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Referat: 

 

Thema dieser Arbeit ist die Sekundärstrukturbildung in Peptiden mit nicht-natürlichen 

Aminosäuren. Die Methoden der theoretischen Chemie, speziell der Quantenchemie, dienen zur 

Beschreibung der konformativen Eigenschaften von Oligomeren der homologen α-, β-, γ-, und 

δ-Aminosäuren. Es wurden Konformationsanalysen dieser peptidischen Foldamere durchgeführt. 

Neben Faltblatt- und Turn-artigen Strukturen stand vor allem die Bildung von helikalen 

Strukturen im Mittelpunkt. Von speziellem Interesse ist dabei die Realisierung röhrenartiger 

Strukturen (Nanotubes) durch Helices klassischen Typs wie auch gemischten Typs, der 

sogenannten β- oder „mixed“-Helices. Die gewonnenen Erkenntnisse tragen zum rationalen 

Strukturdesign von Peptiden und Foldameren sowie zum Verständnis von Strukturbildung und 

Faltung in Peptiden und Proteinen bei. Außerdem eröffnen sich Wege zu völlig neuartigen 

Strukturen.  
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1 Peptide Foldamers – An Introduction 

1.1 Introductory Remarks - Motivation  

Peptides and proteins play a key-role in many biological processes. They are of fundamental 

importance for the manifestation of life. The specific functions of native peptides and proteins 

are based on a definite three-dimensional structure. This 3D-structure is determined by intrinsic 

factors arising from the special sequence of amino acid residues and their steric and electronic 

properties and by external factors like the medium.1,2 For an understanding of the peptide and 

protein functions knowledge about their structure is necessary. In most cases, such information is 

still obtained by experimental methods as for instance X-ray and NMR techniques. Due to the 

rapid development of the speed and storage capacities of modern computational facilities, the 

methods of theoretical chemistry become more and more important for the description of larger 

molecules and their properties. In particular, the applicability range of the methods of ab initio 

MO theory can be extended to larger biomolecules at approximation levels with continuously 

increasing reliability. Thus, theoretical methods become valuable partners of the various 

experimental methods in structure research. This concerns the systematic search of the 

conformational space of compounds, the estimation of the energetic relations between structure 

alternatives and the explanation of the stability or instability of special structures. Moreover, it is 

possible to treat fictive and hypothetical structures. Thus, the predictive power of theoretical 

methods might be a useful tool for the stimulation and planning of experimental research in 

various fields of chemistry.  

In this work, it was tried to follow these ideas. It is intended to demonstrate the progress of 

quantum chemistry in the field of peptide and protein structure research. However, subject of 

this work are not the native peptides themselves, but oligopeptides composed of special non-

proteinogenic amino acids. The original background of such studies, which will be discussed in 

more detail in the following paragraphs and chapters, is the search for possibilities to mimic 

native peptide structures by synthetic peptide analogues where one, several or even all 

proteinogenic amino acids in the sequence are replaced by unnatural amino acids. Bearing in 

mind the above-mentioned relationship between the definite three-dimensional structure of 

native peptides and their functions, any structural modification has to keep the groups which are 

essential for function in the correct spatial orientations. An important step in the folding of 

peptides and proteins into their definite three-dimensional structures is the formation of typical 

elements of secondary structure. It is obvious, that modified peptides have to be able to realize 
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the basic types of secondary structure elements in α-peptides for mimicking their structures. 

Therefore, the focus of  this work is on the investigation of the possibilities of secondary 

structure formation in  oligomers of unnatural amino acids. Apart from the aspect of mimicking 

native peptides,  another reason for such studies might be tempting. Even if peptide analogues 

are not able to adopt the typical structure elements of the native peptides, they could possibly 

realize completely novel definite structures with properties making them attractive for other 

purposes. Thus, systematic studies on the consequences of structural modifications of peptide 

and protein sequences via insertion of non-canonical amino acids for the secondary and tertiary 

structure formation provide useful tools for a general structure design.3-12 On the one hand, such 

peptides represent a new quality in the efforts to ‘improve’ nature, on the other hand they bridge 

the gap to material and nano sciences.13-18 

1.2 Basic Types of Secondary Structure in Peptides and Proteins 

 Since the focus of this work is on the secondary structure formation in oligopeptides of 

unnatural amino acids, which is referred to that in native peptides, a short overview on the most 

important secondary structure elements in α-peptides could be useful. Native peptides and 

proteins are built up from 22 proteinogenic amino acids. From a chemical point of view, these 

proteinogenic amino acids are α-amino acids. With exception of glycine, all other amino acids 

bear a special side chain in L-configuration at the Cα-atom. By condensation between the amino 

group of one amino acid and the carboxy group of a second one, a so-called peptide bond is 

formed leading to a dipeptide. This process may be continued and provides oligopeptides, 

polypeptides and finally proteins. The conformation of a polypeptide chain is primarily 

determined by the values for the backbone torsion angles ω, ϕ and ψ (cf. scheme in Figure 1a). It 

is common to denote definite structures characterized by typical values of these backbone torsion 

angles as secondary structure elements. The angle ω describes the rotation around the peptide 

bond (∠CαCNCα). Due to the partial double bond character of this bond, the rotation reveals 

two energy minima, at 0° corresponding to a cis-peptide bond and at 180° corresponding to a 

trans-peptide bond. The trans-peptide bond is mostly preferred in peptides and proteins because 

of steric advantages. Only for peptide bonds with the amino acid proline, the cis-orientation is 

distinctly higher populated. Due to the considerable rotational barrier, the peptide bonds are kept 

fixed in their planar arrangements. Thus, the conformational space available for a peptide is 

essentially determined by the backbone torsion angles ϕ and ψ of the amino acid constituents. 
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The angle ϕ describes the torsion around the N-Cα bond (∠CNCαC), while ψ describes the 

rotation around the Cα-C bond (∠NCαCN).19-21  

A first idea of the (ϕ, ψ) conformational space which is available for a single amino acid 

constituent in a sequence provides the Ramachandran plot. The original basis of this diagram is a 

mere geometric inspection of the sterically accessible conformations via van der Waals contacts. 

Figure 1b shows such a plot, which is confirmed by the torsion angle data experimentally 

obtained for thousands of amino acid constituents of peptides and proteins by X-ray- 

analyses.22 Two regions in this plot are of special importance, since they correspond to periodic 

secondary structures. In periodic secondary structures, the corresponding backbone angles of all 

amino acid constituents have the same values. In the third quadrant of the plot, the region of 

 
Fig. 1. a) Blocked alanine residue with the backbone torsion angles ω, ϕ and ψ. 
b) Ramachandran (ϕ, ψ)-plot of the available conformational space of amino acid constituents 
in a peptide sequence derived from the torsion angle data for 463 protein crystal-structures 
(accessible regions blue, forbidden regions white).22 Special conformations are indicated: β-
strands (β), left-handed poly-glycine and poly-L-proline helix (II), collagen (C), 2.27-bend (2), 
right-handed 310-helix (310), right-handed α-helix (α), right-handed π-helix (π), left-handed α-
helix (αL). 
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peptide helices, e. g. the α-, 310-, and π-helices, is indicated. These helices can be distinguished by 

their hydrogen bonding patterns. In the α-helices, hydrogen bonds are formed between the NH-

group of the amino acids (i+4) and the CO-group of residues i in backward direction of the 

sequence. The idealized torsion angle values in all amino acids of this helix are about ϕ = -60° 

and ψ = -40°.23 In this case, a right-handed helix is obtained. Inversion of the signs of the values 

for ϕ and ψ leads to the left-handed helix, which is, however, energetically disfavored by 

destabilizing side chain contacts. The hydrogen bonds of the α-helix show a rather perfect 

parallelism to the helix axis. Looking at the structure along the helix axis, the staggered 

 
Fig. 2. Basic helices in α-peptides (first line: side view, second line: top view). 
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arrangements of the side chains can be seen which minimize their contacts (cf. Figure 2). Each 

hydrogen bond closes a turn or pseudocycle of 13 atoms. In comparison to the α-helix, the 310-

helix is a scarce secondary structure element in proteins, which appears mostly at the C-terminal 

ends of α-helices. The iß(i+3) amino acid interactions lead to ten-membered hydrogen-bonded 

pseudocycles. The 310-helix is more tightly wound with a triangular shape in the top view (cf. 

Figure 2). The Cα-atoms are approximately arranged in one line and the side chain packing is less 

ideal than in the α-helix. Besides, the hydrogen bond directions deviate considerably from the 

parallelism to the helix axis. The idealized torsion angle values for this helix type are about 

ϕ = -50° and ψ = -30°.24,25 The top view of the third helical structure, the π-helix, shows a 

square-like shape (cf. Figure 2). The amino acid interactions iß(i+5) provide 16-membered 

pseudocycles. The idealized backbone torsion angle values are about ϕ = -60° and ψ = -70°. To 

 
Fig. 3. Schematic representation of anti-parallel and parallel β-sheet structures. 
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realize this helix, the bond angle τ (∠NCαC) has to be extended to about 115° from the ideal 

tetrahedron angle of 109.5°.25 The existence of this helix type is still under debate. Whereas all 

helices in α-peptides discussed so far are forming hydrogen bonds in backward direction along 

the sequence, Son et al. suggested a λ-helix with hydrogen bonds pointing in the forward 

direction along the sequence on the basis of molecular mechanics and dynamics studies. 

Hydrogen bonds in this helix between the peptidic NH of residue i and the peptidic CO of 

residue (i+5) lead to 17-membered pseudocycles.26 Until now, this helix type was not confirmed 

by experiments. 

Another type of a periodic secondary structure is indicated in the second quadrant of the 

Ramachandran plot. This structure with approximate backbone torsion angles ϕ = -120° and 

ψ = 140° is called β-strand. The alignment of at least two β-strands in parallel or anti-parallel 

orientation provides β-sheet structures (cf. Figure 3), which are stabilized by hydrogen bonds 

formed in the plane between the two strands. The anti-parallel β-sheet has a twofold symmetry 

axis perpendicular to the direction of the strands and the direction of the hydrogen bonds. In the 

parallel β-sheets, the hydrogen bonds are not exactly perpendicular to the strand direction as in 

the anti-parallel sheet structures. The side chains of the residues of one strand point alternately 

up and down related to the plane of the sheet, but the side chains of equivalent residues of two 

adjacent strands point in the same direction.23,25 

The periodic character and the overall shape of the described strands and helices enables the 

formation of ‘structure proteins’ like keratin, myosin, and silk proteins from insects. ‘Functional 

proteins’ like enzymes or receptors have a globular shape to realize their specific interactions with 

endogenous substrates and ligands. For the formation of globular structures, it is necessary to 

reverse the direction of the peptide chain.23,25 This is realized by turn and loop elements. Contrary 

to strands and helices, turns are non-periodic structures, i.e. the amino acid residues in turns and 

 
Fig. 4. Models of the two γ-turn conformers C7(eq) and C7(ax) in a blocked alanine residue. 



1 Peptide Foldamers – An Introduction  12 

loops have different values for ϕ and ψ, respectively. The smallest peptide units that are able to 

reverse the peptide chain are γ- and β-turns. A γ-turn consists of three amino acids (cf. Figure 4). 

Its conformation is determined by the torsion angles of the central amino acid. The first and third 

amino acid are connected by a hydrogen bond. Thus, a seven-membered hydrogen-bonded 

pseudocycle results. The inverse γ-turn C7(eq) (Figure 4) has torsion angle values ϕ of about -80° 

and ψ of about 70°. The notation ‘eq’ characterizes the equatorial orientation of the side chain at 

the Cα atom referred to the C7-ring plane. In the γ-turn C7(ax) the signs of the backbone torsion 

angles are inverted. This turn is distinctly less stable than its equatorial counterpart and does not 

occur in proteins. Much more important than γ-turns are β-turns, which are formed by four 

consecutive amino acids (Figure 5). According to Venkatachalam, there are eight alternatives of 

β-turns.23,25,27,28 Most β-turns are stabilized by an interaction between the NH group of residue 

(i+3) and the peptidic CO of residue i leading to a ten-membered hydrogen-bonded pseudocycle. 

Not all the formally thinkable β-turns can be found in proteins. Most important are the βI 

('common'-turn) and the βII turns ('glycine'-turn). For each of the basic turns, also their 

approximate mirror images are able to reverse the sequence direction. These inverse turns are 

indicated by an additional prime at the basic symbol, e.g. βI’ and βII’ turns. The βIII and βIII’ 

turns represent a single turn of a right- or left-handed 310-helix, respectively. The βVI turns occur 

with the amino acid proline in the third position and consider the possibility of cis-peptide bonds. 

The idealized and calculated torsion angles for the β-turns explicitly described here are given in 

Table 1. Besides the γ- and β-turns, several other possibilities to reverse the sequence direction 

are known realized via still more consecutive amino acid residues. These turns and loops are not 

only of importance for the realization of compact globular proteins, but play also a role in 

Table 1. Idealized27 and Calculated28 (HF/6-31G*) 
Backbone Torsion Anglesa for the βI, βII βIII, and βVIa-
Turns in α-Peptides 

Turnb ϕi+1 ψi+1 ϕi+2 ψi+2 

βI -60/-73 -30/-19 -90/-100 0/8 
βII -60/-60 120/134 80/67 0/20 
βIII -60/- -30/- -60/- -30/- 
βVIa -60/-60 120/146 -90/-61 0/-3 

a Angles in degrees; b first values idealized, second values 
calculated for a blocked alanine dipeptide (No minimum 
conformations were found for βIII at the HF/6-31G* level 
of ab initio MO theory.); for βVIa: Ac-L-Ala-L-Pro-
NHMe). 
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molecular recognition. A general overview on the possibilities of hydrogen bonding in α-peptides 

with contemplations on new folding patterns was given by Toniolo.29 

Another secondary structure type deserves mentioning here since it is generalized in the later 

parts of this work. The above-described periodic secondary structures are composed of L-amino 

acids. In some bacteria, e.g. Bacillus brevis, helical structures are formed by peptides consisting 

alternately of D- and L-α-amino acids. The sequence of the (mostly hydrophobic) amino acids 

forms a right-handed helix.27,30 But this helix is characterized and stabilized by intramolecular 

hydrogen bonds alternately changing their directions. This leads to alternating hydrogen-bonded 

pseudocycles of different size. The inner helix diameter is large enough to let some ions or water 

pass (cf. Figure 6a). The interior is polar due to the carbonyl oxygen atoms and can substitute the 

stabilizing solvation shell of ions. The hydrophobic side chains can interact outside with the lipids 

of the membrane. A well-known representative of this unusual helix type with alternating 

periodicity is Gramicidin A (Figure 6a), where 20- and 22-membered hydrogen-bonded 

pseudocycles alternate.31-34 Figure 6b shows the similarities between the hydrogen bonding 

patterns of this helix type and a β-sheet structure. Therefore, such helices with alternating 

hydrogen bonding patterns are sometimes denoted as β-helices.  

 
Fig. 5. Four important β-turn possibilities in α-peptides. 
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1.3 Design of Peptide Foldamers 

The use of native peptides for pharmacological purposes has some serious limitations. Most 

important are the low resistance against proteases, the bad transport properties due to the polar 

structure and the sometimes insufficient selectivity against receptor subtypes. It was frequently 

found, that the proteolytic stability is increased via the replacement of proteinogenic amino acids 

in peptide sequences by unnatural amino acids.3-7,10 This opens a wide field for peptide 

modification. There are several possibilities to derive new building blocks from the proteinogenic 

amino acids: 

o changes of the amino acid side chain, 

o shifting the side chain from the Cα-atom to the amino nitrogen atom of the amino 

group, 

o replacement of the Cα-atom by other atoms, 

o modifications of the peptide bond, and 

o extension of the backbone.  

