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Conspectus

The unique physiochemical properties and multiscale organization of layered materials draw the 

attention of researchers across a wide range of scientific disciplines. Layered structures are 

commonly found in diverse biological systems where they fulfill various functions. A prominent 

example of layered biological materials is the organization of proteins and polypeptides into the 

archetypal aggregated amyloidal structures. While the organization of proteins into amyloid 

structures was initially associated with various degenerative disorders, it was later revealed that 

proteins not related to any disease could also form identical layered assemblies. Thus, it appears 

that the ability of peptides and proteins to produce amyloid-like aggregates represents a generic 

property of polyamides to assemble into higher order fibrillar structures. In the aggregated state, 

the peptide backbone forms β-sheet structures which are further organized into layered 

arrangements.

We have recently extended the identified amyloidogenic building blocks to include not only 

peptides or proteins, but also single amino acids and other metabolites. High resolution 

spectroscopy and crystallography analyses confirm the clear potential of amino acids and other 

metabolites to form layered amyloid-like aggregates showing biophysical and biochemical 

properties similar to protein amyloids. Therefore, the generic propensity of peptides and proteins 

backbones to assemble into layered organizations may emanate from their basic building block, 

the amino acid. In this Account, we aim to introduce the concept of supramolecular β-sheet 

organization of single amino acids and to present an analysis of their layered-structure 

organization based on single crystal structures. We demonstrate that, despite the different side-

chains that considerably vary in their chemical properties, all coded amino acids display a layer-

like assembly stabilized by α-amine to α-carboxyl H-bonds, resembling supramolecular β-sheet 

structures, while the side-chains determine the higher order organization of the layers. Our work 

presents the first analysis of the β-sheet propensity of single amino acids in their unbound form, 

indicating an evolutionary predisposition. We classify the amino acids β-sheet propensity on the 

basis of the interlayer separation distance in the crystal packing, which correlates well with 

previously reported classifications based on various criteria, such as hydrophobicity, steric 
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bulkiness, and folding. In addition, we demonstrate that the relative direction of α-amine to α-

carboxyl H-bonding pattern provides critical insights regarding the stabilization of parallel versus 

antiparallel β-sheet structures by the various amino acids. Taken together, our analysis of amino 

acid crystals provides substantial information regarding protein folding and dynamics and could 

serve as basic rules set for the design of potential building blocks for molecular self-assembly to 

produce functional materials of tunable properties, an important objective of bottom-up 

nanotechnology.

1 Introduction

1.1 Synthetic and Biological Layered Structures

The formation of layered structures by different materials is one of the most important areas 

of advanced material research.1 Layered structures formed by two-dimensional (2D) 

materials offer a great opportunity for fundamental studies as well as practical applications. 

Graphene is the first material found to exist as truly two-dimensional layered structure 

(Figure 1a). Other important materials with 2D properties include MoS2 (Figure 1b), boron 

nitride (Figure 1c), and other dichalcogenides. Various functional materials, such as highly 

selective sensors and drug delivery systems, can be efficiently fabricated using 

nanomaterials arranged in ordered layered structures. Layered structures generated by 

controlled sequences and layer spacing lead to novel materials with different properties 

compared to the corresponding bulk materials.

Beyond material science and engineering, layered structures are very common to 

evolutionarily developed biological systems. A most notable example is phospholipid 

membranes, which are composed of two basic parts, a polar head comprising a phosphate 

group, and two nonpolar fatty acid tails. In their energy minimum state, these cell 

membranes form a bilayer structure, with their polar heads pointing outward and bound with 

water molecules through hydrogen bonding, and their hydrophobic tails situated inside and 

bound via van der Waals interactions, thus further stabilizing the lipid bilayer structure 

(Figure 1d).2 This structure accounts for the selective permeability of hydrophilic molecules 

and ions.

