptides. Finally, we introduce a protocol to design hybrid materials based on the 

conjunction of functional amyloids and synthetic polymers.

2 Computational Nanodesign

Construction of stable nanostructures using natural building blocks is a reasonable and 

promising strategy toward precisely and quantitatively controlling the supramolecular 

assemblies. A building block is a well-defined secondary structural unit which, if cut from 

the protein chain and placed in solution, is still likely to have a conformation similar to the 

one it has when embedded in the native protein structure. The Protein Data Bank (PDB) is 

populated by an extensive repertoire of building blocks, with different shapes, sizes, and 

chemical properties which can be used in rational design of protein-based nanostructures 

[18]. Some naturally occurring proteins contain a tubular or fibrillar motif in their folds. A 

good example of tubular proteins is the β-helix protein fold. The fold of β-helical proteins 

contains a repetitive helical strand-loop motif [19], where each repeat contributes a strand to 

one or more parallel β-sheet(s). The left-handed β-helical fold is especially suitable: the 

tubular structure is regular and symmetrical and is often stabilized by a network of 

interactions between similar residues in consecutive coils [20] (see Fig. 1).
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The common types of interactions in β-helices include:

1. Asparagine (or glutamine) ladders that stabilize the helical structure through 

hydrogen bonds between residues in consecutive rungs (Fig. 1a).

2. Stacking of aromatic (Phe, Tyr, His) and aliphatic (Pro) rings (Fig. 1b).

3. Hydrophobic interactions (especially Val, Ile, Leu) (Fig. 1c).

The tubular nature of left-handed β-helical proteins makes them excellent candidates to be 

used as building blocks to construct fibrillar or tubular nanostructures without the need to 

perform many structural manipulations. In addition, their helical and symmetric structure 

makes them good candidates to be excised and tested as modules.

In our work [21] we presented a general approach to the design of nanostructures based on 

the potential assembly property of protein segments, in which the segments are taken from 

naturally occurring proteins and have preferred conformational tendencies. We designed 

nanoconstructs based on left-handed β-helical proteins by selecting short (two turns), 

repetitive motifs and extracting the corresponding coordinates from the PDB [22]. We 

assembled copies of the motifs on top of one another so that the assembled nanotube had an 

almost perfect equilateral triangular shape, with each side being ~18 Å. We simulated the 

nanostructures using molecular dynamics (MD) to test their structural stability over time. 

Figure 2 illustrates a schematic flowchart of the process. Our design principle is that if the 

nanostructures can preserve their tube organization and motif association during the 

simulations, they are promising candidates for experiment. Otherwise, if the nanostructures 

cannot preserve their original organization in the simulations, they are unlikely to preserve 

their organization in experiment as well. For those unstable nanostructures, in a subsequent 

stage (see next sections) we reduced the conformational freedom by introducing restricted 

synthetic residues in strategic positions to improve the structural stability of the designed 

nanostructures. For a successful design, it is desirable that the substitutions retain both 

favorable packing interactions and hydrogen bonding with the neighboring residues. Of the 

17 systems that we tested, the construct based on the assembly of copies of residues 131–

165 of galactoside acetyltransferase from E. coli (PDB code: 1krr, chain A) was very stable 

over the simulation time under all of the tested temperature and ionic strength conditions. 

Figure 2 shows the sequence and structure of the 1krr system. To assess the structural 

stability of our tested models, we looked at the retention of the structural organization over 

time. We largely focused on the organization of the loop regions since these are typically the 

least stable. We also studied the effect of specific amino acids and chemical interactions on 

the conformational stability of the structure, focusing again on loop regions. Through 

mutational study, we found that apart from the characteristic inter-strand interactions of β-

helical proteins, the presence of proline residues around the loop areas greatly contributes to 

the retention of the loop structure and hence to the stability of the overall conformation. In 

addition, in many cases we found a relatively large number of glycines in loop regions. 

These glycines were involved in hydrogen bonds with the side chains of other residues in 

their vicinity and hence contributed to maintaining the conformation of the loops. We next 

aimed to further enhance the stability of the system by inserting specific point mutations 

using noncoding amino acids whose structures are available. The choice of such 

conformationally restricted residues and the positions of insertion were guided by our 
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mutational observations on the stabilizing effects of naturally occurring residues on the 

entire system. This work is described in more details below.

We next aimed to modify the 1krr-based nanostructure [23] toward useful biological 

functions. The original construct is characterized by an internal hydrophobic core, 

containing mainly valine and isoleucine residues, rendering it inappropriate for the transfer 

of matter or charge. Since the hollow space inside the structure was narrow and unsuitable 

for the transport of large molecules, charge transfer seemed to be a feasible application. 

However, to allow charge transfer we had to modify the chemistry of the internal core of the 

structure. Charge can be transferred through π-electron stacking or through H1 transfer. 

Although charge transfer cannot be modeled through classical mechanics, this methodology 

was appropriate to assess its feasibility. We considered two different scenarios for charge 

transfer: (1) formation of ladders of π-electron-rich functional groups by substituting some 

of the original residues in the interior of the construct by other residues capable of π-

stacking; and (2) the generation of proton transfer environment through a network of salt 

bridges, reminiscent of the serine protease catalytic triad. The two necessary conditions to 

achieve this goal are:

1. The mutated structures must still retain their tubular structuresin the simulation.

2. There must be a side-chain distribution that allows these chemical processes.

To create a ladder of π-stacking residues and to test whether this would affect the structural 

organization, we inserted a row of histidine residues in each of the three beta-sheets, one 

sheet at a time (see Fig. 2b for an illustration of an example, the histidine mutant) and 

simulated the mutated structures. Histidine is an aromatic amino acid capable of π-stacking. 