Fig. 6. a) Model of a transmembrane channel formed by two gramicidin A chains (ref. 32; pdb 
entry 1MAG). b) Schematic comparison of a single-stranded β-helix and a parallel β-sheet, 
based on ref. 29. 
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Figure 7 shows only a few representative examples. A very simple possibility is the substitution of 

a D-amino acid for its native L-counterparts. Shifting the amino acid side chain from the Cα-atom 

to the amino nitrogen atom yields N-substituted glycines. Oligomers of these N-substituted 

glycines are called peptoids.35-40 Another example results from the replacement of the Cα-atom by 

a nitrogen atom, which can still bear the side chain. This leads to azaamino acids.41-43 Dehydro-

amino acids are obtained connecting the backbone Cα and the side chain Cβ  atoms via a double 

bond.29,44 Examples for a replacement of the peptide bond are the insertions of either 

sulfonamide or phosphonamide moieties.45 Besides the aforementioned strategies, the extension 

of the amino acid backbone by homologation is of great importance. Thus, the homologous β-, 

γ-, and δ-amino acids can be derived from the α-amino acids (cf. Figure 8). At a first sight, δ-

amino acid constituents seem to be especially interesting, since they correspond approximately to 

an α-dipeptide unit. In this case, the central peptide bond of a dipeptide is replaced by a C-C 

single bond, which allows the introduction of additional substituents.46-48 

For a long period it was generally accepted, that oligomers of β-, γ- and δ-amino acids are not 

able to adopt defined secondary structures in contrast to the well-defined secondary structures of 

α-peptides, although this was never really examined. It was simply assumed that the 

homologation leads to an increased flexibility of the amino acid and oligomer backbones. During 

the last ten years, this view had to be completely changed. In particular, the investigations on 

β-peptides showed an enormous potential for secondary structure formation.18,49,50 Even 

biological effects of β-peptides were found.51,52 Although less intensively investigated, secondary 

structure formation occurs also in γ-peptides and even secondary structures of δ-peptides 

 

Fig. 7. Selected examples of amino acid modification. 
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attracted the attention of the scientific community (cf. Figure 8). In the meantime, all these 

activities can be seen as part of a general concept of secondary structure formation in oligomers 

composed of any chemical monomers, the foldamer concept. The term foldamer was originally 

introduced by Gellman for any large molecule with a strong tendency to adopt a specific compact 

conformation.14 A later definition denotes oligomers that fold into conformationally ordered 

states in solution as foldamers.16 Since a strict definition cannot be given, the authors continue 

with some complementary features: 

o The compact structures of foldamers should be stabilized by a collection of 

noncovalent interactions between nonadjacent monomer units. 

o Foldamers have usually regular repeating structure elements in their backbones. 

o Foldamers are of oligomeric and not of polymeric size. 

o Folding into their definite structure is a dynamic process, meaning that the molecule 

can unfold to adopt a set of random conformations and refold. Hence, molecules 

without conformational flexibility are not regarded as foldamers. 

o When folded, these molecules possess a unique set of atomic coordinates, or at the 

very least, a few sets of different coordinates. Since these molecules adopt a compact 

(folded) conformation in solution, the solvent may have an important influence on the 

folded state.16,53 

 
Fig. 8. Sketch of oligomers of the homologous α-, β-, γ-, and δ-amino acids. 
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Stimulated by the research on β-peptide foldamers, the activities in foldamer research increased 

considerably in the last decade, which is documented in numerous comprehensive  

reviews.11,13,15-18,49,50,54-66 

This work is confined to peptide or peptidomimetic foldamers with the focus on the 

homologous β-, γ-, and δ-peptides. The occurrence of numerous different secondary structures 

in these classes of compounds makes visible that the extended backbone with the additional 

single bonds does not increase the backbone flexibility so much to prevent secondary structure 

formation, but rather increases the diversity of secondary structures in comparison to 

α-peptides.67-71 According to the experimental data and calculations on blocked β-amino acid 

monomers, secondary structures with hydrogen bonds formed between neighboring peptide 

bonds compete with others forming hydrogen bonds between more distant peptide linkages. This 

 
Fig. 9. Helical β-peptide conformers H10, H12, and H14. First row: side view, second row: top 
view. 
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can also be observed in oligomers of γ-amino acids (γ-peptides) with a tendency to favor 

secondary structures forming the hydrogen bonds between neighboring peptide bonds with 

increasing length of the backbone.69,72,73 Like in α-peptides, various types of helices can be found 

in β-peptides. The H14-helix is stabilized by interactions of the amide proton of residue i and the 

carbonyl function of residue (i+2) thus forming a 14-membered pseudocycle. In this case, the 

hydrogen bond is formed in the forward direction of the sequence, which is in contrast to the 

helices of α-peptides (cf. Figure 9). From that reason, also the dipole of the H14-helix has the 

opposite direction in comparison to that of an α-helix. The diameter of the H14-helix of the β-

peptides is with 4.7 Å slightly larger than that of the α-helix (4.3 Å). The H14-structure can be 

selectively synthesized by the linkage of trans-2-aminocyclohexanecarboxylic acid (ACHC) 

constituents74-76 or with acyclic β-(S)-substituted β-amino acids.77-79 Another helical secondary 

structure is the H12-helix (cf. Figure 9), which was found by Gellman’s group.80,81 This secondary 

structure was observed in oligomers of trans-aminocyclopentane carboxylic acid (ACPC). The 

hydrogen bonding pattern exhibits iß(i+3) amino acid interactions leading to 12-membered 

 
Fig. 10. β-Peptides are able to mimic the secondary structures of the α-peptides: a) turn-like 
conformers C10 and C12; b) strand-like structures H6 and H8. 
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hydrogen-bonded pseudocycles. The helix dipole and the hydrogen bonding pattern are 

comparable with those of the 310-helix of the α-peptides. The synthesis of β-peptide oligomers 

from cis-substituted oxetane rings leads to helical structures with ten-membered rings.82-84 Figure 

9 shows also a model of this helical type. Oligomers of β-amino acids with different substituents 

at the α- and β-positions form extended structures (cf. Figure 10b).85,86 To complete the 

possibilities of β-peptide structure design, it should be mentioned that even the formation of 

turns is possible. Figure 10a shows two examples for turn structures. In contrast to the β-turns of 

the α-peptides, the ten-membered pseudocycle of C10 is closed by an hydrogen bond in the 

forward direction along the sequence, whereas the C12 turn shows formally the same iß(i+3) 

hydrogen bonding pattern as a β-turn. However, due to the elongated backbone of the β-amino 

acid building blocks, a twelve-membered pseudocycle is formed now. The above-mentioned β-

helix with alternating periodicity of the α-peptides finds also a counterpart in the β-peptide class, 

which was described by Seebach and co-workers as a “mixed helix” (Figure 11).87 The special 

features and peculiarities of these structures are subject of the Chapters 5 and 6. 

 
Fig. 11. Two different mixed helices of the β-peptides. The hydrogen bonds are formed 
alternately in the backward (iß(i+3) or iß(i+5)) and forward (ià(i+1) or ià(i+3)) direction 
along the sequence.  
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Of course, all the structure modifications discussed above for α-amino acids, are also possible 

for the homologous amino acids. Thus, the substitution of the Cβ-atom of a β-amino acid by 

oxygen or nitrogen leads to two other interesting amino acids in peptide foldamer research, the 

α-aminoxy acids and α-hydrazino acids (Figure 12). These amino acids are constituents of  

aminoxy and hydrazino peptide analogues and foldamers. In a tripeptide composed of valine and 

alanine which are flanking an α-aminoxy residue, a γ-turn-like geometry is obtained.88,89 Longer 

oligomers consisting only of α-aminoxy acids form helices with 1.8 residues per turn.90-92 In both 

cases, eight-membered pseudocycles are formed between the peptidic NH of residue (i+3) and 

the peptidic CO of amino acid i. For hydrazino peptides experimental information on secondary 

structure elements is still missing, although their synthesis is possible.93-95 There are some hints on 

periodic structures with eight-membered hydrogen-bonded pseudocycles. On the basis of ab 

initio MO theory, a rather complete overview on the secondary structure possibilities in 

hydrazino peptides was given. Thus, a helical structure stabilized by hydrogen bonds between the 

amino acids i and  (i+2) forming 14-membered pseudocycles is suggested to be most stable.96 

The aforementioned modification of the peptide bond with a sulfonamide moiety is 

practicable for the β-peptides too.97,98 In contrast to the relatively unstable α-sulfonamido 

peptides, rather stable compounds are accessible in β-sulfonamido peptides. Unfortunately, there 

are no convincing experimental hints on the formation of secondary structures until now.99  

The information given on the secondary structures of β-peptides illustrates the enormous 

potential in this class of compounds. Thus, it can be expected that secondary structure formation 

should also occur in the oligomers of γ- and δ-amino acids. Since these compounds are subject of 

the following chapters, the details are given there. 

 
Fig. 12. Structure of aminoxy and hydrazino peptides. 
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1.4 Ab Initio MO Theory and Peptide Structures 

Theoretical chemistry offers a wide variety of methods for the treatment of molecular 

structures. Molecular mechanics and quantum chemical approaches are of special importance. 

The methods of molecular mechanics are based on empirical force fields which are derived from 

rather simple ideas of classical physics on the potentials of bond length, bond angle and torsion 

angle variations additionally considering the electrostatic and van der Waals-London interactions 

between the atoms of a molecule.100 Although molecular mechanics is often the only realistic 

possibility to get structure information on large proteins, it suffers from serious drawbacks. 

Therefore, these methods were not employed in this work. More reliable are quantum chemical 

methods, which are based on two fundamentally different concepts, the molecular orbital (MO) 

theory and the valence bond (VB) theory. In most applications and also in this work, MO theory 

is preferred. The methods of MO theory can be divided into two groups, ab initio101-104 and 

semiempirical MO methods.105 Although attractive for the treatment of biomolecules because of 

the less computational efforts to be realized, semiempirical MO theory was not employed in this 

work since it fails considerably to describe peptide structures.106 Thus, all calculations performed 

in this work are based on ab initio MO theory.  

In ab initio calculations, the time-independent Schrödinger equation is solved for a given 

molecule.101-104 The solutions are the wave functions and the energies for all possible states. On 

the basis of these data, the various chemical and physical properties can be calculated. Since an 

exact solution of the Schrödinger equation is impossible for the most molecular systems, some 

simplifications are necessary. Most important are: 

o the Born-Oppenheimer approximation, which considers the positions of the nuclei 

fixed due their larger masses in comparison to that of the electrons. Thus, the wave 

function can be split into an electronic and a nuclear wave function. The latter can be 

neglected for most chemical purposes.  

o the model of independent particles, which describes the movement of each electron in 

an average field of all others. Thus, it is possible to split the total electronic wave 

function into electronic one-electron wave functions (Hartree-Fock (HF) ansatz). 

However for the calculation of this average field knowledge of the wave function is 

required, which is only obtained after having the Schrödinger equation solved. 

Therefore, there is need of a “first estimation” of the wave function to be able to 

calculate an approximated average field. Such a wave function can for instance be 

obtained by the solution of the Schrödinger equation for the system neglecting the 
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electron interaction completely. In this case, the Schrödinger equation can always be 

solved. Now, it is postulated that the solution of the Schrödinger equation employing 

this field provides an improved wave function, from which an improved average field 

results. This procedure can be continued in an iterative procedure until the self-

consistency of the field (self-consistent-field method, HF-SCF). 

o The molecular wave functions (molecular orbitals, MOs) are approximated by a linear 

combination of atomic orbitals (LCAO-MO-approximation). 

Methods solving the Schrödinger equation according to this procedure are called ab initio 

methods of the HF-SCF-LCAO-MO type. Apart from the aforementioned basic approximations, 

only the size of the LCAO-MO ansatz (basis set) has influence on the results. Among the various 

suggestions for basis sets, the basis set schemes developed by Pople and co-workers are widely 

accepted.104 

First ab initio MO studies on peptide structures employing these basis sets were carried out by 

Schäfer and coworkers in the early eighties.107-110 The STO-3G or 4-31G basis sets used in these 

studies provided a first insight into the preferred conformational states of the glycine and alanine 

diamides HCO-Gly-NH2 and HCO-Ala-NH2, respectively. A milestone of the quantum chemical 

work on peptide structures was the computation of a complete energetic Ramachandran plot 

with all minimum and transition state conformations for the blocked alanine and glycine 

derivatives at the 3-21G and 6-31G* levels of ab initio MO theory by Pople’s group in 1991.111 

The results of this study stimulated the work of numerous other groups in this field.112-116 An 

energetic Ramachandran plot for a blocked alanine constituent (MeCO-Ala-NHMe) calculated in 

our group at the same approximation level (HF/6-31G*) is shown in Figure 13.117 The 

comparison with the empirical plot in Figure 1b reveals the similarities. The forbidden regions 

(white in Figure 1b) are areas of high energy in this plot. Also the accessible regions (blue) have 

their counterparts in the energetic plot and correspond to the areas of minimal energy. Some, but 

not all of  the secondary structures of α-peptides correspond to minimum conformations of an 

amino acid constituent in the energetic Ramachandran plot. Thus, the right-handed helical 

structures in the third quadrant are completely missing.  

In the meantime, numerous systematic investigations on the influence of the size of basis sets 

on peptide conformation indicate that the 6-31G* split-valence basis, which considers 

polarization functions at all non-hydrogen atoms, provides rather satisfactory results. 

Enlargement of the basis set does not really improve the quality of the data. Therefore, this basis 

set was used throughout this work. Calculations at the Hartree-Fock level consider the exchange, 

but not the Coulomb correlation of the electrons. Fortunately, correlation effects do not play a 
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significant role in conformation problems, which is also confirmed for peptide structures.118 

Nevertheless, the HF calculations in this work are mostly complemented by the application of 

the density functional theory (DFT)119,120 selecting the B3LYP functional121,122  to estimate the 

correlation effects. The optimum structures at all approximation levels were obtained by 

complete geometry optimization. In many cases the character of the conformers, which are 

minimum energy conformations, was confirmed by the calculation of the matrix of force 

constants. Knowledge on the force constants allows also the calculation of thermodynamic 

properties like free enthalpies, enthalpies and entropies.  

It can be expected that the structure of peptides is influenced by solvents. Conventional ab 

initio MO theory describes the properties of the molecules only in vacuo. The description of 

solvent effects is a rather cumbersome matter. There are various approaches to solve this 

problem. They can be divided into models, which consider the solvent implicitly123-125 or 

explicitly.126-128 The explicit treatment of solvent molecules (supermolecule approximation) within 

ab initio MO theory is not realistic for the systems in this work. The implicit methods which 

describe the solvents as an unstructured dielectric continuum are better practicable, although all 

specific interactions get lost. Thus, the results of such calculations provide more the general 

trends of solvent influence. Their quantitative aspects should not be overestimated. 