Specifically, layered protein structures have been known for many years. The surface layer 

(S-layer) of almost all archaea and many bacteria is composed of regularly ordered 

isoporous lattices of protein layers completely covering the cell surface, thus constituting a 

component of the cell wall, an essential structural feature of prokaryotic organisms (Figure 

1e).3 These layered structures provide microorganisms with diverse selective advantages, 

performing various functions, such as molecular sieves, ion traps, antifouling layers, and 

protective coats, as well as playing a role in cell adhesion and surface recognition.

Even under normal physiological conditions, many peptides and proteins fold into amyloid-

like, rather than globular, structures (Figure 1f).8,9 Noncovalent interactions, which do not 

involve electrons sharing by molecules, but rather more dispersed variations of 

electromagnetic interactions, play crucial roles in the stabilization of amyloid structures. 

These non-covalent interactions mainly include hydrogen bonding, π−π stacking, 
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electrostatic and hydrophobic interactions, as well as various other types. The assembly into 

ordered amyloid structures is associated with many degenerative disorders, such as 

Alzheimer’s disease, Parkinson’s disease, and Type II diabetes. Although amyloid 

aggregation was initially thought to be only associated with disease state, it was later shown 

that peptides and proteins not associated with any disease can also form amyloid-like 

assemblies with chemical and biophysical properties similar to the disease-associated 

structures.10 Applying a reductionist approach, it was identified that very short motifs (as 

short as dipeptides) are also able to self-assemble into ordered structures showing common 

features with protein amyloids, including amide bond conformation and binding to 

indicative dyes.11–14 Amyloids are also believed to have played an important role in the 

early evolution of proteins,15 suggesting that the amyloid state of polypeptides and proteins 

backbones is generic in nature.

Amyloid structure has been investigated using various methods, including cryo-electron 

microscopy, solid-state NMR spectroscopy, and X-ray fiber diffraction.9 These studies have 

shown that in spite of differences in chain length and amino acid sequences, all amyloid 

fibrils share a common structure, comprised of β-sheet conformation in which the β-strands 

are perpendicular to the fiber axis and the hydrogen bonding direction is parallel. Therefore, 

the prevalence of β-sheet structures is attributed to the inherent stability of the peptide 

backbone. The β-sheet structure is the extended H-bonding network of peptide backbones in 

which the N−H groups of one backbone interact with the C = O groups of the neighbor. In 

this structure, H-bond forming groups are situated in a position that allows the formation of 

ideal H-bonds between peptide chains by placing the side-chain residues in optimal 

configuration for favorable interactions.16 Some of these interactions include hydrophobic 

forces between adjacent β-branched side chains, hydrophobic and π-stacking interactions 

among aromatic side chains and electrostatic attractions between charged amino acid pairs. 

Depending on the arrangement of N−H⋯O═C bonds of adjacent peptide backbones, β-

strands are classified into parallel (same direction) and antiparallel (opposite direction) 

arrangements (Figure 2a). This layered cross-β-structure is stabilized by H-bonding and 

side-chain interactions, forming a higher order nanofibrillar assembly with excellent 

mechanical and physical robustness (Figure 2b).

Recently, our group has demonstrated that the study of amyloidogenic building blocks can 

be extended to amino acids and nucleobases related to inborn error of metabolism disorders.

17–20 Amino acids like phenylalanine (Phe), cysteine (Cys), tryptophan (Trp), and tyrosine 

(Tyr) can form amyloid-like aggregates with the characteristic biophysical, biochemical, and 

cytotoxic properties. Single amino acids are thus able to aggregate into β-sheet-like layered 

structures. These studies suggested that systematic analysis of single crystal X-ray structures 

of amino acids may provide valuable information regarding their H-bonding patterns and 

layer formation. In pioneer work, Görbitz carefully investigated amino acid crystal structures 

and provided important insights.21 Several other review articles have also discussed various 

aspects of amino acids crystal structures.22,23 However, to date, no attempts have been 

made to define the crystal packing of amino acids as layered structured materials, 

reminiscent of cross-β architecture, and the effects of such organizations on protein folding. 