Its side chain is fairly similar to the size of valine and isoleucine so no drastic steric 

hindrance or structural changes were expected to occur. The pKa of histidine is six, so in a 

physiological pH it can assume both a neutral and a charged form with a relatively high 

probability. Moreover, its neutral form corresponds to equilibrium between two states: one 

with d hydrogen (ND) protonated and the other with e hydrogen (NE) protonated. This 

allowed us to test different possible combinations of ionization states. Naturally, we could 

not sample all possible ionization states due to computational time limitations, but we tried 

to sample as many as possible as well as different combinations of ionization states. We 

identified a position where, despite the insertion of histidine, the simulated nanostructures 

retained their initial organization to a reasonable extent and created a configuration made of 

networks of neutral histidine, charged histidine, and aspartate, imitating the serine protease 

catalytic triad. We suggested a structure with a π-stacked row of alternatively neutral and 

charged histidine residues that interact with a row of aspartate residues through salt bridges, 

and thus provided the conditions for creating a nanosystem potentially capable of charge 

transfer.

2.1 Nonstandard Amino Acids

The catalog of amino acids available nowadays for materials sciences applications has 

rapidly expanded. Only in natural structures, there can be found more than 700 different 

amino acids [24, 25] (most of them, also L-amino acids) beyond the 20 genetically coded L-

amino acids that are contained in proteins. Furthermore, many others have been imagined 

Haspel et al. Page 4

Methods Mol Biol. Author manuscript; available in PMC 2021 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and synthesized by organic chemists [24–28]. All those compounds are named under a 

common designation of nonproteinogenic or noncoded amino acids (nc-aa). Although they 

are not involved in ribosomal synthesis of native peptides and proteins, several naturally 

occurring peptides and proteins contain nc-aa [29, 30]. The majority are the results of post-

translational modifications that active proteins undergo upon release from the ribosome. 

Most of these chemical modifications have been found to play crucial roles in both the 

regulation of metabolic routes and genomic expression. The part played by citrullination 

(conversion of arginine residue to citrulline) in the relaxation of chromatin and the 

modulation of the pluripotency of stem cells is especially noteworthy [26].

Currently the use of such molecules stretches over almost all fields of applied natural 

sciences. They are applied to improve the pharmacological profile of natural peptides 

endowed with biological activity [31, 32] (to confer resistance against enzymatic 

degradation, enhance membrane permeability, or increase selectivity and affinity for a 

particular receptor), and are responsible for the development of nonpeptidic drugs [33]. On 

the other hand, nc-aa have recently been used in biotechnology for protein reengineering 

[34, 35]. Thus, proteins containing such residues can acquire new chemical features such as 

fluorescence [36, 37], redox-activity [38], photosensitivity [37, 39], and specific chemical 

reactivity [40]. Those new spectroscopic properties [41] can be used as biosensors, 

spectroscopic or biophysical probes, or even for building new nanosystems for drug delivery 

and diagnosis through imaging to be used in medicine [34, 40, 42, 43]. Other applications of 

Nc-aa are their use in nanobiology to promote the self-assembly of nanostructures [44, 45] 

or for developing bioinspired synthetic organic polymers that emulate the shape and 

properties of natural peptides and proteins [46, 47].

2.2 Structurally Restricted Amino Acids

Practical use of nc-aa is frequently hampered by the high degree of dispersion that their 

relevant conformational data present. The most accurate information is extracted from first 

principle calculations, which are typically reported in physical chemistry journals, whereas 

their synthetic details are dispersed among specialized journals of organic chemistry. 

Moreover, spectroscopic and structural studies of small peptide containing nc-aa are 

generally performed by organic and peptide chemists and their findings are away from 

biology specialized journals. However, most applications of nc-aa are developed and tried by 

researcher working on fields related with medicine, protein science, or materials 

engineering. The lag of systematically correlated information and the great potential 

applicability of nc-aa led us to integrate these diverse existing contributions into a unified 

and simple informatics tool that should facilitate the universal use of nc-aa in practical 

applications. This new database contains the conformational descriptors of any nc-aa ever 

studied and any relevant bibliographic information about already reported practical uses. 

The NCAD (Non-Coded Amino acids Database) [48] is a database designed to identify the 

most suitable nc-aa for any given structural motif, compatibility required for any use in both 

life and materials sciences. Our tool integrates all structural and energetic descriptors 

previously reported using quantum mechanics calculations for each nc-aa. A summary of the 

information integration in the database is presented in Fig. 3. Per each amino acid NCAD 

contains its complete structural profile, which includes a detailed description of each 
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minimum energy conformation (dihedral angles, three-dimensional structure, relative 

energy, etc.) and, if available, all the bibliographic information related to experimental data, 

included all reported applications (both in bioscience and materials science).

Since simulations can quickly probe many models and provide potentially good candidate 

nanostructures in terms of structural stability and minimum free energy for experimental 

test, they could accelerate the design process.

2.2.1 Application to β-Helices Motifs—To enhance the thermodynamic stability of a 

given β-helical repeat sequence, we engineered chemically constrained residues with 

backbone conformational tendencies similar to those of natural amino acids in the most 

mobile (loop) regions. Among the synthetic residues that our group has prepared and 

studied, here we focused on 1-aminocyclopropanecarboxylic acid (Ac3c), a simple cyclic 

R,R-dialkylated amino acid with strong stereochemical constraints induced by the highly 

strained cyclopropane ring. We also tested its double-phenyl derivative, 1-amino-2,2-

diphenylcyclopropanecarboxylic acid (c3Dip), a cyclopropane analogue of phenylalanine 

bearing two germinal phenyl rings. However, this substitution was unsuccessful, due to the 

steric effects induced by the residue side chain size.