 
Fig. 13. Energetic Ramachandran plot calculated at the HF/6-31G* level of ab initio MO 
theory. The basic minima for secondary structures are indicated in the plot. 
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In this work two continuum approaches were employed:  

o a quantum-mechanical Onsager-Self-Consistent-Reaction-Field (SCRF) model, which 

places the solute inside a spherical cavity. The electrostatic properties of the solute are 

projected to the cavity surface and interact with the solvent reaction field. The necessary  

radii of the sphere can be obtained from the molecular volumes or the Conolly molecular 

surface area. 

o a Polarizable Continuum Model (PCM), which was introduced by Tomasi and co-

workers, which calculates the molecular free energy of a solute in a solvent considering 

the exact shape of the solute.123,125 

The electrostatic energies calculated in both models can be complemented by the cavitation 

energy and the van der Waals-London interactions (dispersion energy) between solute and 

solvent.123 

The problems of continuum models could partially be overcome by so-called QM/MM 

models, which combine a quantum chemical (QM) description of the solute with a more or less 

great part of the nearest solvation shells with a molecular mechanical (MM) treatment of the 

remaining solvent molecules.126,127,129-132 Despite all efforts in this important field, there is no really 

successful method of this type until now. The quantum chemical part is mostly realized via semi-

empirical methods which have anyway considerable problems to describe the isolated peptide 

structures correctly. Besides, it is obviously a very delicate problem to describe the contact region 

between the pure quantum chemical and molecular mechanic parts of the system correctly. 
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1.5 Aim of this Work 

It is intended in this work to describe various aspects of secondary structure formation in α-, 

β-, γ-, and δ-peptides by systematic conformational analyses employing the methods of ab initio 

MO theory.  The studies should provide an overview on the secondary structure possibilities in 

homologous peptides and contribute to a better understanding of the origin of the various 

structure alternatives. It is of special interest to search for possibilities of a selective influencing of 

folding to derive rules which could be applied in a rational structure design. Based on the results, 

experimental work on peptide foldamers might be stimulated to create novel structure types. In 

detail, the focus is on the following aspects:  

(i) the possibilities of helix formation in γ-peptides (Chapter 2),73 

(ii) the direction of secondary structure formation in γ-peptides via insertion of (E)- or 

(Z)-double bonds (vinylogous γ-peptides in Chapters 2 and 3),73,133 

(iii) the extension of the foldamer concept to δ-peptides and the search for secondary 

structure elements like helices, strands and turns (Chapter 4),48 

(iv) the extension of the ‘mixed’- or β-helix concept to the homologous γ- and δ-peptides 

(Chapter 5),134 and  

(v) the investigation of substituent effects in the homologous α-, β- and γ-peptides on the 

formation of ‘mixed’- or β-helices and other helical structures (Chapter 6).135 
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Abstract. A complete overview of all possible periodic structures with characteristic H-bonding 

patterns is provided for oligomers composed of γ-amino acids (γ-peptides) and their vinylogues 

by a systematic conformational search on hexamer model compounds employing ab initio MO 

theory at various levels of approximation (HF/6-31G*, DFT/B3LYP/6-31G*, 

SCRF/HF/6-31G*, PCM//HF/6-31G*). A wide variety of structure alternatives with definite 

backbone conformations and H-bonds formed in forward and backward directions along the 

sequence was found in this class of foldamers. All formally conceivable H-bonded pseudocycles 

between 7- and 24-membered rings are predicted in the periodic hexamer structures, which are 

mostly helices. The backbone elongation in comparison to α- and β-peptides allows several 

possibilities to realize identical H-bonding patterns. In good agreement with experimental data, 

helical structures with 14- and 9-membered pseudocycles are most stable. It is shown that the 

introduction of an (E)-double bond into the backbone of the γ-amino acid constituents, which 

leads to vinylogous γ-amino acids, supports the folding into helices with larger H-bonded 

pseudocycles in the resulting vinylogous γ-peptides. Due to the considerable potential of 

secondary structure formation, γ-peptides and their vinylogues might be useful tools in peptide 

and protein design and even in material sciences. 
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Introduction 

The imitation and the improvement of structural features of peptides and proteins are great 

challenges for chemists and biochemists. The application of native peptides for pharmacological 

and pharmaceutical purposes often suffers from their insufficient resistance to proteases and 

their unfavorable transport properties. Besides, better selectivity for different receptor subtypes is 

desired [1,2]. It is an old idea to solve these problems by substitution of non-proteinogenic amino 

acids for one or several natural amino acids in the sequence. In the last years, the consistent 

extension of this idea led to the search for oligomers that are composed only of non-

proteinogenic amino acids [3-11]. Since protein and peptide structures are essentially determined 

by characteristic secondary-structure elements such as helices, sheets, and turns, the modified 

compounds still have to reflect the steric and electronic properties of their native counterparts to 

keep or even to improve the biological activity. Consequently, such oligomers should be able to 

form definite backbone conformations. 

All these efforts to develop efficient peptidomimetics could be considered as part of a general 

search for oligomers built from ‘any’ chemical monomer unit that folds into definite 

conformational states. The term foldamer was suggested for such structures [4]. It is obvious that 

this concept goes far beyond the structural imitation of peptides or the other two major 

backbones of biopolymers, ribonucleic acids and polysaccharides, even if peptidomimetics 

remain a topic of outstanding interest [4-11]. Due to the wide variety of chemical monomer units, 

foldamers with specific properties could be expected, which might be interesting in other fields 

as, for instance, in material sciences. 

Very interesting and surprising results were obtained for oligomers composed of β-amino 

acids (β-peptides). In comparison to α-amino acids, each β-amino acid constituent contributes an 

additional CH2 group to the backbone. Contrary to original assumptions of higher 

conformational flexibility in the backbone that could prevent the formation of ordered structures, 

several elements of secondary structure have been found [4,9-11]. Most impressive were diverse 

helix types with H-bonded pseudocycles of different sizes. One of these helices, a 2.51 helix with 

12-membered pseudocycles (C12) [12-14], corresponds to the familiar α-helix in the α-peptides by 

the backward direction of the H-bonds between the peptidic NH group of amino acid i and the 

peptidic CO group of amino acid (i - 3) along the sequence (1←4 interaction). But, different 

from native peptides and proteins, there are also β-peptide helices forming the H-bonds in the 

forward direction, such as a 31 helix with H-bonds arranged in 14-membered pseudocycles (C14) 
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between the NH group of amino acid i and the CO group of amino acid (i+2) (1→3 interaction) 

[14-16]. Even periodically alternating helices, sometimes called ‘mixed’ helices, were found, where 

two different pseudocycles, e.g., 10- and 12-membered, are alternating with their H-bonds in the 

forward and backward directions along the sequence [17-19]. Apart from the various helix types, 

β-peptides are also able to realize sheet- and turn-like structures [20-24]. Thus, it is not surprising 

that foldamer characteristics could be predicted and experimentally confirmed in β-peptide 

derivatives such as hydrazino [25,26] and aminoxy peptides [27-30]. Moreover, it can be expected 

that further homolongation of the monomer unit leading to γ-amino acids makes well-defined 

backbone conformations in the corresponding γ-peptides also possible. 

Formal possibilities of H-bonding in γ-peptides are illustrated in Fig. 1,a. Obviously, 

competition between periodic structure alternatives with nearest-neighbor (C7 and C9 

pseudocycles) and non-nearest-neighbor H-bonds with larger H-bonded pseudocycles (C12, C14, 

and higher) could be expected. Some of these structures were confirmed in experimental studies. 

Thus, early investigations on polymers of γ-linked D-glutamic acid, which is the main constituent 

of the capsule of Bacillus anthracis, indicated helical structures with 17- or 19-membered H-bonded 

pseudocycles [31]. Recently, it has been reported that unsubstituted γ-amino acids adopt C9-

conformations [32]. Other studies show that substituents at the γ-peptide backbone favor the 

formation of helices with 14-membered pseudocycles [33-39]. 

C7 pseudocycles are defined by an interaction between the peptidic NH and CO groups within 

the same monomer constituent (1→1 interaction), whereas the C9 pseudocycles are formed 

between the two amino acids adjacent to a monomer unit (1←3 interaction). Oligomeric 

structures of α- and β-peptides with closer H-bonded pseudocycles tend more to the formation 

of sheet- or ribbon-like structures, whereas helices are more probable in structures with larger 

pseudocycles. In γ-peptides, structures with nearest-neighbor H-bonds could possibly be more 

favored relative to their non-nearest-neighbor H-bonded counterparts than in α- and β-peptides. 

The backbone elongation improves the possibilities for an effective orientation of the H-bond 

donor and acceptor parts in the closer pseudocycles [32]. An interesting idea to avoid the 

formation of smaller pseudocycles and to favor a priori helices with larger pseudocycles could be 

the introduction of an (E)-double bond between the C(α) and C(β) atoms of the γ-amino acid 

constituents, which rigidifies the backbone and restricts the conformational possibilities [40]. The 

scheme of the possible H-bonding patterns in the corresponding vinylogous γ-peptides (Fig. 1,b) 

shows that the formation of the smaller H-bonded pseudocycles becomes impossible by this type 

of modification. Vinylogous γ-amino acids are synthetically accessible [41,42]. Their introduction 
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into α-peptide sequences as monomer constituents was successfully performed and some 

oligomers were also synthesized [43,44], but structural data for the oligomers have not been 

available until now. 

In the last years, numerous quantum chemical conformational analyses of non-proteinogenic 

amino acids and their oligomers were reported [26,28,45-59]. The ab initio MO methods 

employed proved to be reliable tools to obtain a rather complete overview on the possibilities of 

secondary-structure formation in these classes of compounds. In this study, we want to extend 

our investigations to γ-peptides and their vinylogues and focus especially on ordered periodic 

structures with characteristic H-bonding patterns. 

 
Fig. 1. Possible H-bonding patterns in γ-peptides (a) and their vinylogues (b). Nearest neighbor 
H-bonded pseudocycles C7 and C9 are highlighted. 
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Methods 

Numerous studies show that the major types of secondary structure elements in α- and β-

peptides and their derivatives can be deduced from the conformer pool of the blocked monomer 

constituents, even when H-bonding is still impossible in the monomer unit [26,28,45-68]. 

Nonetheless, it cannot be excluded that higher ordered structures exist, but become only possible 

in longer sequences by cooperativity effects. Therefore, such a monomer approach has to be 

complemented by conformational searches on oligomer structures, as it was shown in some 

molecular-dynamics studies on various peptidomimetics [30,69-74]. Here, we employ another 

strategy to find all periodic structures with specific H-bond patterns. Periodic conformations of 

the blocked γ-peptide hexamer 1 were generated by a systematic variation of the backbone 

torsion angles ϕ, θ, ζ, and ψ in each monomer constituent between -150° and 180° in steps of 

30°. The torsion angles ω of the peptide bonds were set to values of -165°, 180°, and 165°, 

respectively. From the resulting pool of ca. 36,000 conformations, we selected those fitting into 

possible periodic H-bonding patterns up to 24-membered H-bonded pseudocycles according to 

general geometry criteria of H-bonds. These structures were starting points for geometry 

optimizations at the HF/6-31G* level of ab initio MO theory [75]. 

 

All conformers that retained the periodic H-bonding patterns were reoptimized at the 

B3LYP/6-31G* approximation level of density functional theory (DFT) to estimate the influence 

of electron correlation energy [76,77]. The same procedure was employed for the corresponding 

vinylogous γ-peptide hexamer 2 with exception that the torsion angles ζ were assigned the same 

values as the angles ω because of the approximately planar arrangement at the (E)-double bond. 

Thus, the pool of starting conformations is reduced to ca. 9,000 conformations in this case. 

Since some solvation influence could be expected on peptide structures, an estimation of 

medium effects was performed employing the Onsager self-consistent-reaction-field (SCRF) 

model and the polarizable-continuum model (PCM), respectively [78-80]. The geometries of the 

HF/6-31G* minima were the starting points in both cases. Whereas the starting structures in the 

SCRF/HF/6-31G* calculations were subject to complete geometry optimization, the PCM 

energies arise from single-point calculations (PCM//HF/6-31G*). The PCM energies were not 
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available for all conformers, probably because of by inconsistencies of the formalism resulting 

from delicate surface-area problems in some cases. To simulate an aqueous environment, the 

dielectric constant was set to ε = 78.4. The radii of the solute molecules necessary within the 

SCRF model were estimated from the Conolly surface areas of the gas-phase monomers. Even if 

both models neglect specific solute-solvent interactions, the results might be considered as a first 

estimation of the general trend of solvation influence. 

All quantum chemical calculations were performed employing the GAUSSIAN98 [81] and 

GAMESS-US [82] program packages. 

Results and Discussion 

The Tables 1 and 2 provide information on the backbone torsion angles ϕ, θ, ζ, and ψ of all 

periodic minimum conformations of the blocked γ-peptide hexamer 1 with H-bonding patterns 

in the forward and backward direction obtained at the HF/6-31G* level of ab initio MO theory. 

The corresponding data at further levels of approximation (B3LYP/6-31G*, SCRF/HF/6-31G*) 

are part of the Supplementary Material. In the following paragraphs, the symbol Hx denotes the 

general helix type with the index x giving the size of the H-bonded pseudocycles Cx. The bold 

face notation Hx (vHx in the case of vinylogous γ-peptides) stands for an actual conformer of 

this type. Regarding the torsion angle values in all conformers in detail, ϕ corresponds to anti-

clinal (ac)[83] and syn-clinal (sc), and, in a few cases, also to anti-periplanar (ap) orientations. The two 

central torsion angles θ and ζ correspond only to sc and ap arrangements. The torsion angle ψ 

exhibits values for all three mentioned conformation types (ac, ap, sc). 

Referring to the scheme of H-bond possibilities in Fig. 1,a, it is striking that all pseudocycles 

between C7 and C24 can be realized in ordered periodic structures. Fig. 2 shows the most stable 

hexamer structure for each pseudocycle type. In the majority of cases, several alternatives exist 

for the same pseudocycle, which is demonstrated for the H7, H12, and H14 helices in Fig. 3. This is 

not surprising for the structures with the nearest-neighbor H-bonded pseudocycles C7 and C9. If 

there are several minimum-energy conformations with these pseudocycle types in the monomer 

constituents, the same or different of them may be arranged in periodic and aperiodic oligomers. 

This is already known from the β-peptides, where several oligomeric structures with nearest 

neighbor H-bonded pseudocycles could be localized [23,24,53,69] whereas the larger 

pseudocycles are only present in singular periodic oligomers [12-16]. Obviously, the 

homolongation in the monomer constituents opens up the possibility for conformational 

alternatives in the larger pseudocycles, too. In numerous cases, structure alternatives with 
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identical H-bonding patterns exhibit the values for the torsion angles ϕ, θ, ζ, and ψ in reversed 

order, e.g., H12
I/H12

II, H14
II/H14

III, and others (Tables 1 and 2). A comparison of the torsion angles 

of some representatives with the same H-bond orientations shows strong interrelationships, e.g., 

H9
I/H14

I/H19
I, H14

II/H19
II, and H14

III/H19
III, respectively. This is similar to the situation in 

α-peptides concerning the relation between the α- and 310-helices there. Thus, the possibility of 

interconversion between such structures has to be considered, in particular in the case of small 

energy differences. A special comment is deserved for the two helices with the 17-membered 

pseudocycles H17
I and H17

II. The values of the two central torsion angles θ and ζ are not the 

same in all monomer constituents as it is demanded for periodic structures, but are alternating. 

Interestingly, these alternating values correspond to those in the periodic H12 and H22 hexamers 

with the smaller and larger pseudocycles, respectively, which have the same direction of H-bond 

Table 1. Backbone Torsion Angles of Conformers of the Blocked γ-Peptide Hexamer 1 
with H-Bonds Formed in the Forward Direction Obtained at the HF/6-31G* Level of ab 
initio MO Theory a 
Conf.       ϕ       θ       ζ       ψ  Conf.       ϕ       θ       ζ       ψ  

H7
I 178.2 -64.1 91.4 158.4  H17

I 77.4 70.9 -76.8 152.2  
 179.5 -65.1 91.0 155.9   81.7 67.5 -79.8 145.5  
 -179.7 -65.2 91.0 154.6   84.7 64.3 -167.0 -175.9  
 -179.9 -65.3 90.8 155.0   75.8 65.8 -80.6 149.2  
 -179.8 -65.4 90.7 155.5   78.5 60.4 -171.2 -168.6  
 177.9 -65.4 88.8 163.2   75.4 66.4 -72.9 137.4  
            H7

II -89.1 -48.8 -50.9 -101.6  H17
II 120.1 -56.2 73.0 58.9  

 -93.6 -48.6 -50.4 -103.6   -168.3 178.6 63.2 60.0  
 -94.4 -48.4 -50.1 -103.6   155.0 -69.9 75.5 58.0  
 -94.6 -48.3 -50.1 -103.9   170.7 -169.5 74.3 90.7  
 -94.7 -48.3 -50.2 -104.3   140.0 -71.8 73.5 63.5  
 -92.9 -48.7 -50.4 -102.1   119.1 -179.6 69.1 -168.4  
            H12

I 78.9 68.5 -77.1 147.0  H22
I 146.5 177.3 179.7 98.7  

 85.7 70.2 -76.8 144.8   85.3 177.0 178.6 89.8  
 87.0 70.1 -76.9 145.6   78.6 178.9 180.0 90.6  
 86.3 69.9 -77.1 147.5   82.9 178.9 -177.1 97.7  
 85.9 69.3 -78.6 151.4   79.4 177.5 173.8 96.2  
 84.1 66.3 -73.9 135.3   78.8 -176.2 173.8 157.0  
            H12

II 123.1 -59.9 76.3 58.9  H22
II 91.8 66.4 -176.6 -157.5  

 155.4 -67.2 77.3 63.2   81.6 65.1 -170.8 -174.3  
 156.6 -69.2 75.5 67.4   77.3 64.4 -165.1 -168.3  
 154.2 -69.0 75.9 68.4   78.7 63.8 -169.2 -166.3  
 151.9 -68.0 77.2 67.1   75.1 62.7 -167.6 -163.2  
 150.6 -66.1 76.3 63.8   74.8 65.1 -167.8 -107.3  
a Torsion angles in degrees. 
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formation. Nonetheless, the C17 pseudocycle is maintained. All attempts to localize a completely 

periodic H17 structure failed. Obviously, the C17 H-bond pattern cannot periodically be kept in γ-

Table 2. Backbone Torsion Angles of Conformers of the Blocked γ-Peptide Hexamer 1 with 
H-Bonds Formed in Backward Direction Obtained at the HF/6-31G* Level of ab initio MO 
Theory a 