Moreover, all the reported supramolecular β-Sheet structures comprise peptides, where 

amino acids are connected through amide bonds. In this Account, we will introduce the 
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concept of supramolecular secondary structure formed by amino acids without any covalent 

bonds between them and discuss their supramolecular assembly into layered structures based 

on this concept, providing a novel and robust perspective to analyzing the tendency of the 

amino acids to form layered structural materials. In the context of this publication, “layered” 

means propagating as a single layer. Furthermore, we attempt to draw a correlation between 

the supramolecular secondary structure and the propensity of the amino acids to adopt a β-

sheet conformation when incorporated inside polypeptide chains. This analysis lays the basis 

for providing a prediction of parallel or antiparallel β-sheet formation based on peptide or 

protein sequence, which is fundamental to advance our understanding of protein folding. 

This Account also suggests answers for unresolved phenomena, such as the higher 

frequency of nonpolar, aliphatic hydrocarbon amino acids, such as valine (Val), isoleucine 

(Ile), and leucine (Leu), in parallel strands as compared to antiparallel strands.24 Finally, we 

outline some of the applications of layered amino acid structures in material science, 

nanotechnology and the design of peptide-based biomaterials.

1.2 Supramolecular Secondary Structure

Peptides and proteins are polymers of amino acids connected by amide bonds. This 

polymeric module can arrange in a linear chain known as β-strand and subsequently form H-

bonds mediated interactions with the adjacent strand to form a β-sheet. Such structures may 

form a highly stable layered cross-β structure with optimized side chains packing (Figure 2c, 

left panel). It can be envisioned that individual amino acids also have the potential to form 

head-to-tail α-amine to α-carboxyl H-bonding in their zwitterionic form, as shown in Figure 

2c (right panel), to generate H-bond assisted chain-like structure irrespective of the side-

chain (hydrophobic or hydrophilic). These chain-like structures further assemble to H-

bonded single layer comprising of two adjacent chains. We termed this assembly as 

supramolecular β-strand. The H-bonded β-strand network can further assemble with the 

adjacent strand to form supramolecular β-sheets. The crystals of amino acids, excluding 

glycine (Gly), are optically active, enantiomorphic, and exist in two possible molecular 

configurations, namely levorotated (L) and dextrorotated (D). However, the exclusive 

presence of L-amino acids in proteins of all living organisms still remains a mystery. Here, 

we consider only zwitterionic crystal structures of naturally occurring 20 amino acids, 

including 19 coded L-amino acids and Gly. The formation of supramolecular layered 

structures resulting from the assembly of head-to-tail H-bonding between α-amine and α-

carboxyl groups is discussed. The solvent can impose a powerful and subtle effect on the 

molecular self-assembly of a nucleating system. Moreover, several other factors, including 

temperature, concentration, and additives, control the nucleation of crystallization, resulting 

in the generation of different polymorphs of the same amino acid. Here, we explore the 

packing pattern of all the polymorphs to gain insights regarding comparative β-sheet 

propensity of the different polymorphs of a particular amino acid. The supramolecular β-

sheet concept introduced here comprises stacked single layers of H-bonded amino acids 

(denoted here as “supramolecular β-strands”) forming a network (Figure 2c, right). This 

organization is highly similar to the layered higher order organization of amyloid cross-β 
structure (Figure 2c, left). As the packing of the side chains is essential for the exceptional 

stability of the amyloid cross-β structure, the notion of supramolecular β-sheet is highly 

instrumental for understanding amino acids higher-order organization and determining their 
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propensity in the context of protein secondary structures. Thus, we show that all coded 

amino acids have a tendency to organize into supramolecular β-sheet-like layered structures. 

The different parameters of layered geometry, such as interlayers separation and the relative 

directions of adjacent N−H⋯O═C supramolecular β-strands, have direct consequence on 

their tendency to form β-sheet-like secondary structures.