2.2.2 Survey of Ac3c Derivatives—Ac3c is the simplest achiral C-α-tetra-substituted 

α-amino acid with Cα↔Cα cyclization (Fig. 4). The stereochemical constraints of this 

amino acid are produced by the unfavorable steric interaction of the two β-methylene groups 

and by the three-membered ring rigidity. The conformational preferences of Ac3c were 

characterized by energy computations of the monopeptide [49–51] and X-ray diffraction 

analyses [52–55] of a variety of peptides of this residue up to the tetramer level. These 

studies illustrated that the Ac3c amino acid prefers the “bridge” region of the Ramachandran 

map, i.e., φ, ψ ≈ ±80°, 0°, which corresponds to position i + 2 of type I/I′ and type II/II′ β-

turns. Theoretical studies indicated that the tendency of Ac3c to adopt a small value of ψ is 

due to the hyper-conjugation between the lone pairs of the carbonyl oxygen of the residue 

and some adjacent molecular orbitals associated with the C-β-C-β′ bond [56]. This 

conjugative ability of the Ac3c cyclopropyl moiety was demonstrated by X-ray 

crystallography. The N-Cα and Cα-C bond lengths are significantly shortened compared to 

Cα-tri-substituted and Cα-tetra-substituted α-amino acids [57], and the mean exocyclic N-

Cα-C bond angle is significantly larger (116–118°) than the tetrahedral angle (109.5°). 

Thus, the strong tendency of Ac3c to adopt β-turn conformations is enhanced by specific 

intra-residue electronic interactions.

Incorporation of selectively oriented side-chain substituents into conformationally restricted 

amino acids allows increased control of the backbone fold [58]. Cyclopropane analogues of 

phenylalaline are particularly attractively because the rigidly oriented phenyl side groups 

may interact with the backbone sterically and electronically through the aromatic π-orbitals 

[53, 55, 59]. The side chain orientation of 1-amino-2-phenylcyclopropanecarboxylic acid 

(c3Phe) stereoisomers drastically affects the backbone conformational preferences, with a 

tendency to adopt folded conformations [56, 60, 61]. This tendency was observed in the 

stereoisomers of 1-amino-2,3-diphenylcyclopropanecarboxylic acid with the phenyl 

substituents in a trans relative disposition (c3DiPhe) [59, 62] in both solid state and solution. 
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A cyclopropane analogue of phenylalanine bearing two geminal phenyl side substituents was 

recently incorporated into Pro-c3Dip. X-ray diffraction analysis showed that the (S)-Pro-(R)-

c3Dip stereoisomer adopts two consecutive γ-turns stabilized by intramolecular hydrogen 

bonds [63]. The ability of c3Dip to adopt a γ-turn and to induce this structural motif in 

neighboring amino acids was explained by calculations [64]. The dihedral angle ψ values 

for all cyclopropane analogues of phenylalanine are close to 0° due to the presence of hyper-

conjugative effects [56, 62, 64]. It is worth noting that interesting supramolecular structures 

have been characterized for peptides rich in c3Dip [65, 66]. Here we focused on Ac3c, the 

simplest Cα-tetra-substituted cyclic R-amino acid promoting β-turn-type conformations, and 

c3Dip (Fig. 4), in which the Ac3c conformational preferences are guided toward the γ-turn. 

Force field parameters for Ac3c and its derivatives were explicitly developed [50, 51].

To test our design principle, we built two nanotubes using two different motifs of 1krr and 

1hv9, both of which adopt similar left-handed β-helical conformation. When submitting the 

two nanotubes to MD simulations, it can be seen clearly in Fig. 5 that the 1krr nanotube with 

four repeat β-helical units can well preserve its original tubular structure and display high 

structural stability (Fig. 5a, b). Moreover, 1krr nanotube bundle—containing three β-helical 

segments forming a trimeric structure along a threefold screw axis—can retain both the 

individual tubular structure and the overall trimeric structure. Conversely, the 1HV9 

nanotube completely lost the initial, compact nanotubular structure, and all β-helical units 

started to separate from each other (Fig. 5c). Further structural analysis has determined the 

most unstable residues at the turn region. Based on our design principle, we replaced two 

turn residues of Asn5 and Ala27 with the conformationally restricted 1-

aminocyclopropanecarboxylic acid (Ac3c) residue, and the mutated 1hv9 nanotube were 

able to retain its original tubular structures and displayed very high structural stability (Fig. 

5d). Compared to the unstable wild-type 1hv9 nanotube, the enhanced stability originates 

not only from the increasing number of hydrogen bonds and hydrophobic contacts between 

each building subunit, but also from the reduced flexibility in the loop regions induced by 

Ac3c within each building subunit. Thus, the Ac3c geometrical confinement effect is 

sequence-specific and position-specific.

2.2.3 Simulation Protocol—Calculations were performed by using the NAMD package 

[67]. All of the atoms of the system were considered explicitly, and the energy was 

calculated by using the CHARMM22 force field [68]. Water molecules were represented 

explicitly, by using the TIP3 model [69]. The simulations were performed by using the NVT 

ensemble in an orthorhombic simulation box. We chose constant volume simulations 

because all of the trajectories were obtained at high temperature. By these means, we could 

ensure that proper density distribution would not be lost due to thermal effects. Periodic 

boundary conditions were applied by using the nearest image convention. The box size was 

adjusted to fit the complex size, so that infinite dilution conditions would be maintained. The 

box dimensions were adjusted to (50 × 50 × 70 Å3) to ensure infinite dilution. Each system 

contained approximately 15,000–20,000 atoms, including the solvent. The starting 

molecular structures were built by using the INSIGHTII molecular package (2000, Accelrys, 

San Diego, CA). For any given arrangement, we fixed the inter-turn distance of adjacent 

repetitive units to match the inter-strand distance within each unit, which was approximately 
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4.5 Å. The charge of all potential titratable groups was fixed to those values corresponding 

to neutral pH, such that all aspartic acid side chains were represented in their anionic form 

and all lysine side chains in their acidic positively charged form. Both peptide edges were 

capped to avoid interactions between adjacent termini.