Conf.       ϕ       θ       ζ       ψ  Conf.       ϕ       θ       ζ       ψ  

H9
I 98.7 -69.5 -75.5 99.3  H19

I 118.4 -65.5 -71.1 179.1  
 97.4 -69.7 -75.2 97.0   168.1 -64.6 -69.1 164.0  
 97.4 -69.6 -75.1 97.0   148.1 -64.7 -68.7 160.1  
 97.5 -69.6 -75.2 97.0   172.3 -67.5 -70.2 159.9  
 97.5 -69.8 -75.3 97.1   154.1 -63.5 -69.8 160.1  
 98.4 -70.5 -74.5 100.1   170.2 -64.7 -71.4 161.8  
            H9

II 75.1 -161.2 72.9 4.5  H19
II 72.7 64.2 -170.9 148.4  

 75.0 -161.3 73.5 3.1   70.9 61.8 -165.3 148.9  
 74.8 -161.1 73.4 3.3   73.1 64.9 -169.2 150.6  
 74.9 -161.2 73.5 3.1   75.5 63.8 171.8 139.3  
 74.8 -161.6 73.2 3.9   78.1 62.8 -172.8 153.3  
 74.9 -162.9 72.5 5.4   83.0 59.1 171.7 147.5  
            H9

III 44.8 52.2 -157.9 65.3  H19
III 123.1 179.5 64.2 87.8  

 43.6 52.3 -156.2 64.1   139.1 -173.5 64.4 80.7  
 43.9 52.1 -155.6 64.1   125.9 -174.7 63.1 78.1  
 44.4 51.9 -155.4 63.8   146.3 -176.4 62.2 76.4  
 44.5 51.9 -155.9 64.3   134.0 -172.0 62.6 70.8  
 46.9 51.7 -156.6 70.6   151.5 -175.8 64.3 70.6  
            H14

I 106.1 -62.6 -67.5 165.6  H24
I -133.3 -176.5 -65.8 -93.8  

 136.5 -63.2 -68.2 138.3   -137.9 -174.8 -66.9 -103.0  
 138.0 -60.1 -65.1 141.4   -154.8 176.4 -69.0 -103.5  
 132.9 -61.0 -66.0 144.4   -105.2 -177.4 -64.9 -90.6  
 135.3 -63.4 -66.7 143.0   -174.6 -178.8 -63.0 -68.5  
 138.3 -61.0 -64.1 139.7   -166.4 178.9 -61.8 -66.4  
            H14

II -64.5 -60.1 154.9 -118.2  H24
II 75.4 175.9 165.9 81.4  

 -64.4 -59.3 156.1 -118.5   72.8 177.9 167.7 83.2  
 -64.2 -59.1 153.3 -117.2   75.6 174.8 166.9 53.3  
 -62.8 -58.6 155.1 -120.7   82.4 173.8 175.4 85.5  
 -68.5 -61.2 159.9 -108.3   78.7 175.5 171.6 65.6  
 -73.8 -58.9 175.1 -126.3   81.1 175.3 172.0 66.0  
            H14

III 95.2 -169.4 64.9 81.8        
 98.9 -165.4 61.1 70.4        
 108.8 -163.7 62.2 68.7        
 104.6 -163.2 62.7 70.3        
 104.4 -164.5 59.8 67.0        
 122.3 -169.5 65.0 45.6        
a Torsion angles in degrees. 
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peptides. This could be a hint that the possibility to keep special H-bonding patterns with 

alternative backbone conformations in the monomer constituents increases with proceeding 

homolongation. Thus, completely aperiodic or alternating structures for the same H-bonding 

 
Fig. 2. Most-stable periodic structures of hexamer 1 for each type of H-bonded pseudocycle 
obtained at the HF/6-31G* level of ab initio MO theory. (helix nomenclature in parentheses) 
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patterns become stronger competitive to periodic secondary structures. 

According to the energy data in Table 3, the most stable hexamer is H14
I followed by H9

I, 

which is only by 5.8 kJ/mol less stable, and H12
I with 21.8 kJ/mol above H14

I at the HF/6-31G* 

level of ab initio MO theory. The other alternatives are distinctly more unstable, but one has to 

keep in mind that only three pseudocycles can be formed in H22 and H24 helices in comparison to 

five H-bonds in H12 and H14 helices. The H14
I helix corresponds to the 2.61-helix suggested by the 

groups of Seebach and co-workers [35-37] and Hanessian et al. [38,39]. It differs from the 31-helix 

with 14-membered pseudocycles in the β-peptides above all by the opposite direction of H-bond 

formation, which is the same as in α-peptides. There is a rather perfect agreement between the 

calculated torsion angles and those from the crystal structure analysis of a substituted γ-peptide 

tetramer [36,37]. Considering the small energy difference between H14
I and H9

I and remembering 

the strong geometric relatedness between these two conformers (Tables 2 and 3, Fig. 2), rapid 

interconversion of these helices may occur. It was already mentioned that the closer pseudocycles 

Table 3. Relative Energies of the Conformers of the Blocked γ-Peptide Hexamer 1 Obtained 
at Various Levels of ab initio MO Theory a 
Conf.    ∆E   

 HF/6-31G* B3LYP/6-31G* SCRF/HF/6-31G*b) PCM//HF/6-31G*b) 

H7
I 34.6  31.4  42.1  n.a. c) 

H7
II 48.4  57.3  107.0  n.a.  

H9
I 5.8  0.0 d) 33.8  13.3  

H9
II 50.7  46.0  48.8  47.3  

H9
III 125.1  129.6  158.7  126.2  

H12
I 21.8  30.6  0.0 e) 1.8  

H12
II 66.0  75.0  26.4  44.5  

H14
I 0.0 f) 3.4  24.6  0.0 g) 

H14
II 73.5  81.4  84.6  n.a.  

H14
III 83.6  82.9  91.0  n.a.  

H17
I 34.1  73.0  44.9  22.3  

H17
II 96.1  107.9  95.9  n.a.  

H19
I 43.4  58.0  84.8  15.6  

H19
II 60.8  78.2  83.1  n.a.  

H19
III 81.8  85.9  88.0  n.a.  

H22
I 78.2  101.2  125.2  n.a.  

H22
II 82.0  103.5  124.6  n.a.  

H24
I 99.5  110.8  140.9  n.a.  

H24
II 101.8  97.1  133.5  n.a.  

a) Relative energies in kJ/mol. b) ε = 78.4. c) not available, cf. Text. d) ET = -1968.409228 a.u. 
e) ET = -1956.409114 a.u. f) ET

 = -1956.361656 a.u. g) ET = -1956.413644 a.u. 
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are the basis for sheet- or ribbon-like structures in β-peptides, whereas helix formation is 

observed only with larger pseudocycles. However, the backbone elongation in the γ-amino acid 

constituents supports helix formation also with the closer pseudocycles C7 and C9. In the case of 

the H7 conformers, the H7
II helix is still less stable than the sheet-like conformer H7

I, whereas the 

H9
I helix is not only the most-stable structure of all H9 conformers, but belongs to the most-

stable hexamer structures at all (Table 3, Figs. 2 and 3). 

The stability order at the Hartree-Fock level is not essentially changed at the B3LYP/6-31G* 

level of DFT (Table 3). The H14
I and H9

I hexamers remain closely together, but with a small 

preference of H9
I by 3.4 kJ/mol now, which might be caused by overestimation of H-bonding 

 
Fig. 3. All periodic conformers in the γ-peptide hexamer 1 with 7-, 12-, and 14 membered 
H-bonded pseudocycles obtained at the HF/6-31G* level of ab initio MO theory. 
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effects in DFT calculations. This would favor H9
I with one H-bond more than in H14

I. The H12
I 

helix is with 30.6 kJ/mol somewhat destabilized. 

The estimation of the solvent influence on the conformer stability shows contradictory results 

(Table 3). Remarkable changes in the stability order are predicted by the Onsager SCRF model. 

Now, the H12
I hexamer is distinctly more stable than the competitive structures H14

I and H9
I. 

Even H12
II gets significant stabilization by the solvent continuum. This effect is unequivocally 

related to the distinctly higher dipole moment of H12
I (µ = 30.5 D) in comparison to H14

I 

(µ = 24.8 D) and H9
I (µ = 25.4 D). The global dipolar component is of considerable importance 

in the Onsager reaction-field model and may be overestimated in the estimation of the solvation 

energy in relation to local solvation effects. The SCRF model, which simulates the solute in a 

sphere when contacting the solvent continuum, may anyway be too simple for such linear 

structures like those investigated here. The PCM model, however, should be more advantageous 

in such cases since the electrostatic interactions between solute and solvent are calculated on the 

basis of the actual molecular surface area in contact with the solvent continuum, thus describing 

local electrostatic effects much better. The PCM model predicts H14
I again as the most stable 

helix followed by H12
I only 1.8 kJ/mol above and H9

I by 13.3 kJ/mol less stable. Obviously, 

these three forms are most probable to be found in structure determinations on γ-peptides. 

In previous papers, it was shown that the typical secondary structure elements of β-peptides 

could be derived from conformers of the monomer constituents, even when H-bonding is still 

impossible and becomes visible only in longer sequences [46,53,54]. It has to be proved whether 

such a monomer approach might be sufficient to derive the periodic structures also for the 

γ-peptides. For the C7 and C9 pseudocycles we find three conformers at the monomer level (cf. 

also [84]). In the case of the C9 pseudocycles, which are more stable than the C7 rings, these three 

monomeric conformers are in fact the basis for the hexamer structures in Table 1, whereas only 

two of the C7 conformers are present in the corresponding hexamers. The third conformer 

changes its oligomer geometry into one of the two other periodic structures. Performing 

geometry optimizations on blocked monomers with the corresponding torsion-angle values of 

the helices with the larger pseudocycles provides an indifferent picture. In some cases, e.g., H14
I, 

H19
I, H19

III, and H12
II, we find a change into smaller pseudocycles (C9 and C7). In other cases, the 

geometry optimization provides conformers with considerably different geometry. Only the basic 

conformation of the H12
I helix is already present at the monomer level. Obviously, most of the 

higher secondary structures with characteristic H-bonding patterns in γ-peptides cannot 

immediately be derived from the conformer pool at the monomer level. 
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After the systematic conformational analysis on a γ-peptide hexamer, which provided a 

considerable number of conformers, it may be interesting to examine the consequences of the 

introduction of an (E)-double bond between the C(α) and C(β) atoms of the γ-amino acid 

constituents of the peptide backbone in the resulting vinylogous γ-peptides. In Table 4, the 

HF/6-31G* geometry data of all conformers with periodic H-bonding patterns of the hexamer 2 

are summarized. Geometry information obtained at other approximation levels is again part of 

the Supplementary Material. Table 5 presents the energy relations between the conformers. Our 

investigations show some differences in comparison to the situation in the γ-peptides. As 

expected, structures with nearest neighbor H-bonds like C7 and C9 cannot be formed due to the 

rigidity of the backbone after the introduction of the (E)-double bond. Even periodic structures 

with the larger C12 pseudocycles are not yet possible. Beginning with the pseudocycle C14 up to 

C24, all periodic hexamer structures are again available. They are visualized in Fig. 4. None of the 

vinylogous γ-peptide conformers in Table 4 can be derived from conformers at the monomer 

level. Starting geometry optimizations on blocked monomers with the torsion angle values of the 

Table 4. Backbone Torsion Angles of Conformers of the Blocked 
Vinylogous γ-Peptide Hexamer 2 with H-Bonds Formed in Backward and 
Forward Direction Obtained at the HF/6-31G* Level of ab initio MO 
Theory a 
Conf.       ϕ       θ       ψ  Conf.       ϕ       θ       ψ  
vH14 71.4 18.2 164.2  vH17 -166.6 -132.5 24.2  
 65.1 15.4 163.7   84.7 -107.1 38.7  
 65.6 16.9 160.5   93.6 -100.6 41.0  
 66.0 16.8 161.4   83.5 -101.1 49.2  
 67.6 15.1 155.1   84.2 -99.0 44.8  
 81.6 -3.8 177.3   82.3 -93.9 45.6  
          vH19 79.3 10.9 -175.8  vH22

I 118.5 117.6 165.3  
 70.1 33.1 -174.2   74.1 107.3 157.3  
 80.0 16.6 -172.6   66.6 109.0 158.4  
 83.4 16.1 -179.8   72.1 108.0 158.1  
 87.8 14.3 -175.7   70.3 108.5 159.4  
 114.5 -2.9 -176.0   73.3 130.5 -174.9  
          vH24 77.2 -125.9 32.9  vH22

II 103.6 -123.5 31.6  
 76.3 -127.1 39.2   100.3 -116.7 35.8  
 81.7 -116.2 -33.1   96.1 -110.4 37.3  
 98.4 -117.3 30.5   90.4 -107.9 38.8  
 94.2 -117.3 -18.8   85.9 -106.4 41.6  
 103.4 -131.5 -20.6   87.5 -105.1 40.1  

a Torsion angles in degrees. 
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conformers in Table 4 leads to considerable structure changes. Contrary to the γ-peptides, there is 

only one representative for each ring size with exception of C22, which is realized in the two 

helices vH22
I and vH22

II. In any case, it can be seen that secondary-structure formation can a priori 

be directed to the formation of helices with larger pseudocycles by an appropriate type of 

rigidification of the peptide backbone. The backbone torsion angle values are more restricted in 

the vinylogous γ-peptides in comparison to the γ-peptides. Whereas ϕ corresponds only to sc and 

θ to sp and ac conformations, the torsion angle ψ assumes only values around 0° and 180°, 

respectively, due to conjugation effects. 

In contrast to the γ-peptides, the most stable conformers are vH22
I at the HF/6-31G* level 

and vH19 at the B3LYP/6-31G* level (Table 5). Independent of the approximation levels, the 

energies of these two conformers are close together. This relationship is maintained when 

considering the solvent influence (Table 5). Despite the lesser number of H-bonds in the 

hexamer, the formation of the larger pseudocycles C19 and C22 is preferred over the formation of 

C14 pseudocycles in the vinylogous γ-peptides, which predominate in the γ-peptides. Besides, the 

relatively unstable vH14 conformer found in the vinylogous γ-peptide hexamer shows no strict 

correspondence to one of the three H14
 conformers of the γ-peptide hexamer. 

A detailed look at the structure of the rather stable vH22
I helix of the vinylogous γ-peptides 

(Fig. 4), reveals a large inner diameter of ca. 3.5 Å. Thus, such structures could become important 

for the design of channels and tubes. 

Conclusions 

Our systematic conformational search for periodic structures with characteristic H-bonding 

patterns in γ-peptides provides a wide variety of structure alternatives. In comparison to 

Table 5. Relative Energies of Conformers of the Blocked Vinylogous γ-Peptide Hexamer 2 
obtained at Various Levels of ab initio MO Theory a 

Conf.    ∆E    

 HF/6-31G* B3LYP/6-31G* SCRF/HF/6-31G*b) PCM//HF/6-31G*b) 

vH14 39.9  25.0  27.5  63.0 
vH17 67.2  57.2  44.3  82.5 
vH19 5.3  0.0 c) 0.0 d) 6.4 
vH22I 0.0 e) 10.8  14.8  0.0 f) 

vH22I

I 
66.9  70.8  70.7  53.3 

vH24 74.7  77.4  55.1  53.3 
a) Relative energies in kJ/mol. b) ε = 78.4. c) ET = -1960.996152 a.u. d) ET = -1949.245753 a.u. 
e) ET = -1949.211533 a.u. f) ET = -1949.283589 a.u. 
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β-peptides, the homolongation of the peptide backbone increases the number of structures with 

definite backbone conformations and H-bonds formed in forward and backward directions along 

the sequence. All H-bonded pseudocycles with ring sizes between C7 and C24 are formally 

represented. In most cases there are several possibilities to realize identical H-bonding patterns. 

In good agreement with experimental data, periodic structures with 14- and 9-membered 

pseudocycles are most stable.  

It can be shown that the introduction of an (E)-double bond into the backbone of the 

γ-amino acid constituents supports the formation of helices with larger H-bonded pseudocycles 

 
Fig. 4. All periodic conformers of the vinylogous γ-peptide hexamer 2 obtained at the 
HF/6-31G* level of ab initio MO theory (helix nomenclature in parentheses) 
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in the corresponding vinylogous γ-peptides, since closer rings cannot be formed any longer by 

this type of backbone modification. Special influence on the folding properties of γ-peptides and 

their vinylogues could also be expected from different substituent patterns at the backbone C-

atoms. 