2 Layered Structure Formation by Amino Acids

2.1 Layered Structure Formation by Hydrophobic Amino Acids

In aliphatic amino acids and Phe, the only functional groups available to form H-bonds are 

the α-amine and α-carboxyl groups. Indeed, in the crystal, individual amino acids interact 

with each other via head-to-tail intermolecular H-bonds between the polar head groups to 

form a two-dimensional molecular chain. Among the three amino hydrogens, one is involved 

in molecular chain formation, whereas the second connects the parallel molecular chains to 

fabricate a sheet (Figure 3a) in which all the side chains are positioned in the same direction. 

In an original work, Görbitz and colleagues showed four distinct H-bonding patterns giving 

rise to four different classes of hydrophilic sheets (L1, L2, L3, and Lx) observed in the 

crystal structure of hydrophobic amino acids.25 Notably, an acceptor for the third amino 

hydrogen is required which is compensated by intermolecular interactions with adjacent 

sheet, thereby producing a single layer (Figure 3b). The monolayers pack up to form a 

double layer assembly, in which side-chain to side-chain van der Waals forces connect the 

hydrophobic edges of the planes.

2.1.1 L-Isoleucine—The reported crystal structure of L-Ile has two molecules in the 

asymmetric unit.26 The α-amine to α-carboxyl H-bonds generate a chain and then two-

dimensional sheet-like structure. Two adjacent sheets interact through H-bonds, generating 

single layer that resembles a single β-strand. Adjacent monolayers pack up to form a layer-

by-layer structure where weak van der Waal interactions between hydrophobic side-chains 

keep the interlayer at a distance (Figure 4a). This layered crystal arrangement of L-Ile is the 

higher order organization of β-stands, similar to supramolecular β-sheet-like secondary 

structure. Accordingly, like peptide β-sheet classification, the β-sheet structure can be 

classified as parallel or antiparallel based on the N−H⋯O═C bonding direction inside each 

β-strand with respect to its neighbor β-strand. For L-Ile, the direction of H-bonds inside the 

top and bottom sheet of one β-strand is the same as that of the adjacent strand. Thus, the 

crystal packing of L-Ile represents a supramolecular parallel β-sheet-like secondary 

structure. The crystal packing pattern of L-Val,27 L-Leu, 28 and L-Met29 is highly similar.

2.1.2 L-Phenylalanine—Görbitz and co-workers30 thoroughly analyzed the crystal 

structure of four different L-Phe polymorphs (F−I, F−II,31 F−III,32 and F−IV). F−I and F

−III contain four molecules in the asymmetric unit and their packing is identical. Similar to 

other hydrophobic amino acids, individual β-strand is produced by two sheets, whereas the 

interstrand interactions between hydrophobic phenyl rings are thought to be related to edge-

to-face π−π stacking interactions (Figure 4b). Two different β-strands consecutively repeat 

throughout the crystal packing, resulting in higher order stacking of β-strands. The direction 

of N−H⋯O═C bond in two sheets constituting a β-strand is opposite, whereas in the 
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hydrophobic region it is parallel. Hence, the crystal packing represents a supramolecular 

antiparallel β-sheet-like secondary structure (Figure 4b), a very rare structure among the 

hydrophobic amino acids, previously observed only for α-Gly.

The F−II structure was elucidated using powder X-ray diffraction and found to be stable 

only under rigorously dry conditions. A large elongated wedges-shaped crystal of F−IV was 

solved with several disorders in the side chain, showing parallel organization of adjacent β-

strands.

2.1.3 L-Tryptophan—Although L-Trp contains an extra N−H group in the pyrrole ring, 

this group does not take part in the N−H⋯O or N−H⋯N interactions.33 Considering α-

amine to α-carboxyl H-bonding, a layer-by-layer arrangement (β-sheet) of Trp molecules 

was identified (Figure 5a). However, two nearby layers are perpendicular to each other, 

unlike Phe and other hydrophobic amino acids. The crystal packing is thus composed of two 

different kinds of repeating β-strands, comprising an antiparallel β-sheet-like structure.