2.2.4 The Simulation Conditions—We performed the simulations under the following 

conditions:

1. No ions in the solution, 300 K.

2. No ions in the solution, 360 K.

3. Ionic strength of 0.23 % w/w, 300 K (approx. 8 ions).

4. Ionic strength of 0.5 % w/w, 300 K (approx. 16 ions).

5. Ionic strength of 0.8 % w/w, 300 K (approx. 24 ions).

In the case of ionized solution, we kept the overall charge of the system neutral for the use of 

EWALD particle mesh summation [70] to calculate the electrostatic charges. The ions were 

chloride and sodium.

Before running each molecular dynamics simulation, the potential energy of each system 

was minimized by using 5000 conjugate gradient steps. The heating protocol included 15 ps 

of increasing the temperature of the system from 0 K to the final temperature of 300 K (or 

18 ps of increasing the temperature from 0 to 360 K) plus 100 ps of an equilibration period. 

We perform the simulations at 300 and 360 K in order to enhance the stability differences 

between the models by means of thermal stress. Furthermore, using high temperature 

allowed us to infer some kinetic tendencies. Residue-based cutoff was applied at 14 Å, i.e., 

if any two molecules have any atoms within 14 Å, the interaction between them is evaluated. 

A numerical integration time step of 1 fs was used for all of the simulations. The nonbonded 

pair list was updated every 20 steps, and the trajectories were saved every 1000 steps (1 ps) 

for subsequent analysis. Each simulation was run for a period of 20 ns. Potentially stable 

systems were run for an additional 20 ns.

We have used this protocol for a few years [21, 23, 71–76] and observed that its results 

correspond to experimental observations [77–80].

2.2.5 Structural Analysis—We calculated the structural conservation in the following 

ways:

• Conservation of the size of the structure with respect to the minimized structure: 

the trajectories were aligned with the initial structure, and the RMSD was 

calculated with respect to C-α atoms.

• Conservation of the loops was defined as the RMSD of the Cα of each residue of 

the loop with respect to the initial minimized structure. In addition, the 

distribution of the backbone dihedral angles was plotted.

• Sequence alignment and analysis were performed with the CLUSTALX software 

[81].
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3 Introduction to Hybrid Materials Based on Amyloid-PLA Conjugates

Hybrid materials are one of the most active areas in biomaterials science. This is because by 

combining different types of molecules it is possible to merge their properties into new 

useful chimeric compounds. In the particular case of peptide-polymer conjugates, which 

result from the covalent integration of a peptide with a synthetic polymer block, they are 

especially attractive because this kind of hybrid macromolecules combines unique properties 

that come from the precise chemical structure and functionality of peptides and the stability, 

functions, and processability of synthetic polymers [82, 83]. The conformational profile of 

peptide-polymer hybrid compounds has a crucial importance due to its influence on many 

other parameters such as binding affinity and bioactivity. The conformational landscape of 

new conjugated macromolecules cannot be understood only in terms of a simple addition of 

their parts; rather, the dynamic interactions between them should also be considered. Thus, 

conformational exploration needs to be carried out for the whole system and for its separate 

components, and the results have to be compared. The huge number of feasible 

combinations of the conformational states of each of the molecular components dramatically 

increases the complexity of the problem. Theoretical chemistry tools provide a feasible 

approach for conformational exploration, since they allow performing the search in a faster, 

more efficient manner. Diblock copolymers that covalently link proteins and synthetic 

polymers are among the most promising chimeras, being the subject of intense research 

using both synthetic and theoretical approaches.

Self-aggregating proteins are found in several pathological processes and are also a target in 

material science due to their ability to spontaneously form ordered materials with useful 

physicochemical and mechanical properties [84]. Arginine-Vasopressin (hereafter Vas) and 

Neuromedin-K (also known as Neurokinin B, and hereafter abbreviated Neuro) are among 

those peptides that are known to self-aggregate. Vas is a peptidic human hormone involved 

in the pathogenesis of neurohypophyseal diabetes insipidus (NDI) by aggregating into 

amyloid-like microfibrils; Neuro is a member of the tachykinins protein family that plays an 

important role as a neurotransmitter and neuroregulator with the ability to form fibrils 

resembling amyloids [84]. Neuro has been shown to decrease neuronal damage caused by 

beta-amyloid protein aggregation by interfering in this molecular process. These two 

peptides have an intrinsic ability to form self-aggregating self-structured biomaterials both in 

vivo and in vitro; however, immunological problems may arise due to their proteinogenic 

nature. On the other hand, poly(R-lactic acid) (R-PLA, also known as PDLA) is a semi-

crystalline biodegradable and biocompatible polyester that has physicochemical properties 

suitable for making release-controlled systems and tissue engineering scaffolds. These 

features make R-PLA a suitable candidate for introducing biocompatible components by 

conjugating it to these other molecules. Formation of hybrid conjugates by combining 

peptides (and proteins) with synthetic polymers result in chimeras (i.e., artificial 

biomolecules) with a useful set of features, where each component has different sets of 

properties. The capability of peptides and proteins to self-organize into supra-molecular 

arrangements complements the inherent tendency of R-PLA to similarly self-organize at the 

supra-molecular level. This polyester has a crystallinity of around 37 %, a glass transition 

temperature between 60 and 65 °C and a melting temperature between 173 and 178 °C. The 
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fusion of such properties may lead to novel macromolecules capable of self-aggregation and 

self-organizing while preserving the key properties of biodegradability and biocompatibility 

[85].