Our study demonstrates the enormous potential of secondary structure formation in 

γ-peptides and their vinylogues, which is promising for peptide and protein design. 

Support of this work by Deutsche Forschungsgemeinschaft (Projekt HO 2346/1 

‘Sekundärstrukturbildung in Peptiden mit nicht-proteinogenen Aminosäuren’ and SFB 610 ‘Proteinzustände 

von zellbiologischer und medizinischer Relevanz’) is gratefully acknowledged. 

Supplementary Material Available. Tables of the backbone torsion angles in conformers of the γ-

peptide hexamer 1 and its vinylogue 2 at the SCRF/HF/6-31G* and DFT/B3LYP/6-31G* 

levels are available on the compact disc attached at the end of this book. 
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Abstract. A complete overview on the alternative and competitive helices in vinylogous γ-

peptides is given which was obtained on the basis of a systematic conformational analysis at 

various levels of ab initio MO theory (HF/6-31G*, DFT/B3LYP/6-31G*, PCM/HF/6-31G*). 

Contrary to the parent γ-peptides, there is a strict control of helix formation by the configuration 

of the double bond between the C(α) and C(β) atoms of the monomer constituents. (E)-double 

bonds favor helices with larger pseudocycles beginning with 14- up to 27-membered hydrogen-

bonded rings, whereas the (Z)-configuration of the double bonds supports a distinct preference 

of helices with smaller 7- and 9-membered pseudocycles showing interactions between nearest-

neighbor peptide bonds. The rather stable helices of the (E)-vinylogous peptides with 22-, 24-, 

and 27-membered hydrogen-bonded pseudocycles have inner diameters large enough to let 

molecules or ions pass. Thus, they could be interesting model compounds for the design of 

membrane channels and monomolecular nanotubes. Since (E)- and (Z)-vinylogous γ-amino acids 

and their oligomers are synthetically accessible, our study may stimulate structure research in this 

novel field of foldamers. 
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Introduction 

The design of oligomers which fold into definite secondary structures is a very actual and 

interesting field for synthetic chemists.1 The monomers of these oligomers come from a wide 

variety of different structure classes. A particularly important group among them results from the 

homologation of the native α-amino acids to β-, γ-, and δ-amino acids, respectively. Obviously, 

studies on the oligomers of these amino acids aim at the mimicking of native peptide structures. 

They provide deeper insight into basic principles of folding and structure formation and 

contribute to a better understanding of the structure and function of biopolymers. Considering 

also more abiotic oligomers, we enter a realm of novel molecular scaffolds with functional 

properties, which could possibly be also of importance for material sciences and even 

information storage.  

For oligomers with secondary structures formed by noncovalent interactions between 

nonadjacent monomers in solution the term foldamers was introduced.1a,b Foldamer research was 

essentially stimulated by the investigation of peptidic foldamers, in particular oligomers of β-

amino acids (β-peptides).2 Numerous ordered secondary structures, as for instance various 

helices, strands, and turns, were found. Thus, the most prominent secondary structure types of β-

peptides are helices with 12- and 14-membered hydrogen-bonded pseudocycles (H12, H14), 

respectively.2c,d Definite secondary structures can also be expected in oligomers of γ- and δ-amino 

acids. Thus, studies on γ-linked D-glutamic acids provided hints on helical structures with 17- or 

19-membered rings,3a whereas unsubstituted γ-peptides adopt a poly-C9-conformation.3b 

Substituents at the γ-positions of the γ-peptide constituents enforce a helix with 14-membered 

pseudocycles.3c,d Secondary structure formation in δ-peptides has a special note, since a δ-amino 

acid constituent corresponds approximately to a dipeptide unit in the native α-peptides. Thus, it 

can be supposed that δ-peptides are able to mimic the secondary structure elements of the native 

peptides and proteins better than the other peptidic foldamers.4 

Numerous theoretical studies employing ab initio MO theory and molecular dynamics 

techniques confirmed the experimental data and predicted further folding alternatives in 

sequences of homologous amino acids.5 It was an interesting result that all important folding 

patterns in oligomers of β-peptides can be derived from the conformational properties of the 

blocked monomer units (monomer approach), even in the case of the helices H14 and H12 with 

hydrogen-bonded turns for which the structural requirements are not yet given in the 

monomers.5b,e Contrary to this, the experimentally indicated H14 helix of the γ-peptides with the 
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larger hydrogen-bonded cycles can only be obtained by conformational analyses on larger 

oligomers (oligomer approach).5i Studies on blocked monomers provide only secondary 

structures with interactions between neighboring peptide bonds, which are competitive to the 

aforementioned structures with the non-neighboring peptide bond interactions. Obviously, a 

critical sequence length is required for the formation of the latter ones.  

It would be an advantage to find possibilities for a selective influencing of the secondary 

structure formation in peptides. This could be realized for instance by introduction of special side 

chains at the various backbone positions which can influence the secondary structure formation 

simply by their size or by specific interactions like hydrogen bonds, salt bridges or π-stacking, 

respectively. In fact, systematic theoretical studies on the substituent influence on β-peptide 

structures5h provide useful hints for the support of special secondary structure types. 

Introduction of steric restrictions into the backbone could be another possibility to control 

secondary structure formation. Experimental studies on β-peptides show impressively that the 

H12 helix is favored, when the C(α) and C(β) backbone atoms are part of a cyclopentane ring,6a 

whereas the H14 helix is obtained when the C(α) and C(β) atoms are part of a cyclohexane ring.6b 

In the same way, sugar amino acids of γ- and δ-amino acid-type support selectively special 

secondary structure elements.4a-i Now, we want to turn the attention to the simple case of the 

introduction of (E)- and (Z)-double bonds into the peptide backbone. Whereas a double bond 

between the C(α) and C(β) atoms of a β-amino acid constituent is less attractive for helix 

formation due to the resulting conjugated system, γ-amino acids having a double bond between 

the C(α) and C(β) atoms (vinylogous γ-amino acids) might represent a good compromise 

between backbone rigidification and a sufficient conformational flexibility for secondary structure 

formation.5i   

 Several methods were suggested for the synthesis of both (E)- and (Z)-vinylogous γ-amino 

acids and their oligomers.7 Despite their accessibility, structure information of vinylogous γ-

peptides is not available until now. Therefore, we want to provide a complete overview on the 

possibilities of helix formation in vinylogous γ-peptides and its influencing by (E)- and (Z)-

double bonds to stimulate synthetic work and structure research. Besides, we compare the 

monomer and the oligomer approach in order to see which secondary structures are already 

preformed in the blocked monomeric units and which are only available at a critical sequence 

length by taking profit from cooperative effects.  
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Methodology 

The monomer approach is based on a complete scan of the conformational space of the 

blocked unsubstituted (U) and γ-methylsubstituted (G) vinylogous γ-amino acid monomers 1 and 

2 (n=1) with (E)- and (Z)-double bonds, respectively. The considerable dimension of the 

conformation problem with the three backbone torsion angles ϕ, θ, and ψ prevents the 

calculation of a grid with relatively small torsion angle intervals at higher levels of ab initio MO 

theory. Thus, we applied the following strategy. The torsion angle ψ was set at 0° and 180°, 

respectively. This is confirmed by conformational analyses on (E)- and (Z)-2-butenoic acid N-

methylamide at the HF/6-31G* and DFT/B3LYP/6-31G* levels of ab initio MO theory (Figure 

1, cf. also refs. 8). All combinations of the values of -120°, -60°, 0°, 60°, 120° and 180° were 

assigned to the torsion angles ϕ and θ. The resulting structures were the starting points for 

complete geometry optimizations at the HF/6-31G* level of ab initio MO theory. The optimized 

structures obtained were characterized as minimum conformations by the determination of the 

 

 
FIGURE 1. HF/6-31G* (�) and B3LYP/6-31G*(�) potential curves for (E)- (----) and (Z)-
(___) 2-butenoic acid N-methylamide. 
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vibration frequencies. Because of symmetry, there are always pairs of energetically equivalent 

conformers in the U series, where the torsion angles differ only by sign. This does not longer 

hold for the G derivatives, where only approximate backbone mirror image conformers can be 

expected. In all cases of G, where the pairs of the approximate backbone mirror images did not 

result from the grid search, the signs of the torsion angles of an obtained conformer were 

reversed and the corresponding conformation reoptimized to test for the possibility of the 

alternative backbone handedness. Such conformer alternatives were denoted by the same symbol, 

but adding a prime. For the minimum conformations the influence of correlation energy was 

estimated by optimization at the B3LYP/6-31G* level of density functional theory (DFT). The 

solvent influence was described on the basis of a polarizable continuum model (PCM) by 

geometry optimization of the gas phase conformers at the PCM/HF/6-31G* level of ab initio 

MO theory for the solvent water (ε=78.4). 

The conformational analysis within the oligomer approach was performed at the level of the 

blocked hexamers 1 and 2 (n=6) in two ways. At first, all periodic hexamers resulting from the 

conformers of the monomer approach were generated and optimized at the HF/6-31G* level. 

Since there was a considerable lack of helical structures with non-neighboring peptide bond 

interactions in the case of the (E)-and (Z)-vinylogous peptides, we complemented this procedure 

by another strategy, which was already applied in our searches for the hydrogen-bonded helices 

of γ- and δ-peptides and of mixed helices with an alternating hydrogen bonding pattern.5i,k,l 

 
FIGURE 2. Possible hydrogen bonding patterns for helices of (E)-( ζ=180°) and (Z)-vinylogous 
(ζ=0°) γ-peptides with the hydrogen bonds formed in forward and backward direction along 
the sequence. 
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Periodic structures of hexamers were systematically generated assigning all values from -150° to 

180° in steps of 30° to the backbone torsion angles ϕ, θ, and ψ . The double bond torsion angles 

ζ were set at -165°, 180°, and 165° for the (E)-hexamers and -15°, 0°, and 15° for the (Z)-

hexamers, respectively, while values of -165°, 180°, and 165° were allowed for the ω torsion 

angles. This procedure leads to 9,072 conformations. All structures out of these conformations, 

which fit into the possible periodic hydrogen bonding patterns in Figure 2 according to general 

geometry criteria for hydrogen bonds, were starting points for geometry optimizations at the 

HF/6-31G* level of ab initio MO theory. The criteria for the acceptance of a conformation as a 

potential candidate for a helix with the periodic hydrogen-bonded pseudocycles of Figure 2, were 

the H⋅⋅⋅O distances between the hydrogen atoms of the peptidic NH bonds and the oxygen 

atoms of the corresponding peptidic CO bonds, which should be in the range of 1.8-2.4Å. 

Besides, the values of the angles ∠NH⋅⋅⋅O and ∠H⋅⋅⋅OC should be in between 100-180°. In this 

way, 147 and 61 starting conformations for hydrogen-bonded helices resulted for the (E)- and 

(Z)-hexamers, respectively, additionally to the hexamers derived from the monomers. The 

optimized structures were characterized as minimum structures by the determination of the 

matrix of the force constants. On the basis of the vibration frequencies, the enthalpies, the  

thermal energy corrections, and the entropies of the various helices were calculated. For the 

minimum conformations, which still fulfill the helix properties of Figure 2, geometry 

optimizations at the B3LYP/6-31G* level were complemented to estimate the influence of 

correlation effects. All helical HF/6-31G* conformers were also subjected to 

PCM//HF/6-31G* single-point calculations to examine the solvent influence. The quantum 

chemical calculations were performed employing the Gaussian98, Gaussian03, and the Gamess-

US program packages.9 

Results and discussion 

(E)-vinylogous γ -pept ides 

Table 1 contains the geometry data for the conformers of the blocked unsubstituted (U) and 

γ-methyl-substituted (G) model compounds 1 (n=1) with an (E)-double bond obtained at the 

HF/6-31G* level of ab initio MO theory. The corresponding geometry information at the 

DFT/B3LYP/6-31G* and PCM/HF/6-31G* levels is given as Supporting information. It is 

possible to collect the conformers in various families denoted by Arabic numerals with 

approximately the same values of ϕ and θ. The relative energies of the conformers are given in  
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Table 2. There are only a few changes of the stability order at the various approximation levels. 

Some gas phase conformers disappear in the water continuum. The most stable conformers are 

visualized in Figure 3. 

TABLE 1. HF/6-31G* Backbone Torsion Anglesa for the Unsubstituted (U) and γ-Methyl-
substituted (G) Conformers of 1 (n=1) 
Conf. ϕ θ ζ ψ  Conf. ϕ θ ζ ψ 
U1 -139.0 -125.8 -179.3 175.9  G3a -136.6 11.9 179.4 -174.8 
      G3b -143.0 11.0 176.9 27.6 
U2a -84.7 113.7 -179.3 176.0       
U2b -83.1 131.4 175.7 34.6  G4a 64.5 123.1 179.2 -176.4 
U2c -91.2 117.5 177.8 -29.3  G4b 60.2 117.3 176.5 23.4 
      G4b' -79.2 -122.7 -177.4 -24.0 
U3a -111.6 9.3 179.5 -174.2  G4c 61.5 123.1 -178.3 -24.7 
U3b -113.4 6.3 177.2 26.5  G4c' -79.1 -125.3 177.0 28.1 
U3c -98.8 0.7 -176.7 -31.9       
      G5a -152.6 122.2 178.9 -178.8 
U4a -80.9 -123.0 177.6 27.5  G5b -160.1 115.1 -177.9 -31.6 
U4b -80.4 -120.8 -176.7 -23.9       
      G6a -164.1 -27.7 -177.9 176.0 
G1a -147.4 -127.3 -179.8 176.2  G6b -162.6 -27.0 178.3 30.2 
G1b -142.7 -123.3 176.8 30.8       
G1c -140.7 -123.6 -176.7 -27.0  G7a 75.8 -5.2 179.9 171.9 
      G7b 71.0 11.5 175.6 33.7 
G2a -83.8 110.6 -179.2 175.9  G7b' -95.3 -3.7 -176.4 -32.1 
G2a' 66.5 -129.6 -179.0 -172.6  G7c 75.2 6.5 -179.2 -24.2 
G2b -83.6 125.7 175.8 34.4       
G2b' 55.7 -152.9 -177.5 -34.6       
G2c -91.3 113.9 -177.5 -29.4       
G2c' 64.6 -147.6 -179.5 24.8       
a Torsion angles in degrees. 

 
FIGURE 3. Sketch of the most stable conformers of 1 (n=1) at the HF/6-31G* level of ab 
initio MO theory. 
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In the next step, periodic secondary structures were derived from the conformer pool of the 

unsubstituted monomer unit. Contrary to the blocked β- and γ-amino acids, there is no structure 

with a stabilizing hydrogen bond among the monomer conformers. Obviously, the (E)-double 

bond prevents the formation of hydrogen bonds between neighboring peptide bonds. Thus, 

TABLE 2. Relative Energiesa of the Unsubstituted (U) 
and γ-Methyl-substituted (G) Conformers of 1 (n=1) 
at the HF/6-31G*, DFT/B3LYP/6-31G* and 
PCM/HF/6-31G*b Levels of ab Initio MO Theory 
Conf. ∆E(HF) ∆E(B3LYP) ∆E(PCM) 
U1 0.0c 0.0d 0.0e 
U2a 0.8 3.1 2.0 
U2b 12.6 16.4 12.5 
U2c 15.7 18.2 12.6 
U3a 1.1 1.2 0.9 
U3b 12.0 12.2 11.2 
U3c 8.6 10.0 10.8 
U4a 5.1 7.6 9.9 
U4b 7.4 9.7 10.4 
G1a 3.3 0.9 1.2 
G1b 10.7 9.0 13.1 
G1c 13.4 11.3 15.7 
G2a 0.0f 0.0g 17.6 
G2a' 14.7 14.0 → G6ai 
G2b 12.5 13.5 2.6 
G2b' 19.6 18.2 10.2 
G2c 15.3 15.1 0.0h 
G2c' 28.2 26.9 12.2 
G3a 2.5 0.3 3.2 
G3b 13.1 11.2 9.3 
G4a 11.3 11.0 4.7 
G4b 13.4 13.9 15.2 
G4b' 12.7 → G1ci 12.9 
G4c 13.1 13.6 15.0 
G4c' 10.1 → G1bi → G2ci 
G5a 2.9 → G2ai 17.9 
G5b 14.1 14.2 → G2ci 
G6a 12.3 9.5 → G3ai 
G6b 20.2 18.4 → G3bi 
G7a 14.0 13.0 14.3 
G7b 21.9 21.8 18.9 
G7b' 10.0 9.2 → G3bi 
G7c 27.8 26.8 → G7bi 
a In kJ/mol. b ε=78.4. c ET=-530.704664 a.u. 
d ET=-533.932755 a.u. e ET=-530.717694 a.u. 
f ET=-569.741818 a.u. g ET=-573.248515 a.u. 
h ET=-569.750027 a.u. i Optimization leads to the 
conformer after the arrow. 
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helices with larger hydrogen-bonded pseudocycles could only be expected in longer sequences of 

(E)-vinylogous amino acids. The oligomerization of all U conformers in Table 1 up to hexamers 

and their optimization provides helical minimum conformations in all cases (Table 3). However, 

only the hexamer derived from the conformer U2c represents a helix with 27-membered 

hydrogen-bonded pseudocycles (H27
II) according to the hydrogen bond patterns in Figure 2. 