2.1.4 L-Alanine and Glycine—Both L-Ala and Gly do not contain a H-bond forming 

side-chain. Yet, their packing pattern is different from that of other hydrophobic amino 

acids. In the crystal of L-Ala, a linear molecular chain is originated by head-to-tail H-

bonding interactions along the c-axis (Figure 5b).34 Adjacent chains are connected through 

H-bonds generated by a 21 screw operation about the a-axis, producing a single layer (β-

strand). Repetition of this β-strand along the b-direction fabricates a pleated β-sheet-like 

structure in which the direction of H-bonds inside each strand is opposite to the nearby 

strand.

In the β-Gly crystal, a single layer is produced by two branches of molecular chains 

fabricated by head-to-tail H-bonding interactions (Figure 5c).35 The direction of the N

−H⋯O═C bond is opposite within each pair of chains forming a single β-strand and 

parallel to the neighbor β-strand. The crystal packing of β-Gly thus resembles a parallel β-

sheet-like structure. A similar type of molecular chain and β-strand formation is also 

observed in the α-Gly (Figure 5d).35 Based on the direction of the N−H⋯O═C bond of 

adjacent β-strands, it represents an antiparallel β-sheet-like structure.

2.1.5 L-Proline—In the zwitterionic state, only two L-Pro amino H atoms are available 

for hydrogen bonding due to the side-chain ring.36 Thus, even though L-Pro forms wavy 

sheets by head-to-tail H-bonds (Figure 5e), two nearby sheets cannot interact via H-bonds. 

Thus, the crystal packing of L-Pro does not show a layered structure and does not resemble a 

supramolecular β-sheet-like structural arrangement.

2.2 Layered Structure Formation by Polar Amino Acids

Along with the amine and carboxylate head groups, polar amino acids generally contain 

functional groups capable of H-bond formation, resulting in diverse crystal packings, largely 

depending on the nature of H-bond donation or acceptance by the side-chain. Herein, we 

will consider the formation of a layer only through α-amine-to-α-carboxylate H-bond 

interactions. We will demonstrate that in spite of containing side-chains with different 

properties, all polar amino acids are also able to form a single layer (β-strand) only by head-
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to-tail arrangement. Also, by higher order self-assembly of β-strands, all polar amino acids 

form a β-sheet-like structural arrangement.

2.2.1 L-Cysteine—As the side-chain S−H group is not involved in H-bonding, the crystal 

packing of monoclinic L-Cys37 is similar to those of hydrophobic amino acids (Figure 6a) 

and represents a supramolecular parallel β-sheet-like structure.

The crystal packing of orthorhombic L-Cys37 is completely different. A single layer (β-

strand) is simultaneously formed by two branches of molecular chains produced by head-to-

tail interactions (Figure 6b) and two adjacent layers are similarly stabilized by 

intermolecular H-bonds. The crystal packing resembles supramolecular antiparallel β-sheet-

like secondary structural arrangement.

2.2.2 L-Glutamic Acid, L-Threonine, and L-Glutamine—Layered structure of L-Glu 

in the α-form is generated by two branches of molecular chains (Figure 6c).38 Two adjacent 

chains are connected by H-bonds involving both head groups and the side-chain, thereby 

comprising a single layer (β-strand). Two nearby layers are also connected through 

intermolecular H-bonds. The direction of the N−H⋯O═C bonds is identical in each β-

strand, thus representing a parallel β-sheet-like structural arrangement.

In the β-form of L-Glu, the bonding pattern brings the head groups to the center of the layer 

and pushes the side-chain outward (Figure 6d).38 Two adjacent layers are connected by both 

O−H⋯O and O⋯H−N H-bonds formed by the side-chain carboxylic group. This crystal 

packing results in a zigzag pattern of the side-chain designated a herringbone-like structural 

arrangement. The direction of the N−H⋯O═C bonds in two adjacent β-strands is opposite, 

thus representing an antiparallel arrangement of β-strands. The crystal packing of L-Thr39 

(Figure 6e) and L-Gln40 (Figure 6f) is highly similar to the β-form of L-Glu.