In a recent work [86] we used computational methods to characterize the conformational 

preferences of two new hybrid materials derived from the conjugation of Vas and Neuro to a 

150 residues-long R-PLA chain. Determination of the influence of the polymer component 

on the conformational preferences of the peptide component is a key question for peptide-

mediated self-aggregation, since the conformation of the peptide has a strong impact on such 

processes. Our study focused on the hypothesis that noncovalent self-aggregation involving 

tight binding to a hairpin-like backbone conformation enables amyloid formation. Thus, the 

conformational profiles of the free peptides were first assessed so it can be compared with 

the conformational profile of the polymer-linked peptide. The comparison between the free 

peptides and the peptides linked to a model polymer provided an initial benchmark for 

studying novel potentially self-aggregating materials. Our approach relied on the premise 

that similar conformational behavior of the free and the polymer-linked peptides, is expected 

to lead to similar properties. Next we investigated the properties of the polymer when 

isolated and when conjugated to the peptides to ascertain that it also retains its global 

properties. Here, we briefly describe the conformational characterization of two 

amyloidogenic peptides and two new chimeric molecules combining the properties of 

amyloidgenic peptides and polymers. The study of these specific cases allowed us to model 

new peptide-polymer chimeras based on general trends observed in studies such as the one 

presented here. This work set the path for further theoretical and experimental work not only 

to address the peptide and polymer self-aggregation but also to develop new biomaterials 

with advanced properties.

Details of the preparation and characterization at the molecular level of the peptide-polymer 

conjugates resulting from the combination of FF and poly(L-lactide) (PLA), hereafter 

denoted FF-PLA were described elsewhere [87]. Conjugates based on biodegradable PLA, 

which is obtained from renewable resources, are expected to present important medical and 

biotechnological applications. PLAs are produced by ring-opening polymerization (ROP) of 

lactides and the lactic acid monomers used are obtained from the fermentation of sugar feed 

stocks. The different stereoisomeric PLA grades, which are produced from L-, D-, and D,L-

lactides, can be used in biomedical devices (e.g., scaffolds and drug delivery systems) in 

which they slowly hydrolyze back to lactic acid and reenter the Krebs cycle. Fan et al. [88] 

described the synthesis of L-phenylalanine-terminated PLA, F-PLA, using a three-step 

process: (1) hydroxyl-terminated PLA was synthesized through the ROP of L-lactide; (2) the 

hydroxyl end group of PLA was blocked with Boc-L-phenylalanine; and (3) the free amino 

end group was obtained by removal of the t-butoxycarbonyl group. The resulting F-PLA 

conjugate was employed as macroinitiator for the synthesis of poly(L-lactide)-b-poly(L-

lysine) block copolymers.

We prepared and characterized F-PLA and FF-PLA using an alternative process [87] to the 

one discussed above [88]. Accordingly, the polymer was grown from the peptide segment, 

which was used as initiator of the polymerization reaction (Fig. 6a). This conjugate 

exhibited relatively high molecular weights (i.e., 49,000 and 66,000 g/mol and 
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polydispersity of 1.41 and 1.48 for F-PLA and FF-PLA, respectively) and a yield of ~70 % 

for the PLA component. A suitable choice of the reaction time and temperature avoided 

thermal degradation of the biomaterial. The degree of crystallinity was around 30–33 % for 

the two hybrids, which is consistent with the relatively long segments arranged in a 107 

helical conformation identified by FTIR spectroscopy. Circular dichroism (CD) 

spectroscopy was used to examine the possible interactions between the peptide and polymer 

fragments in the conjugates, with the results indicating the absence of interaction between 

the two fragments for F-PLA and very weak for FF-PLA.

To gain microscopic information about the level organization of the fragments and the level 

of interaction among them, MD simulations were performed on a model conjugate formed 

by a 40 residues-long tail of PLA linked to the C-terminus of a diphenylalanine peptide. 

Simulations, which were performed in 1,1,1,3,3,3-hexafluuoroisopropanol to facilitate the 

comparison with available experimental data, evidenced that the peptide fragment retains the 

intrinsic conformational preferences of diphenylalanine. This conclusion was in agreement 

with the relatively scarce interactions found between the FF and PLA blocks by CD 

spectroscopy. Indeed, the existent interactions were restricted to hydrogen bonds between 

the nonterminal phenylalanine residue and the L-lactide unit immediately after it. Thus, PLA 

tends to organize independently, which is essential for the construction of peptide guided 

assemblies.

Similar conclusions were reached in a previous study devoted to the hybrid amphiphile 

formed by the conjugation of a hydrophobic peptide with four phenylalanine (Phe) residues 

and hydrophilic poly(ethylene glycol) (PEG), hereafter denoted FFFF-PEG. This polymer is 

widely used in biomedicine because its properties as steric stabilizer, which help to 

encapsulate insoluble small molecules such as drugs, prevent or hinder their uptake, and 

facilitate their slow release. Experimental results reported by Castelletto and Hamley [89] 

revealed that FFFF-PEG tends to aggregate via hydrophobic interactions, even at moderately 

low concentrations, with a characteristic critical aggregation concentration. Above it, β-sheet 

organizations are detectable even before straight fibril structures start growing and 

depositing. These aggregates are much shorter than those observed for amyloid peptides 

though. Finally, PEG crystallization does not disrupt local β-sheet structure, even though on 

longer length scales the β-sheet fibrillar structure might be perturbed by the formation of 

spherulites from PEG crystallization. Theoretical studies using a combination of quantum 

mechanical calculations and atomistic molecular dynamics simulations allowed us to 

conclude that the two counterparts of FFFF-PEG amphiphile tend to organize as independent 

modules [90], as was also proved for FF-PLA.