Some of the helices without hydrogen bonds, such as those derived from the monomers U1, 

U2a, and U3a, are more stable than the helix with the 27-membered hydrogen-bonded cycles at 

the HF/6-31G* level (Table 4). This tendency even increases regarding the data for the solvent 

water.  

TABLE 3. HF/6-31G* Backbone Torsion Anglesa of all Periodic Hexamer Structures 1 
(n=6) Derived from the Conformers U in Table 1 

Conf. ϕ θ ζ ψ  Conf.b ϕ θ ζ ψ 
(U1)6 -133.7 -125.7 -179.4 176.8  (U3b)6 -110.8 6.1 177.4 26.6 

 -131.6 -125.5 -179.4 176.9   -100.0 5.0 177.8 26.0 
 -130.2 -125.4 -179.4 177.0   -98.9 4.9 177.7 26.3 
 -129.9 -125.4 -179.4 176.9   -98.6 4.9 177.7 26.2 
 -131.2 -125.4 -179.5 176.7   -98.8 4.7 177.7 26.0 
 -137.2 -125.5 -179.3 176.0   -99.7 4.1 177.4 25.5 

(U2a)6 -84.6 113.3 -179.5 176.9  (U3c)6 -97.3 0.4 -176.5 -32.6 
 -86.9 115.7 -179.9 176.5   -101.6 0.8 -176.7 -32.1 
 -86.8 115.3 -179.8 176.3   -102.1 1.0 -176.7 -32.2 
 -86.9 115.3 -179.8 176.3   -102.7 1.2 -176.7 -32.2 
 -87.1 115.6 -179.9 176.4   -102.8 1.4 -176.7 -32.2 
 -86.8 115.4 -179.6 175.1   -105.7 2.1 -176.8 -31.3 

(U2b)6 -78.8 132.9 176.3 34.3  (U4a)6 -78.9 -123.9 177.9 26.5 
 -77.6 127.5 176.9 34.0   -77.7 -124.0 178.1 25.9 
 -77.9 126.9 177.0 33.9   -77.7 -124.0 178.1 25.9 
 -78.3 126.8 176.9 34.0   -77.8 -124.0 178.1 25.9 
 -78.8 127.7 176.6 34.4   -78.1 -123.7 178.0 26.1 
 -80.5 127.9 176.2 34.1   -78.9 -123.8 178.0 26.5 

(U2c)6(H27
II) -94.2 121.9 -179.0 -26.3  (U4b)6 -77.3 -122.9 -176.5 -23.4 

 -104.3 123.7 -177.9 -29.7   -78.5 -124.4 -176.2 -26.9 
 -78.8 142.2 175.6 38.9   -78.7 -124.6 -176.3 -26.8 
 125.6 122.4 -175.5 -28.8   -78.8 -124.5 -176.3 -26.8 
 -83.7 108.5 -174.8 -37.4   -79.5 -124.7 -176.1 -28.0 
 -88.8 111.6 -176.7 -37.4   -82.4 -123.0 -176.6 -26.2 

(U3a)6 -95.2 5.0 178.4 -173.5       
 -92.4 5.0 178.7 -174.4       
 -92.4 4.4 178.6 -174.5       
 -93.1 4.8 178.7 -174.4       
 -94.9 5.5 178.8 -174.2       
 -100.3 7.0 179.6 -175.4       

a Angles in degrees. 
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It can be supposed that there are more helices in (E)-vinylogous peptides, which fulfill the 

hydrogen bonding patterns in Figure 2, than can be derived from the monomer pool. Indeed, the 

direct search for such helices in blocked hexamers of 1 (n=6) up to helices with 27-membered 

hydrogen-bonded pseudocycles provides helix alternatives with 14-, 17-, 19-, 22-, 24- and 27-

membered pseudocycles according to Figure 2 (Table 5).5i The helices H17, H22, and H27 form the 

hydrogen bonds in forward direction along the sequence, the helices H14, H19, and H24 in 

backward direction. For the hydrogen bonding patterns in H22 and H27, there are even two 

representatives denoted by upper-script Roman numbers in the order of decreasing stability. The 

H22
I and H19 helices are the most stable helices among the hydrogen-bonded helix types (Table 4). 

They are also distinctly more stable than the helices without hydrogen bonds derived from the 

monomers U1, U2a, and U3a, respectively (Tables 3 and 4). This is particularly valid for apolar 

media, whereas the most stable helices without hydrogen bonds gain considerable stability in a 

polar environment because of their better interaction possibilities with the solvent due to the 

missing intramolecular peptide hydrogen bonds. The stability order of the helix hexamers within 

the two groups of helices with and without hydrogen bonds obtained on the basis of the energy 

data is essentially confirmed by the free enthalpy data resulting from the calculation of the 

vibration frequencies (see Table S5 of the Supporting information). However, it has to be 

mentioned, that the helices without hydrogen bonds get some stability at the free energy level in 

TABLE 4. Relative Energiesa of Selected Periodic 
Hexamers 1 (n=6) at Various Approximation Levels of 
ab Initio MO Theory 

Conf.b ∆E(HF) ∆E(B3LYP) ∆E(PCM)c 
(U1)6 36.9 46.2 0.0d 
(U2a)6 46.5 68.4 14.3 
(U2b)6 107.6 133.4 73.9 
(U2c)6 (H27

II)  64.3 75.7 89.8 
(U3a)6 33.3 46.9 6.9 
(U3b)6 110.3 116.2 62.9 
(U3c)6 95.7 106.0 63.2 
(U4a)6 68.7 92.5 55.4 
(U4b)6 84.0 101.1 63.4 
H19 5.3 0.0e 60.4 
H22

I 0.0f 10.8 43.4 
H27

I 17.2 33.7 31.1 
a Energies in kJ/mol. b Monomers U from Table 3; 
Helixes Hx result from the oligomer approach in Table 
5; Hx denotes a helix with x-membered hydrogen-
bonded pseudocycles. c ε=78.4. d ET=-1949.239855 a.u. 
e ET=-1960.996152 a.u. f ET=-1949.211533 a.u. 
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comparison to their hydrogen-bonded counterparts resulting from the entropy contributions. 

Due to the missing hydrogen bonds, the entropy values of these helices are distinctly higher than 

those of the hydrogen-bonded helices. Figure 4 visualizes the most stable helices of (E)-

vinylogous γ-peptides. 

(Z)-vinylogous γ -amino ac ids 

The geometry data at the HF/6-31G* level of ab initio MO theory for the various conformers 

of the unsubstituted (U) and γ-methyl-substituted (G) vinylogous γ-amino acid derivatives 2 

(n=1) are given in Table 6. The data at the other approximation levels are again part of the 

Supporting information. Contrary to the monomers with (E)-double bonds, there are several 

conformers with 7- and 9-membered hydrogen-bonded pseudocycles (C7, C9). The most stable 

conformers U1, U2, G1, G2, and G3 are among them (Table 7). They are visualized in Figure 5. 

Some of the lesser stable conformers are stabilized by N···HN hydrogen bonds. Their C7 

pseudocycles are denoted by an asterisk. There are only a few inversions in the stability order of 

TABLE 5. HF/6-31G* Backbone Torsion Anglesa for the Hydrogen-bonded Helical 
Structures of the Hexamer 1 (n=6) Found in the Oligomer Approach 
Conf.b ϕ θ ζ ψ  Conf.b ϕ θ ζ ψ 
H14 71.4 18.2 -166.2 164.2  H22

II 103.6 -123.5 176.3 31.6 
 65.1 15.4 -164.6 163.7   100.3 -116.7 173.7 35.8 
 65.6 16.9 -164.6 160.5   96.1 -110.4 173.1 37.3 
 66.0 16.8 -165.6 161.4   90.4 -107.9 172.5 38.8 
 67.6 15.1 -165.1 155.1   85.9 -106.4 170.9 41.6 
 81.6 -3.8 -179.4 177.3   87.5 -105.1 173.6 40.1 
H17 -166.6 -132.5 176.6 24.2  H24 77.2 -125.9 175.8 32.9 
 84.7 -107.1 166.6 38.7   76.3 -127.1 171.8 39.2 
 93.6 -100.6 166.6 41.0   81.7 -116.2 177.1 -33.1 
 83.5 -101.1 164.6 49.2   98.4 -117.3 172.7 30.5 
 84.2 -99.0 163.7 44.8   94.2 -117.3 -177.2 -18.8 
 82.3 -93.9 169.5 45.6   103.4 -131.5 -174.1 -20.6 
H19 79.3 10.9 -173.3 -175.8  H27

I 108.3 112.9 -179.5 165.7 
 70.1 33.1 -172.9 -174.2   73.8 114.5 178.6 164.1 
 80.0 16.6 -173.0 -172.6   73.3 110.5 179.6 160.1 
 83.4 16.1 -172.3 -179.8   70.0 110.3 179.5 161.6 
 87.8 14.3 -175.8 -175.7   71.4 118.5 178.4 169.0 
 114.5 -2.9 180.0 -176.0   77.4 129.8 177.2 178.1 
H22

I 118.5 117.6 -178.4 165.3  H27
II -94.2 121.9 -179.0 -26.3 

 74.1 107.3 -175.2 157.3   -104.3 123.7 -177.9 -29.7 
 66.6 109.0 -174.0 158.4   -78.8 142.2 175.6 38.9 
 72.1 108.0 -172.7 158.1   125.6 122.4 -175.5 -28.8 
 70.3 108.5 -175.6 159.4   -83.7 108.5 -174.8 -37.4 
 73.3 130.5 178.8 -174.9   -88.8 111.6 -176.7 -37.4 
a Angles in degrees. b Hx denotes a helix with x-membered hydrogen-bonded pseudocycles. 
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the most stable conformers at the other levels of ab initio MO theory. The hydrogen bonds of 

U1 and U4 are opened when considering the solvent within the polarizable continuum model.   

The situation for the helix formation in oligomers of (Z)-vinylogous γ-amino acids is rather 

different from that for the (E)-oligomers. The most stable helix conformers H7 and H9 are 

characterized by nearest-neighbor peptidic hydrogen bonds (Figure 6). They can immediately be 

derived from the monomer conformers U1 and U2 by oligomerization (Tables 6 and 8). Both 

helices are of comparable stability at the HF/6-31G* level of ab initio MO theory and also in a 

polar environment, but H9 is preferred at the DFT/B3LYP/6-31G* level (Table 9). A rather 

unstable helix (U3)6 without hydrogen bonds results from the extension of the monomer U3. The 

oligomerization of the other U conformers in Table 6 does not provide stable helices. It can be 

supposed that there are further helices in (Z)-vinylogous γ-peptides with larger hydrogen-bonded 

pseudocycles than in the helices H7 and H9. Searching for such helices in hexamers in the same 

way as it was performed for the (E)-vinylogous γ-peptides provides in fact the helices H12, H14, 

and H17, but no helices with still larger pseudocycles (Table 8, Figure 6). However, these helices 

are distinctly less stable than the H7 and H9 conformers with the nearest-neighbor peptidic 

hydrogen bond interactions (Table 9). 

 
FIGURE 4. Most stable helices with and without hydrogen bonds of (E)-vinylogous γ-peptide 
hexamers 1. 
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TABLE 6. HF/6-31G* Backbone Torsion Anglesa for the Unsubstituted (U) and γ-Methyl-
substituted (G) Conformers of 2 (n=1) 
Conf. ϕ θ ζ ψ Typeb  Conf. ϕ θ ζ ψ Typeb 
U1 80.9 74.8 -0.8 166.7 C7  G4 -75.5 150.3 -0.7 -161.5  
U2 80.5 -123.7 -0.1 45.7 C9  G5 64.0 139.4 -0.6 -172.5  
U3 84.9 126.2 0.2 50.4   G6 -163.5 80.8 -2.3 158.4  
U4 179.3 -91.6 -1.3 35.5 C7*  G7 -160.1 118.4 -1.8 52.1  
U5 -79.6 -122.6 1.7 54.7   G8 63.0 120.6 -0.2 52.4  
U6 78.5 34.7 1.2 60.1   G9 66.1 -119.7 3.2 70.5 C9

ax 
U7 106.2 -138.1 1.5 -41.7   G10 59.4 97.3 -3.0 -43.4 C7* 
       G11 -86.8 -21.7 -1.4 -70.4  
G1 -79.8 122.8 0.1 -46.5 C9

eq  G12 -74.7 -71.9 1.7 43.4 C7* 
G2 -101.8 -47.5 -0.5 177.3 C7

ax  G13 -158.6 -59.1 -2.2 17.4 C7* 
G3 58.7 77.2 -1.4 168.0 C7

eq         
a Torsion angles in degrees. b Cx denotes a hydrogen-bonded pseudocycle with x atoms; eq, ax: 
pseudoequatorial or pseudoaxial orientation of the C(γ) substituents; An asterisk denotes 
NH···N hydrogen bonding. 

TABLE 7. Relative Energiesa of the Unsubstituted (U) and γ-Methyl-substituted (G) 
Conformers of 2 (n=1) at the HF/6-31G*, DFT/B3LYP/6-31G* and PCM/HF/6-
31G*b Levels of ab Initio MO Theory 

Conf. ∆E(HF) ∆E(B3LYP) ∆E(PCM)  Conf. ∆E(HF) ∆E(B3LYP) ∆E(PCM) 
U1 0.0c 0.5 0.0d  G4 9.4 14.9 0.0h 
U2 3.5 0.0e 3.8  G5 10.1 14.6 4.1 
U3 20.6 21.1 9.7  G6 17.8 → G2i → G4i 
U4 25.6 27.4 11.4  G7 25.9 30.3 17.6 
U5 26.4 27.4 11.1  G8 26.9 32.1 21.5 
U6 30.0 31.1 15.8  G9 27.3 26.8 24.4 
U7 31.7 31.4 12.2  G10 27.8 31.3 21.0 
G1 0.0f 0.0g 5.4  G11 28.7 34.2 17.9 
G2 4.0 3.4 10.6  G12 38.4 38.2 36.3 
G3 5.6 9.3 9.5  G13 41.0 37.5 41.5 

a Angles in degrees. b ε=78.4 c ET=-530.705690 a.u. d ET=-530.730560 a.u. 
e ET=-533.934239 a.u. f ET=-569.741573 a.u. g ET=-573.251058 a.u. 
g ET=-569.745089 a.u. i Optimization leads to the conformer after the arrow. 
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FIGURE 5. Sketch of the most stable conformers of 2 (n=1) at the HF/6-31G* level. 

FIGURE 6. Most stable helices with and without hydrogen bonds of (Z)-vinylogous γ-peptide 
hexamers 2. 