2.2.3 L-Aspartic Acid, L-Asparagine, and L-Histidine—The molecular arrangement 

in the crystal packing of L-Asp,41 L-Asn,42 and both forms of L-His (monoclinic and 

orthorhombic)43 is very similar to the β-form of L-Glu (Figure 7a−d). Based on the direction 

of N−H⋯O═C bonds, this arrangement represents a parallel orientation of β-strands, except 

for orthorhombic L-His, which is antiparallel.

2.2.4 L-Serine and L-Tyrosine—In addition to head-to-tail H-bonding, the higher order 

packing of the L-Ser crystal revealed that both the side-chain −OH group and the head 

groups are alternatively involved in bonding to construct a single β-strand as well as a β-

sheet (Figure 7e).44 Based on the direction of the N−H⋯O═C H-bond within the single β-

strand, L-Ser crystal structure represents a parallel β-sheet-like arrangement.

The welL-ordered layered (β-strand) structure of L-Tyr is generated through the formation of 

a molecular chain (Figure 7f).45 Two consecutive layers are stabilized by intermolecular H-

bonds involving the phenolic−OH group. According to the direction of N−H⋯O═C bonds 

within each strand, L-Tyr displays an antiparallel arrangement of β-strands.
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The single crystal structure of L-Arg and L-Lys is yet to be reported. In the powder X-ray 

structures, no H-bond interaction between α-amine-to-α-carboxyl head groups was found. 

Therefore, we did not include these two amino acids in this analysis.

3 Amino Acid Predisposition to Parallel/Antiparallel β-Sheet Structure

Based on the direction of N−H⋯O═C bonds within each β-strand, our predictions of 

parallel and antiparallel amino acids β-sheet structure highly correlate with a previous 

report. Otaki and Tsutsumi constructed a parallel strand database (PS-DB) and an 

antiparallel strand database (AS-DB) using the structure of 1641 proteins.24 They found a 

P/A ratio (i.e., ratio between PS-DB occurrence and AS-PD occurrence) > 1 for Ile, Val, 

Met, Leu, His, and Ala, for which, with the exception of Ala, our analysis also predicts a 

parallel arrangement of β-strands in the crystal structure. The lowest P/A values, implying a 

preference for an antiparallel β-strand arrangement, were calculated for Gln, Trp, Glu, Ser, 

Tyr, and Thr, as also predicted by our analysis, with the exception of Ser. The P/A ratio of 

other amino acids was calculated to be very close to 1, indicating a similar abundance of 

parallel and antiparallel strands, with a slightly higher frequency of the antiparallel strands. 

Likewise, we predicted an antiparallel β-sheet conformation for Phe and Cys. This 

classification of amino acids based on their preferred organization could be potentially 

applied for prediction of the directionality of proteins secondary structure.

4 Analysis of β-Sheet Propensity Based on Interlayer Separations

Understanding the β-sheet propensity of single amino acids would be highly useful for the 

prediction of protein folding, as well as for the design of different secondary structural 

arrangements. Minor and co-workers showed this property to be comparatively high for Thr, 

Ile, Val, Met, Tyr, and Phe, and low for His, Asp, Asn, Gly, and Pro.46 Side chain 

hydrophobicity was initially suggested as the key determinant, but Fujiwara and co-workers 

later found this to be true only for buried residues, not exposed ones.47 Street and 

colleagues demonstrated a more local phenomenon, namely the steric interaction between 

the side-chain and its local backbone.48 While several factors are thus assumed to play a 

role in β-sheet formation, a general trend is common to all reports. For a welL-ordered β-

sheet structure, there should be a minimal separation of two consecutive β-strands. Amino 

acids with layered structures indicate that the β-sheet propensity will be high for those with 

welL-separated β-strands, but low for those where strands overlap.