Recently our lab has developed a new strategy for the preparation of peptide-polymer 

conjugates. This approach is based on the concept of chemical similarity of the two 

components of the conjugate. In order to achieve this similarity, exotic amino acids bearing 

the chemical characteristics of the polymer are designed and, subsequently, synthesized 

(e.g., Fig. 6). For example, synthetic amino acids bearing a 3,4-ethylenedioxythiophene 

(EDOT) were prepared to produce conjugates with poly(3,4-ethylenedioxithiophene) [91, 

92], abbreviated PEDOT. The latter is among the most successful electroactive conducting 

polymers due to its excellent electrochemical and thermal properties, high conductivity, 
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good environmental stability in its doped state, mechanical flexibility, relative ease of 

preparation, and fast doping-undoping process [93, 94]. We showed that the conjugates 

obtained by linking such synthetic amino acids with PEDOT (named PEDOT-I and PEDOT-

II in Scheme 1) exhibit electrochemical and electrical activity. Furthermore, cell adhesion 

and proliferation assays showed that the behavior of both PEDOT-I and PEDOT-II as 

cellular matrices is better than is PEDOT counterpart, the latter being a well-known electro-

biocompatible material [91, 95].

Inspired by such results, we have recently used the strategy based on chemical similarity to 

design an electroactive Arg-Gly-Asp (RGD)-based peptide-PEDOT conjugate. For this 

purpose, the Gly residue of the RGD sequence has been replaced by amino acids bearing a 

3,4-ethylenedioxythiophene as a side group [96]. The resulting sequence, hereafter denoted 

RGED has been attached to the end of PEDOT chains forming the PEDOT-RGED conjugate 

(Fig. 6b). This conjugate, which has been found to combine the cell adhesive activity of the 

RGD sequence with the electrochemical activity of PEDOT, behaves as an excellent soft 

bioelectroactive support for tissue regeneration through electrostimulation.

From a theoretical point of view, studies on PEDOT-I, PEDOT-II and PEDOT-RGED pointed 

that they differ from FF-PLA and FFFF-PEG. PEDOT is a relatively rigid polymer and the 

most relevant properties of the electroactive conjugates refer to electron delocalization and 

electronic transitions. The conformational flexibility of the amino acids and the RGED 

peptide were examined using quantum mechanical methods [92, 96]. The most stable 

conformers were coupled to a small PEDOT chain and the electronic properties in different 

environments were predicted using methods such as time-dependent density functional 

theory, and TD-DFT calculations to rationalize experimental observations.

3.1 Amyloid Peptides

Amyloid peptides, regardless of their sizes, functions, and sequences, have great potential as 

building blocks in the creation of dysfunctional/functional nanostructures, because they have 

natural ability to self-assemble into nanofibrillar structures and can be easily modified with 

various functional groups. Under the disease conditions, amyloid peptides can misfold and 

self-assemble into different dysfunctional nanostructures at the intermediate and final 

aggregation stages including linear, micelles, and annular organizations [97–99]. These 

dysfunctional amyloid nanostructures are known to be associated with more than 20 

neurodegenerative diseases, including Alzheimer’s, Parkinson’s, Huntington’s, type II 

diabetes, and prion diseases [100–103]. Dysfunctional amyloid nanostructures adopt 

different structural morphologies, but they all contain certain degrees of cross-β-sheet 

structures, suggesting that amyloid oligomerization/fibrillization proceeds through different 

assembly pathways [104]. On the other hand, amyloid peptides can also form functional 

nanostructures, which help to regulate biological functions in synapse formation [105], 

hormone reservoir manufacture [84], and antimicrobial properties [106, 107]. Amyloid 

fibrils as final aggregation products of different amyloid peptides are robust, with 

mechanical strength similar to spider silk [108] and structural stability similar to barnacle 

cement [109]. Amyloid fibrils are also highly resistant to degradation and damage by 

proteases [110], UV light exposure [111], and high temperature of water [112, 113]. Thus 
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amyloid fibers have been functionalized for applications in metal nanowires [114–116], 

tissue engineering [117, 118], and drugand gene delivery [119, 120].

Both dysfunctional and functional amyloid nanostructures are biologically important for 

different applications. Thus, obtaining atomic-level structures of amyloid aggregates is an 

important step towards not only understanding amyloid functions and its underlying 

aggregation principles, but also structural-based design of functional amyloids. Different 

experimental techniques are used to probe structural information and biological function of 

amyloidosis. Solid-state NMR and X-ray diffraction are good approaches for resolving 

atomic-level structural information [78, 121, 122], but the nature of protein aggregation 

(noncrystallization and insolubility of fibrils, small sizes, short-lived states, involvement of 

cell membrane) renders these experimental studies extremely challenging [123, 124]. AFM 

and EM techniques can provide morphological images at nanoscale [125–127], but detailed 

structural and kinetic information are not reliable, even though EM is now approaching 

atomic scale resolution. The difficulties and limitations of these experimental methods in 

structural determination have inspired intensive computational studies to complement 

experiments. Most computer simulations of amyloid-forming peptides fall into two levels, 

atomic and coarse-grained with explicit and implicit solvent models [128]. All-atom 

molecular dynamics (MD) simulations have been applied to study relatively small amyloid 

oligomers by testing different candidate β-sheet arrangements of preformed oligomers 

mimicking possible nucleus seeds at the very early stage of amyloid formation [72, 129–

131]. This approach can determine the most stable conformation for minimal nucleus seeds 

at the lowest free energy state, but cannot provide the aggregation scenario of amyloid 

intermediates/fibril growth since aggregation is an extremely slow process on the timescale 

of minutes to days, which is typically beyond the timescale of nanoseconds for conventional 

MD simulations. To overcome computational limitations, alternative computer simulations 

using low-resolution models (e.g., coarse-grained protein models and implicit solvent 

models) have been used to directly study the formation of oligomers (small species) and 

even fibrils (large species) [123, 132]. These simulations can qualitatively provide 

information on the kinetic pathways of protein aggregation, but cannot adequately capture 

different detailed interactions, such as hydrophobic interactions, electrostatic interactions, 

and hydrogen bonding. Once the amyloid structures are determined, structure-based design 

of functional amyloids becomes achievable. Experimental and theoretical methods have 

strengths and weaknesses, but a combination of experimental, theoretical, and computational 

methods can capture amyloid nanostructures at different length and time scales.