3 Control of Helix Formation in Vinylogous γ-Peptides  67 

 

TABLE 8. HF/6-31G* Backbone Torsion Anglesa of All Periodic Hexamer 
Structures either Derived from the Monomers U in Table 6 or Obtained in 
the Oligomer Approach on Hexamers of 2 (n=6) 
Conf.b ϕ θ ζ ψ  Conf.b ϕ θ ζ ψ 

H7(U1)6 83.7 73.6 -0.7 167.6  H14 105.0 -125.8 2.4 149.4 

 86.7 72.7 -0.7 167.9   80.9 -104.4 -5.5 130.5 

 87.7 72.4 -0.7 167.6   127.6 -116.8 1.8 65.5 

 87.7 72.3 -0.7 167.8   174.0 -116.8 2.4 70.2 

 87.7 72.5 -0.7 167.7   133.1 -99.2 -2.6 137.3 

 85.7 73.3 -0.8 166.7   82.7 -107.3 -4.3 130.3 

H9(U2)6 81.0 -122.6 0.5 47.7  H17 -96.8 -115.5 -2.5 132.9 

 82.6 -122.2 0.5 46.4   174.9 -102.4 -2.1 126.3 

 82.5 -122.2 0.6 46.4   173.8 -83.8 1.3 147.2 

 82.5 -122.2 0.5 46.3   148.2 -83.5 0.3 162.7 

 82.2 -122.6 0.4 47.0   138.8 -56.9 -2.7 127.9 

 82.2 -123.0 0.1 44.2   -154.2 -154.5 0.3 172.5 

H12 72.0 71.9 -3.5 41.3  (U3)6 83.3 127.0 0.0 52.7 

 68.7 72.4 -2.2 62.3   82.6 127.8 -0.5 51.8 

 66.3 63.9 -2.7 65.0   82.5 126.7 -0.5 52.8 

 70.2 62.6 -2.4 67.3   82.4 126.1 -0.5 53.0 

 71.0 59.4 -1.5 65.6   82.0 126.1 -0.6 53.5 

 71.8 61.5 -1.7 68.1   83.4 125.0 -0.2 51.1 
 a Angles in degrees. b Hx denotes a helix with x-membered hydrogen-
bonded pseudocycles. 

TABLE 9. Relative Energiesa of Periodic Hexamers of 
2 (n=6) at Various Approximation Levels of ab Initio 
MO Theory 
Conf.b ∆E(HF) ∆E(B3LYP) ∆E(PCM)c 
H7 0.5 16.8 0.0d 
H9 0.0e 0.0f 2.9 
H12 95.1 111.1 133.1 
H14 61.6 73.6 96.0 
H17 79.8 90.3 98.9 
(U3)6 143.9 168.6 85.8 
a Energies in kJ/mol. b Hx denotes a helix with x-
membered hydrogen-bonded pseudocycles. c ε=78.4 
d ET=-1949.211699 a.u. e ET=-1949.205023 a.u. 
f ET=-1960.999645 a.u. 
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(E)-  vs .  (Z)-double  bonds – Nanotubes and channels  

Comparing the formation of hydrogen-bonded helices in (E)- and (Z)-vinylogous γ-peptides, 

it is most striking that the (E)-double bonds prevent the formation of helices with nearest-

neighbor peptide bond interactions. Most stable are helices with 22- and 19-membered hydrogen-

bonded rings, whereas the (Z)-double bonds favor peptidic nearest-neighbor interactions leading 

to helices with 7- and 9-membered pseudocycles. The other helix types are distinctly less stable in 

both cases. In the parent γ-peptides, the preferred helices span a much wider range of hydrogen-

bonded ring sizes with the most stable H14 and H9 helices and the also relatively stable H12 and 

H17 helices. Obviously, the double bond configuration is able to direct the helix formation in a 

special direction. A detailed look at the helices of the (E)-vinylogous γ-peptides, as for instance 

the helices with 22-, 24-, and 27-membered rings, reveals that these structures have rather large 

inner diameters, which are comparable with the diameter of 3.5 Å of the well-known trans-

membrane channel in gramicidin A.10 Table 10 lists the relative energies and diameters for the 

three helix undecamers H19, H22
I and H27

I. The relatively stable periodic H19 structure (Table 10) 

cannot form channel-like structures and is only given for comparison. The diameters of H22
I and 

H27
I are large enough for ions and water molecules to pass. Therefore, (E)-vinylogous γ-peptides 

might become interesting for the design of ion channels or monomolecular nanotubes11 as it is 

shown for the H22
I and H27

I undecamers of the (E)-vinylogous peptides in Figure 7. The high 

stability of the channel-like conformers of the (E)-vinylogous peptides in an apolar environment 

could support such a process. The formation of monomolecular nanotubes has some general 

advantages over that by self-assembly of cyclopeptides, because it is induced within the same 

molecule. Besides, it is possible to design channels and nanotubes with definite length and 

composition. 

TABLE 10. Relative Energiesa at the HF/6-31G*, B3LYP/6-31G* and 
PCM//HF/6-31G*b Levels of ab Initio MO Theory and the Approximate 
Inner Diametersc for Selected Undecamers of 1 (n=11) 
Conf.d ∆E(HF) ∆E(B3LYP) ∆E(PCM) Diameter 

H19 23.2 0.0e 59.4 - 

H22
I 0.0f 3.4 30.5 4.0 

H27
I 22.3 37.2 0.0g 5.5 

a Energies in kJ/mol. b ε=78.4 c Averaged inner helix diameters in Å 
corrected by the respective van der Waals radii. d Hx denotes a helix with x-
membered hydrogen-bonded pseudocycles. e ET=-3388.079209 a.u. 
f ET=-3367.740976 a.u. g ET=-3367.798032 a.u. 
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Monomer vs .  o l igomer approach 

For a better understanding of structure formation in oligomers and polymers, it is very 

tempting to refer the periodic secondary structure elements to special conformers of blocked 

monomer units. In fact, the β-strand conformations, the 310-helices, and the γ-turns in α-peptides 

and the H10, H12, and H14 helices in β-peptides can be derived in this way. This is in some way 

surprising since the structural presuppositions for hydrogen bond linking in the aforementioned 

helices are not yet given in the blocked monomer units. However, this study on vinylogous γ-

peptides and our preceding study on γ-peptides demonstrate that the monomer approach is only 

partially able to provide information on the characteristic periodic secondary structures in these 

classes of compounds. In particular, the helices with the larger hydrogen-bonded pseudocycles 

 
FIGURE 7. The helical undecamers H22

I and H27
I of the (E)-vinylogous γ-peptides as models for 

membrane channels and nanotubes. 
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between non-nearest-neighbor peptide bonds are missing now. This tendency is obviously 

increasing with lengthening of the monomer backbone. Within the monomer approach, it is 

always possible to predict those periodic structures of the oligomers which result from the 

oligomerization of the monomeric conformers without steric restrictions. This is independent of 

the possibility of additional hydrogen bonds or not. If there are hydrogen bonds between nearest-

neighbor peptide bonds in the blocked monomer, such conformers are anyway favored. The 

hydrogen-bonded helices with the larger non-nearest neighbor pseudocycles can only be found 

by a systematic conformational analysis of oligomers. Thus, it is obvious that the oligomer 

approach, which principally allows the finding of all periodic structures, is superior over the 

monomer approach. However, the realization of a complete oligomer approach, as for instance 

for a hexamer, with relatively small grid intervals for the numerous torsion angles at a higher level 

of ab initio MO theory is rather tedious. Therefore, the combination of the monomer and a 

limited oligomer approach could be a good alternative to get a complete overview on all periodic 

secondary structures. Based on the monomer approach it is possible to find practically all 

periodic structures without hydrogen bonds and the structures with peptidic nearest-neighbor 

hydrogen bonds. A limited oligomer approach based on general criteria for hydrogen bonds 

predicts additionally the periodic structures with the non-nearest neighbor hydrogen bonds, 

which cannot be found within the monomer approach for larger backbones of the amino acid 

constituents.  

Conclusions 

Our systematic theoretical investigation of helical structures in vinylogous γ-peptides provides 

a wide variety of alternative and competitive helices with and without hydrogen-bonded 

pseudocycles of different size. Contrary to the parent γ-peptides, there is a strict control of helix 

formation by the configuration of the double bond between the C(α) and C(β) atoms of the 

monomer constituents. (E)-double bonds favor helices with larger pseudocycles beginning with 

14- up to 27-membered rings. Contrary to this, the (Z)-configuration supports a distinct 

preference of helices with interactions between nearest neighbor peptide bonds. Therefore, 

helices with 22- and 19-membered rings are most stable in (E)-vinylogous γ-peptides, and those 

with 7- and 9-membered rings are the preferred ones in (Z)-vinylogous γ-peptides. In the case of 

the (E)-vinylogs, some helices without hydrogen bonds might become competitive to the 

hydrogen-bonded helices in polar environments. The rather stable helices H22
I, H24, and H27

I of 

the (E)-hexamers have inner diameters large enough to let molecules or ions pass. Thus, they 

could be interesting model compounds for the design of membrane channels and 
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monomolecular nanotubes. Our study shows that a combination of the monomer approach and a 

limited oligomer approach is able to provide a complete overview on all helical structures. 

Contrary to this, a complete oligomer approach search at a higher level of ab initio MO theory is 

too time-consuming and the monomer approach is not able find all possible helical structures.  
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Abstract. An overview on all possible helix types in oligomers of δ-amino acids (δ-peptides) and 

their stabilities is given on the basis of a systematic conformational analysis employing various 

methods of ab initio MO theory (HF/6-31G*, B3LYP/6-31G*, PCM//HF/6-31G*). A wide 

variety of novel helical structures with hydrogen-bonded pseudocycles of different size is 

predicted. Since a δ-amino acid constituent may replace a dipeptide unit in α-peptides, there are 

close relationships between the secondary structures of peptides with δ-amino acid residues and 

typical secondary structures of α-peptides. However, the preference of gauche conformations at 

the central C(β)-C(γ) bonds of δ-amino acids, which correspond to the peptide linkages in α-

peptides, over staggered ones makes completely novel structure alternatives for helices and turns 

more probable. The peculiarities of β-turn formation by sugar amino acids derived from δ-amino 

acids are compared with the turn formation in δ-amino acid residues and in α-peptides. The 

considerable potential of secondary structure formation in δ-peptides and single δ-amino acid 

constituents predicted by ab initio MO theory may stimulate experimental work in the field of 

peptide and foldamer design. 
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Introduction 

In the last years, numerous examples of unnatural oligomeric sequences have been found that 

fold into well-defined conformations in solution.1 It is popular to denote such oligomers as 

foldamers.1a In particular studies on oligomers of β- and γ-amino acids (β- and γ-peptides) 

demonstrated their ability to adopt ordered secondary structures, e.g., helices, strands, and 

turns.2,3 Thus, these homologues of α-peptides are candidates for mimicking the structure and 

function of their natural counterparts. In the meantime, experimental hints were also obtained for 

the formation of ordered structures in oligomers of δ-amino acids (δ-peptides),4 although detailed 

structure information is still missing.  

From the very beginning of peptide foldamer research the experimental investigations were 

accompanied by systematic investigations of the conformational space of β- and γ-peptides 

employing theoretical methods.5 The results of these studies contributed essentially to a better 

understanding of the origin and the features of the novel secondary structure types and predicted 

further possibilities of secondary structure formation. In the case of β-peptides, it was shown that 

all typical folding patterns can be derived from the conformers of the monomer constituents.5b,d,i 

On the contrary to this, the most favored helices of γ-peptides do not correspond to conformers 

of blocked γ-amino acids. They can only be localized by a detailed examination of longer 

oligomeric sequences.5k 

Since experimental data on the secondary structure formation in oligomers of δ-amino acids 

(δ-peptides) 1 are still scarce, we extend our studies to this class of compounds following the 

same strategy as for the other homologues.5d,h,j,k Our aim is to get a complete overview on the 

possible folding alternatives and to compare them with those of α-peptides due to the close 

correspondence between δ-amino acid residues and dipeptide elements in α-peptides 2. 
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Methodology 

To examine the helix formation in δ-peptides, a pool of 5,184 periodic conformations of the 

δ-peptide hexamer 1 (n=6) was generated by a systematic variation of the backbone torsion 

angles ϕ, ψ, θ, ζ,  and ρ in steps of 60°. All structures exhibiting the hydrogen bonding patterns 

of Figure 1 were selected as starting points for geometry optimizations at the HF/6-31G* level of 

ab initio MO theory. The resulting minimum structures were reoptimized at the B3LYP/6-31G* 

level of density functional theory to consider correlation energy effects. Finally, the influence of 

an aqueous environment (dielectric constant ε = 78.4) was estimated on the basis of the 

polarizable continuum model (PCM//HF/6-31G*). The solvation energy includes the 

electrostatic, van der Waals and cavitation energy contributions. All turn conformers derived 

from δ-amino acid constituents were examined at the same levels of ab initio MO theory. 

The quantum chemical calculations were performed employing the Gaussian98, Gaussian03 

and the Gamess-US program packages.7 

 

 

 
FIGURE 1. Possible hydrogen bonding patterns in δ-peptides (Cx denotes the hydrogen-bonded 
pseudoycles with x atoms). 
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Results and Discussion 

Helix Formation in δ-Pept ides 

Our search for periodic structures in the δ-peptide hexamer provided a large number of 

helices with different size of the hydrogen-bonded pseudocycles. As in the homologous β- and γ-

peptides, the hydrogen bonds can be formed in the forward or in backward direction along the 

sequence. Thus, hydrogen bonding patterns with 8-, 14- and 20-membered rings in the forward 

and with 10-, 16- and 22-membered rings in the backward direction occur according to the 

general scheme in Figure 1. The same hydrogen bonding pattern can be realized by various 

backbone conformations. Consequently, we find two helix alternatives with 8-membered, nine 

TABLE 1. HF/6-31G* Backbone Torsion Anglesa for the Most Stable Helices of Each Ring 
Size in Hexamers of 1 (n=6) 
conf.b ϕ θ ζ ρ ψ  conf.b ϕ θ ζ ρ ψ 
H8

I -178.8 66.5 -143.5 69.1 -171.2  H10
I -97.3 62.8 68.2 -169.2 86.1 

 -179.0 66.4 -142.5 69.2 -172.7   -97.9 62.6 68.3 -168.6 84.7 

 -179.5 66.4 -142.2 69.1 -172.5   -98.1 62.4 68.4 -168.5 84.5 

 -179.3 66.4 -142.2 69.2 -172.9   -98.2 62.4 68.4 -168.4 84.4 

 -179.4 66.4 -142.5 69.3 -173.1   -98.3 62.4 68.4 -168.7 84.5 

 -178.7 66.6 -143.9 69.7 -173.8   -99.0 62.6 68.8 -168.7 87.1 

             

H14
I 117.5 -73.5 169.9 -79.9 110.8  H16I -77.8 179.8 -170.6 67.3 -113.1 

 102.6 -71.9 172.1 -75.4 110.8   -75.3 -179.3 -170.6 70.1 -109.9 

 105.9 -73.1 170.5 -77.1 111.5   -76.7 -178.8 -173.4 68.3 -108.0 

 106.8 -73.0 170.0 -77.6 111.6   -75.6 -179.0 -173.6 68.5 -108.9 

 106.0 -71.1 171.1 -75.0 108.8   -77.5 -177.0 -174.4 70.7 -107.1 

 100.3 -74.1 175.8 -76.1 128.9   -78.7 -175.3 178.5 72.6 -105.8 

             

H20
I 158.6 -65.2 -176.6 178.0 129.4  H22I -94.1 -175.4 177.0 70.7 -135.9 

 130.4 -60.5 -177.5 -176.0 109.2   -91.3 -173.4 179.6 71.3 -136.3 

 145.4 -59.5 -176.8 -174.5 132.7   -88.2 -173.7 178.1 72.8 -134.8 

 115.7 -55.4 -172.8 -171.0 133.7   -88.5 -173.2 176.5 71.4 -128.4 

 112.5 -56.8 -175.7 -174.3 140.2   -96.2 -172.5 175.6 72.2 -120.1 

 111.7 -68.1 178.0 179.4 -151.4   -91.5 -179.8 173.2 64.2 -109.8 
a Angles in degrees. b  Hx denotes a helix with hydrogen-bonded pseudocycles of x atoms. The 
superscript Roman number arranges helices of the same ring size according to their stability (cf. 
Table 2). 
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with 10-membered, six with 14-membered, four with 16-membered and three with 20- and 22-

membered hydrogen-bonded pseudocycles. Helix alternatives with the same ring size are denoted 

by superscript Roman numbers at the helix symbol in the order of decreasing stability. Table 1 

lists the backbone torsion angles of the most stable helices of each ring size obtained at the 

HF/6-31G* level of ab initio MO theory. These helices are also visualized in Figure 2. 

The corresponding backbone torsion angles at the B3LYP/6-31G* level and those of the 

other helix alternatives at both approximation levels are given as Supporting Information. A 

 
FIGURE 2. Most stable helices of 1 (n = 6)for each type of hydrogen-bonded pseudocycles 
obtained at the HF/6-31G* level of ab initio MO theory (helix nomenclature in parentheses). 
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detailed look at the relative stabilization energies of all helical structures in Table 2 reveals that 

only a few of them have a chance to be found in experiments. Most stable is the conformer H10
I 

according to the Hartree-Fock and density functional calculations followed by H14
I, H16

I and H8
I. 