To measure the distance, we drew a plane through the center of each β-strand. For parallel β-

sheet, the interlayer distance is defined as the distance between two adjacent planes (Figure 

8a). For antiparallel β-sheet, half of the distance between two consecutive similar β-strands 

was considered as the average interlayer separation distance (Figure 8b). The interlayer 

distances of the natural amino acids are listed in Table 1.

The β-strands of two aromatic amino acids, Trp and Phe, are separated by largest distances, 

17.695 and ~15 Å, respectively. Met, Ile, Leu, and Val show a high interlayer separation 

distance of 15−12 Å and are thus predicted to have a higher β-sheet propensity. L-Cys adopts 

a variable interlayer separation, indicating alternating roles in protein conformation. L-Tyr, L-
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His, L-Ser, L-Glu, L-Asn, and L-Gln have interlayer separation distances in the range of 10 Å 

− 8 Å and are expected to have a moderate β-sheet propensity. The β-strands of L-Asp, L-

Thr, L-Ala, and Gly are separated by very low distances, below 8 Å, predicted to have a low 

β-sheet propensity. To conclude, our prediction of amino acids β-sheet propensity based on 

interlayer separation is well correlated with previous reports.46−48

5 Conclusions and Future Outlook

Natural evolution endows diverse functionalities to amino acids as reflected by their side-

chains, ranging from hydrophobic to hydrophilic, from H-bond donor to acceptor, and so 

forth. Yet, all amino acids display α-amine to α-carboxyl H-bonded chain structures in the 

crystalline state, reminiscence of a β-strand. The chain structure is further arranged into a 

layer-like assembly and the interlayer separations and interactions are dictated by the side-

chain properties. The specific layer geometry characteristic of individual amino acids may 

impose different constrains in the context of a peptide or protein chain, thereby enforcing 

different secondary structures, such as α-helix, β-sheet or random conformations. The 

different interlayer distances and their remarkable correlation with β-sheet propensity 

indicate that further analysis of amino acid crystals will greatly aid in understanding protein 

folding and dynamics.

Furthermore, amino acids and peptides are currently emerging as excellent building blocks 

for the design and exploration of various biomaterials and nanomaterials. Amino acids 

layered structure formation can be used to decorate a surface to achieve different 

functionalities or to produce desired solids via physical or chemical vapor deposition 

techniques. For example, hydrophobic amino acids can impart water repellant properties on 

a surface, as well as be used to design materials with low interlayer frictions owing to the 

presence of only hydrophobic interactions and high separations between two adjacent layers. 

Hydrophilic surfaces can be engineered using polar amino acids with very high interlayer 

distances. The extent of hydrophilicity or hydrophobicity can be controlled by selecting 

different amino acids. Such vapor deposition techniques could also alter the chemical nature 

of individual amino acids, for instance, through polymerization, thereby affording new 

unexplored functionalities.

The design of predictable self-assembling peptide motifs is crucial for advancement of their 

uses in biotechnology. To date, small peptide modules have been mainly designed by a trial 

and error approach. Ulijn and co-workers made a notable progress toward predicting the 

supramolecular behavior of small peptides based on sequence alone by employing 

computational tools or novel experimental methodology involving enzymatic reactions.49,50 

The crystal structures analysis presented here reveals that different amino acids align with 

different interlayer distances. Based on this observation, it can be hypothesized that 

arrangement of amino acids with comparable interlayer distances will have a higher 

propensity to aggregate into a stable β-sheet structure, forming distinct supramolecular 

nanostructures. Furthermore, coassembly of two different amino acids with similar layer 

distances could afford unique self-assembled structures not obtainable via organization of a 

single amino acid. Several highly aggregating peptides identified by Ulijn et al. using 

molecular dynamics showed quite a good correlation with the hypothesis postulated here, 
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which may further lead to the identification of additional novel sequences. Another very 

interesting direction in the design of new synthetic peptide materials is using noncoded and 

non-natural amino acids, such as phenylglycine and homophenylalanine, 2-amino-5-phenyL-

pentanoic acid, 2-amino-6-phenylhexanoic acid, and so on.51,52 Crystallographic analysis 

of these amino acids at the molecular level could provide a new tool for the design of novel 

chemical entities based on modified peptides, with implications ranging from material 

engineering and supramolecular polymers to drug design and bionanotechnology. Finally, it 

is conceivable that the amino acid crystal structures present a wealth of information still to 

be explored.
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Figure 1. 
Layer structured materials. (a) Graphene. Reproduced with permission from ref 4. Copyright 