3.1.1 General Protocol—From a computational point of view, amyloid oligomers 

should be (meta)stable in solution so that they do have enough time to interact with the cell 

membrane and impair the cells by either forming specific-ion-leakage channel or thinning/

damaging cell membrane. If the oligomers are unstable, they quickly disassociate into 

monomers or aggregate into mature fibrils, which have been shown to have less damage to 

cells. Thus, identification of stable oligomers that are able to retain their initial structural 

organization at the lowest free energy state in simulations is the first step to correlate 

amyloid structures with their biological functions. In this section, we present a general 

computational protocol of our peptide-packing program, which is used to predict atomic 
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structures of amyloid fibrils/oligomers. Figure 7 depicts the overview of the protocol 

workflow of the peptide packing program, consisting of the following steps:

1. Rigid-body packing.: The rigid-body packing module is used for “coarse” structural 

prediction: (a) The building block can be either amyloid monomer or oligomer. (b) The 

assembly symmetry should be given. (c) The key peptide-peptide reaction coordinates 

should be predefined. For a twofold symmetry, the displacement and orientation of one β-

sheet with respect to the other are key coordinates; for a threefold symmetry, the rotation of 

β-sheet with respect to the others is a key coordinate, and for a spherical symmetry, peptide 

self-rotation, peptide-to-peptide displacement and orientation, and layer-to-layer orientation 

are key coordinates. (d) The distance between β-sheets should be set to 10 Å, which 

corresponds to the average distance in a cross-β structure; the distance between β-strands 

should be 4.7 Å, which allows chains to form hydrogen bonds. (e) A local energy 

minimization is used to remove any steric clash. (f) Hydrophobic contacts, hydrogen 

bonding, shape-complementary parameters are calculated and used as criteria to tune rigid-

body movement for optimizing backbone-backbone and side chain–side chain interactions.

2. Structural refinement.: Peptide flexibility presents a major challenge in molecular 

docking and assembly [133], because peptide flexibility, including backbone and side chain 

movements significantly extends the search space for optimal structure of the assembly. In 

this module, a Monte Carlo Minimization (MCM) method will be used to handle backbone 

and side chain flexibility. Each MCM cycle consists of (a) rigid body perturbation (i.e., 

peptide translation and peptide rotation), (b) backbone and side chain optimization (i.e., 

torsion angle rotation), and (c) steepest descent minimization.

3. Molecular mechanic generalized-born surface area (MM-GBSA).: The MM-GBSW 

method has been implemented in the peptide packing program and used to score and rank all 

peptide assemblies in terms of free energy. The MM-GBSA approach, combined the 

molecular mechanics with the implicit solvent generalized-born method and CHARMM 

force field [68, 134] can accurately reproduce the folding and assembly of membrane 

proteins in aqueous solution and in heterogeneous biological membranes [135], but is much 

less computationally demanding due to the largely reduced number of degrees of freedom. 

The free energy of the system (G) is computed by G = Gpolar + Gnonpolar + Emm – TS, where 

a polar solvation energy (Gpolar) is computed by the GB model; a nonpolar solvation energy 

(Gnonpolar) is computed from a solvent-accessible surface area model; a molecular 

mechanics energy (Emm) is a sum of bonds, angles, torsions, van der Waals, and electrostatic 

interactions; and the entropy effect by solute vibration is estimated by the normal mode 

calculation.

4. Explicit-solvent molecular dynamics (MD) simulations.: Once amyloid 

nanostructured aggregates are obtained from steps 1–3, they are subject to solvent explicit-

solvent MD simulations to validate their structural stability. In general, amyloid aggregates 

are solvated in a TIP3P water cubic box with a margin of at least 15 Å from any edge of the 

water box to any peptide atom. Water molecules within 2.4 Å of the amyloid aggregates are 

removed to avoid initial overlapping. The systems are then neutralized by adding counter 
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ions of Cl− and Na+ to reach ionic strength of interest (i.e., 100 ~ 150 mM). The resulting 

systems are minimized in energy for 5000 steps with peptides restrained, followed by 

additional 5000 steps of minimization for the whole system to remove unfavorable contacts 

between solvent and peptides. Next, the systems are subject to 1 ns MD run with harmonica 

constrained on the backbone atoms of the peptides. The production runs are carried out in 

the NPT ensemble (i.e., 1 atm and 300 K). Constant pressure and temperature in the system 

are maintained by an isotropic Langevin barostat and a Langevin thermostat, respectively. 

Long-range electrostatics interactions are treated by the particle mesh Ewald sum method, 

while short-range van der Waals (VDW) interactions are typically evaluated by a switching 

method with a twin range cutoff of 10 and 12 Å. The integration time step is 2 fs with the 

RATTLE algorithm applied to constrain bonds involving hydrogen atoms. Periodic boundary 

condition with the minimum image convention is applied to all directions. All models are 

run twice to validate simulation convergence by using the same starting coordinates but 

different initial velocities assigned by the Maxwell-Boltzman distribution. In our studies, all 

MD simulations are performed by the NAMD program [67] with all-atom CHARMM27 

force field [134].