2012 OpenStax. (b) MoS2. Reproduced with permission from ref 5. Copyright 2013 

National Academy of Sciences, U.S.A. (c) Boron nitride. Reproduced with permission from 

ref 6. Copyright 2010 OpenStax-CNX. (d) Lipid bilayer. Reproduced with permission from 

ref 7. Copyright 2016 Nature Publishing Group. (e) S-layer protein. Reproduced with 

permission from ref 3. Copyright 2014 Oxford University Press. (f) Amyloid. Reproduced 

with permission from ref 8. Copyright 2002 National Academy of Sciences, U.S.A.
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Figure 2. 
(a) Parallel and antiparallel β-sheet structure, PBD ID: 2MUS and 5GOC. (b) Generalized 

pathway for amyloid fibril formation from a single amino acid. (c) Amino acid−based amide 

bond mediated β-sheet (left) and H-bond mediated supramolecular β-sheet (right) structures.
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Figure 3. 
L-Val crystal demonstrating the packing in the crystal structure of hydrophobic amino acids. 

(a) Sheet formation by a parallel set of head-to-tail H-bonded chains. (b) Single layer 

produced by two adjacent molecular sheets.
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Figure 4. 
(a) Higher order layered structure of L-Ile in the b-direction resembles parallel β-sheet-like 

organization. (b) Antiparallel β-sheet-like structural arrangement of L-Phe (F−III) viewed 

along the b-axis. Orange arrows indicate the direction of N−H⋯O═C bonds within chains.
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Figure 5. 
Supramolecular β-sheet-like secondary layered structure of (a) L-Trp viewed nearly along 

the ac-plane, (b) L-Ala in the a-direction, (c) β-Gly and (d) α-Gly in the ac-plane, and (e) L-

Pro in the ab-plane.
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Figure 6. 
Supramolecular β-sheet-like layered secondary structure of (a) L-Cys (II) in the ac-plane, (b) 

L-Cys (I) in the bc-plane, (c) L-Glu α-form in the a-direction, (d) L-Glu β-form in the c-

direction, and (e) L-Thr and (f) L-Gln in the ac-plane.
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Figure 7. 
Supramolecular β-sheet-like layered secondary structure of (a) L-Asp, (b) L-Asn, (c) L-His 

(monoclinic), and (d) L-His (orthorhombic) near the ac-plane, (e) L-Ser in the ab-plane, and 

(f) L-Tyr in the bc-plane.
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Figure 8. 
Interlayer distance in (a) parallel and (b) antiparallel β-sheet of L-Ile and L-Phe, respectively.
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Table 1
Interlayer Separation Distance in Amino Acids Crystal Structure

amino acid interlayer distance (Å) β-sheet propensity

L-Trp 17.695

L-Phe

            F–I 15.351

            F–II 12.881

            F–III 15.396
      high

            F–IV 15.393

L-Met 15.009

L-Ile 14.039

L-Leu 14.073

L-Val 12.059

L-Cys

                   monoclinic 10.938

                   orthorhombic 6.099

L-Tyr 10.545

L-His

monoclinic 9.424

orthorhombic 9.427       moderate

L-Ser 9.323

L-Glu

            α-form 8.776

            β-form 8.670

L-Asn 8.047

L-Gln 8.002

L-Asp 7.537

L-Thr 6.803

L-Ala 6.172
      low

Gly

            α-form 5.967

            β-form 4.923
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