3.1.2 Representative Example of Aβ Micelles—We have used the peptide packing 

program, combined with structural information available from experiments, to determine a 

series of atomic structures of amyloid-β (Aβ) linears [136, 137], micelles [138], triangulars 

[139], snowflakes [140], annulars [141], and globulomers [142] (Fig. 8), hIAPP stacking-

sandwich oligomers [143] and wrapping-cord triangular oligomers [144], and Tau octamers 

with three- and four-repeat segments [145–147]. These oligomers vary considerably in β-

sheet packing and orientation, but all display high structural stability, reflecting a highly 

polymorphic nature of amyloids in a rugged energy landscape along different aggregation 

pathways. In addition, structural analysis also reveals that different β-sheet associations 

provide different driving forces to stabilize intra-sheet organization via Asn/Gln ladders, 

aromatic stacking, and continuous hydrogen bonding.

Here we presented a protocol to construct more complex Aβ micelles as an example. Figure 

9 shows a three-step procedure to build a micelle. First, single Aβ25–35 peptide was aligned 

to the z axis with a minimal distance of ~4 Å from the origin of the Cartesian coordinate. 

Second, the peptide was replicated and rotated along the y axis at every 30° to form a semi-

circle by seven A, B, C, D, E, F, G peptides with the same parallel orientation in the xz 
plane. Then, peptides of B, D, and F are rotated additional 15 along the z axis so that 

peptides of A, C, E, and G and peptides of B, D, and F are located in different planes. For 

the antiparallel packing, peptides of A, C, E, and G were reversed to impose opposite 

orientation relative to peptides of B, D, and F. Finally, five peptides of B, C, D, E, and F 

(exclusion of A and G) were rotated and copied along the z axis at every 30° to form a 

micelle consisting of different circle layers, namely B, C, D, E, and F layers. Each layer 

consists of 12 peptides except A and G layers, leading to total 62 peptides in the micelle. 

Four micelle structures were subject to “coarse” structure optimization by using energy 

minimization with generalized born of a simple switching function (GBSW) implicit solvent 

model [148]. For each “coarse-optimized” micelle, we further refined the structure by 

adjusting peptide self-rotating angle (Φ) along the helical axis and peptide displacement 
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between different layers (λ), i.e., each peptide was rotated along its helical axis at every 15° 

to avoid side-chain clash, while peptides of A, C, E, and G were moved with respect to 

peptides of B, D, F along the opposite direction. The structure-refining procedure generated 

504 distinct structures for each “coarse-optimized” micelle. A total of 2016 micelles were 

energy-minimized by using 300 steps of steepest decent with backbone constrained, 

followed by 200 steps conjugate and 300 steps steep decent minimization without position 

constrains in the presence of the GBSW implicit solvent. Four different lowest-energy 

micelles, one from each category (i.e., parallel or antiparallel orientations with N- or C-

terminal exposed to solvent)), were selected and subject to explicit-solvent MD simulation 

for examining their structural and energetic aspects at the early stage of aggregation process. 

Collective MD simulations identified the Aβ micelles with antiparallel orientations as not 

only with high structural stability, but also high binding affinity to an antibody, suggesting 

that these Aβ micelles may present more biologically relevant species.
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Fig. 1. 
An example of β-helical proteins and their typical interactions. (a) An example of an 

asparagine ladder. (b) An example of aromatic ring stacking. (c) An example of hydrophobic 

residue interactions
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Fig. 2. 
A schematic procedure of the construction of a nanotube using the naturally occurring 

protein building block from a β-helix (taken from galactoside acetyltransferase, PDB code: 

1KRR). Top: (a) The trimeric crystal structure of galactoside acetyltransferase (GAT) from 

E. coli, with three left-handed parallel β-helix domains. (b) The monomeric structure of 

GAT (circled) taken from the trimeric GAT structure. (c) A single building motif (circled) 

taken from the monomeric 1KRR structure with selected residues 131–165. (d) A 

nanotubular structure obtained by stacking four repetitive building motifs on top of each 

other. Bottom: An example of one of the Histidine mutants
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Fig. 3. 
Schematic representation of the information flown in the NCAD database
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Fig. 4. 
Illustration of the noncoding amino acids used in this study
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Fig. 5. 
MD simulations of different nanotubes constructed by left-handed β-helical motifs. (a) 1krr 

nanotube and (b) 1krr nanotube bundle display high structural stability. (c) 1hv9 nanotube is 

not structurally stable. (d) Introduction of the conformationally restricted Ac3c residue in 

loop regions greatly enhances the stability of 1hv9 nanotube. Ac3c is displayed as a green 
stick
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Fig. 6. 
(a) Synthesis of F–PLA and FF–PLA conjugates initiated by L-phenylalanine (H–Phe–OH) 

and L,L-diphenylalanine (H–Phe–Phe–OH). Taken with permission from ref. 87 (RSC 

Advances, 2014. 4(44): pp. 23,231–23,241); (b) Chemical structure of PEDOT-RGED
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Fig. 7. 
An overview of the peptide packing procedure
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Fig. 8. 
Atomic structures of amyloid oligomers formed by Aβ peptides. Each structure is 

computationally optimized and determined from thousands of conformers at the lowest 

energy state. Aβ oligomers include (a) single-layer linears; (b, c) double-layered linear, 

dimeric pentamers stacked in an antiparallel fashion via either C-terminal-C-terminal (CC) 

or N-terminal-N-terminal (NN) interface; (d, e) threefold triangular 18-mers with loop-next-

to-tail or loop-next-to-strand organization; (f) double-layered annular 60-mer with the CC 

interface; (g) micelle with antiparallel peptide orientation
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Fig. 9. 
A three-step strategy to construct Aβ25–35 micelles with parallel and antiparallel peptide 

orientations
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