In an aqueous environment, there is a stability increase in favor of helices with nearest-neighbor 

interactions. 

Helices H10 and H16 deserve special attention with a value of about 180° for the torsion angle 

ζ, which describes the rotation around the central C(β)-C(γ) bond of the δ-amino acid 

TABLE 2. Relative Energiesa of the Helix Types in the Hexamer 1 at 
Various Approximation Levels of ab Initio MO Theory 
Conf.b ∆E(HF) ∆E(B3LYP) ∆E(PCM)c

H8
I 19.1 28.2 39.9

H8
II 73.1 41.2 117.3

H10
I 0.0d 0.0e       50.4

H10
II 19.9 9.9 0.0f

H10
III 70.9 55.1 139.7

H10
IV 71.9 64.1 130.9

H10
V 82.8 66.9 153.8

H10
VI 94.5 67.5 151.8

H10
VII 100.2 90.3 133.6

H10
VIII 105.4 92.7 145.2

H10
IX 110.0 95.7 172.3

H14
I 10.8 6.8 100.5

H14
II 35.8 27.2 126.3

H14
III 79.2 75.0 165.3

H14
IV 84.1 78.2 176.1

H14
V 113.9 108.8 203.1

H14
VI 125.9 106.2 214.0

H16
I 9.2 9.2 86.1

H16
II 16.4 16.0 68.6

H16
III 21.6 27.8 107.3

H16
IV 95.3 84.2 192.8

H20
I 30.1 38.0 81.6

H20
II 49.7 64.1 114.2

H20
III 60.4 66.7 121.5

H22
I 18.7 22.0 76.2

H22
II 33.2 37.1 81.7

H22
III 61.8 52.8 123.0

a Relative energies in kJ/mol. b Cf. footnote b in Table 1. c ε = 78.4. 
d ET = -2190.562661 a.u. e ET = -2204.282712 a.u. f ET = -2190.558820 a.u. 
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constituents (cf. Supporting Information). The C(β)-C(γ) bond in a δ-amino acid constituent 

corresponds to the peptide bond in an α-dipeptide. Thus, it could be possible to find δ-peptide 

helices that are formal analogues of the 310- and π-helices of α-peptides with their 10- and 16-

membered hydrogen-bonded rings. Among the H10 hexamers, only the rather unstable H10
VII 

conformer is similar to the 310-helix. For a close correspondence (cf. structures 1 and 2), the 

torsion angles ϕ and ρ in the δ-peptide amino acid residues have to be about -60° and the torsion 

angles θ and ψ in between -20° and -30°, which are the typical values of ϕ and ψ in a 310-helix.  

The actual values of about ϕ = -51°, θ = -47°, ρ = -72°, and ψ = 0° in H10
VII (cf. Supporting 

Information) show that the δ-peptide helix H10
VII is more similar to a periodic arrangement of βI-

turns in α-peptides (cf. Table 3). The δ-peptide counterpart for the postulated but not 

convincingly indicated π-helix in α-peptides is the conformer H16
III with torsion angles of about 

ϕ = -77°, θ = -59°, ρ = -58° and ψ = -65° (cf. Supporting Information). These values agree with 

the torsion angles of ϕ = -57° and ψ = -70° postulated for a π-helix in α-peptides.  

The two examples illustrate the general capacity of δ-peptide structures to fit approximately 

secondary structures of α-peptides. This was also demonstrated by the group of Balaram,6h who 

introduced a δ-aminovaleric acid constituent into a sequence of α-amino acids and found that the 

δ-amino acid adopts the 310-helix conformation. However, this structure seems to be essentially 

enforced by the surrounding α-amino acids of the sequence. The stability relations in Table 2 

show that helix alternatives with gauche conformations at the C(β)-C(γ) bonds are distinctly 

favored over the staggered arrangements in oligomers of δ-amino acids. 

δ-Amino ac id const i tuents  as β - turn mimet i cs 

The typical β-turns of α-peptides consist of four consecutive α-amino acids. Most of them are 

characterized by a hydrogen bond between the peptidic CO bond of the first and the peptidic 

NH bond of the fourth amino acid, thus forming a 10-membered hydrogen-bonded pseudocycle 

(Figure 3). Since the first and the fourth amino acids of a β-turn are mostly part of periodic 

structures, the β-turn structure is determined by the conformation of the second and third amino 

acid. It is obvious that the replacement of the central α-dipeptide unit by a δ-amino acid residue 

may be suited to mimic β-turns. In this case, the C(β)-C(γ) bond of the δ-amino acid replaces the 

peptide linkage between the second and third α-amino acids (cf. structures 1 and 2). Turns in 

proteins are often exposed to the surrounding medium. Therefore, turns with δ-amino acid 
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residues may be attractive because of a higher resistance against proteases due to the missing 

central peptide bond. Besides, it is possible to design the interaction and recognition functions by 

special substitutions at the additional carbon atoms. The idealized backbone torsion angles8a for 

the predominating βI- and βII-turns of α-peptides and their approximate mirror images βI´ and 

II´ are given in Table 3 together with the calculated values.8b 

Since the typical β-turns of α-peptides are characterized by a 10-membered hydrogen-bonded 

pseudocycle, one loop of the nine predicted H10 δ-peptide conformers (Table 1 and Supporting 

Information) could potentially be a β-turn. A search for conformers with 10-membered 

hydrogen-bonded pseudocycles on a blocked δ-amino acid monomer 1 with n=1 in steps of 30° 

for the backbone torsion angles ϕ, ψ, θ,  ζ, and ρ? confirms the loops of the helices H10 as 

conformers with about the same values of the backbone torsion angles and the same stability 

order (Tables 4 and 5). Further conformers of this type were not found. However, only 

conformers C10
I, C10

II, C10
VII and C10

VIII are suited to be β-turn mimetics. This was proved by an 

attachment of three α-amino acids at the N- and C- terminal ends of the 10-membered 

pseudocycles so that a β-sheet could be formed. Only the above-mentioned conformers were 

able to reverse the direction of the sequence of α-amino acids and to keep the β-sheet structure 

after geometry optimization (Figure 4). The conformational structure of the turn mimetics C10
VII 

and C10
VIII can immediately be related to that of the βI/βI´- and βII/βII´-turns in α-peptides 

 
FIGURE 3. Comparison of the βI- and βII-turns of α-peptides with the two turn conformers 
C10

VII and C10
VIII of a blocked δ-amino acid constituent. 
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(Tables 3 and 4, Figure 3). A comparison with the conformers C10
I and C10

II shows that gauche 

conformations at the C(β)-C(γ) bond are more stable than staggered ones in turn-like conformers 

as it was already found for helical structures. Thus, β-turn alternatives that are impossible in α-

peptides are preferred when inserting δ-amino acid constituents into an α-peptide sequence. 

However, the less stable C10
VII and C10

VIII turns become predominant after introduction of a β, γ-

double bond in the δ-amino acid constituent mimicking the peptide bond of the α-peptide as it 

was tried several times.6a,c,d,f,g 

Sugar amino ac ids as β - turn mimeti cs  

Some sugar amino acids can be considered as δ-amino acid derivatives. Oligomers of such 

sugar amino acids represent pyranose- or furanose-based carbopeptoid foldamers. In several 

studies sugar amino acids have been inserted into α-peptide sequences to design reverse turns.6b,e 

TABLE 3. Idealized and Calculated Backbone Torsion 
Anglesa for the βI/I´ and βII/II´-Turns in α-Peptides 

Turn ϕ1 ψ1 ϕ2 ψ2 
βI -60/-73 -30/-18 -90/-102 0/12 
βI’ 60/73 30/18 90/102 0/-12 
βII -60/-60 120/136 90/96 0/-12 
βII’ 60/60 -120/-136 -90/-96 0/12 

a Angles in degrees; first values idealized,8a second values 
calculated for a blocked glycine dipeptide.8b  

TABLE 4. HF/6-31G* Backbone Torsion Anglesa for 
the C10 Conformers of a Blocked δ-Amino Acid 
Monomer 1  
Conf.b ϕ θ ζ ρ ψ 
C10

I 98.4 -62.5 -68.4 169.4 -90.4 
C10

II 83.0 -161.6 72.1 68.3 -104.9 
C10

III 121.3 -53.5 -46.7 -52.6 129.7 
C10

V 79.8 -161.8 76.8 -81.8 115.7 
C10

IV 96.4 -72.0 86.9 -168.3 82.9 
C10

VI 100.8 -67.9 -96.9 58.7 51.6 
C10

IX 68.3 52.0 -90.8 -67.7 106.4 
C10

VII 52.4 48.5 -177.8 69.9 9.8 
C10

VIII 66.4 -118.5 169.4 -67.5 -20.5 
a Angles in degrees. b C10 denotes a conformer with a 
hydrogen-bonded pseudocycle of ten atoms. The 
Roman numbers refer to the corresponding helices in 
Table 1. 
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These sugar amino acids can be derived from both furanose and pyranose residues. In particular, 

sugar amino acids of the types 3-5 might be able to form β-turns since they can be considered as 

δ-amino acid derivatives representing dipeptide isosteres. It is interesting to compare the β-turns 

predicted for a blocked δ-amino acid with those formed by these sugar amino acids. The 

secondary structure in sequences with sugar amino acid constituents depends strongly on the 

stereochemistry of the ring systems and the substitution type. Contrary to the ordinary δ-amino 

acids, the torsion angles ζ and ρ in the furanose- and pyranose-based sugar amino acids 3 and 4 

and the torsion angles θ, ζ and ρ in the pyranose-based sugar amino acid 5 are determined by the 

TABLE 5. Relative Energiesa of the C10 Conformers of a Blocked  
δ-Amino Acid Monomer 1 (n=1) at Various Approximation Levels 
of ab Initio MO Theory 
Conf.b ∆E(HF) ∆E(B3LYP) ∆E(PCM)c 
C10

I 0.0 d 0.0 e 0.0 f 

C10
II 2.1  1.3  2.8  

C10
III 6.6  4.5  9.1  

C10
V 9.9  8.6  16.1  

C10
IV 10.9  10.0  9.8  

C10
VI 14.0  10.7  13.7  

C10
IX 14.3  13.1  13.8  

C10
VII 16.6  16.1  11.7  

C10
VIII 18.6  16.7  16.9  

a Relative energies in kJ/mol. b C10 denotes a conformer with a 
hydrogen-bonded pseudocycle of ten atoms. The Roman numbers 
refer to the corresponding helices in Table 1. c ε = 78.4. d ET = 
-570.930590 a.u. e ET = -574.481381 a.u. f ET = -570.935718 a.u. 

 

 
FIGURE 4. Conformers C10

I, C10
II, C10

VII, and C10
VIII as β-turn mimetics T10

I, T10
II, T10

VII, and 
T10

VIII embedded in a β-sheet structure after geometry optimization  at the HF/6-31G* level 
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actual ring conformation. Therefore, the torsion angles in β-turn mimetics with sugar amino acids 

may differ from those predicted for the aliphatic δ-amino acids. A detailed analysis of the 

possibilities of β-turn formation with the sugar amino acids 3 and 4 considering different 

substitution patterns provided four C10 ring conformers for 3 and two for 4 with 

(pseudo)axial/(pseudo)equatorial or (pseudo)equatorial/(pseudo)equatorial orientations of the 

ring substituents. These pseudocycles are shown in Figure 5. The torsion angles of the six C10 

rings are given in Table 6. A perfect agreement between a C10 conformer of the sugar amino acids 

and a C10 ring of a δ-amino acid constituent can only be seen for the pseudocycle C10
IIp of the 

pyranose derivative 4 with the acetyl aminomethylene group in axial and the N-methyl amide 

group in equatorial positions of the chair. The C10
IIp conformer corresponds immediately to the 

most stable pseudocycle C10
I in Table 4. All other C10 ring conformations of the sugar amino 

acids are different from those in Table 4. The stability of the pyranose turn C10
IIp is surpassed by 

that of the conformer C10
Ip, whose conformation is in good agreement with experimental 

structure data for cyclopeptides having this structure element inserted.6b,e The three furanose 

pseudocycles C10
I-IIIf and the pyranose conformer C10

Ip of 4 and their mirror images can keep a β-

sheet structure in an α-amino acid sequence without notable changes of the original turn 

conformation. This was again proved by complete geometry optimization of the corresponding 

β-sheet structures as described for the aliphatic δ-amino acids inserted into an α-amino acid 

sequence as β-turn elements. The furanose and pyranose turns C10
IVf and C10

IIp maintain sheet 

structures only after changes of the torsion angles ϕ and ψ. In the optimized conformation of the 

supersecondary structures, the hydrogen bonds in the C10 rings get lost. The possibility of β-turns 
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with sugar amino acids of type 5 is more restricted. The only C10 pseudocycle obtained is not able 

to continue ordered secondary structures. 

It is interesting to note that the furanose- and pyranose-based turns of 3 and 4 with the two 

substituents in equatorial orientations, but not the derivatives with the substituents in axial and 

equatorial orientations show a certain similarity to pseudocycles formed in oligomers of γ-amino 

acids and their vinylogues. Thinking the oxygen bridge of the furanose ring of 3 and the pyranose 

FIGURE 5. β-turns of furanose- and pyranose-based sugar amino acids. 

TABLE 6. HF/6-31G* Backbone Torsion Angles and Stability Order of 
the C10 Conformers of the Sugar Amino Acid Derivatives 3 and 4a 
Conf.b ϕ θ ζ ρ ψ ∆E  

C10
If (eq.eq) 94.7 -57.5 -132.4 108.5 4.6 0.0c 

C10
IIf (eq,eq) 95.6 -59.6 -123.5 144.0 -20.6 4.8  

C10
IIIf (ax,eq) 86.6 -55.6 -96.1 -166.7 -61.4 24.0  

C10
IVf (eq,ax) 63.3 -114.6 -166.9 -97.9 -4.9 26.1  

C10
Ip (eq,eq) 91.4 -61.1 179.7 -179.1 -3.4 0.0d 

C10
IIp (ax,eq) 92.0 -61.8 -76.1 179.6 -78.1 18.8  

a Angles in degrees; Relative energies in kJ/mol. b Nomenclature: The C10 
pseudocycles are differentiated by superscript Roman numerals in order of 
decreasing stability followed by “f” for the furanose-based and “p” for the 
pyranose-based derivatives. The axial or equatorial orientations of the 
substituents are given in parentheses in the order CH3CONHCH2 group 
and CONH(CH3) group. c ET = -683.657605 a.u. d ET = -722.693949 a.u. 
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ring of 4 replaced by a fictive bond between the substituent-bearing ring atoms as indicated by a 

dotted line in the model structures 6 and 7, the formal similarity becomes obvious. The turn 

torsion angles measured via the fictive bond correspond to those of the most stable C9 

pseudocycles found in blocked γ-amino acid derivatives (Table 7).5k Due to the equatorial 

orientation of the substituents, there is a change of the torsion angle ζ from a typical value for a 

gauche conformation to that of a cis orientation in the C9 ring of a blocked γ-amino acid 

constituent, as it can be expected for blocked cis-vinylogous γ-amino acids. Depending on the 

sugar ring stereochemistry, the secondary structure formation with sugar amino acids 3 and 4 can 

obviously be more related to the secondary structures of γ-peptides and their cis- and trans-

vinylogues than to those of δ-peptides. A similar correspondence might also exist between the 

secondary structure elements of β-peptides and oligomers of sugar amino acids of type 5. These 

aspects could be interesting for the structure interpretation of the experimentally found helices in 

oligomers of sugar amino acid derivatives 3-5.4b,c,d,f,i 

Conclusions 

The results of our systematic conformational analysis on δ-amino acid monomers and 

oligomers demonstrate the considerable potential of secondary structure formation in this class 

of compounds. As in the homologous β- and γ-peptides, a wide variety of helices with hydrogen-

bonded pseudocycles of different size formed between the peptide bonds in the forward or 

backward direction along the sequence can be expected. This confirms the fact that elongation of 

the backbone of the amino acid constituents does not prevent the formation of ordered 

secondary structures due to a higher backbone flexibility, but increases the number of folding 

alternatives due to the well-defined conformational states arising from the additional single 

bonds. A peculiarity of a δ-amino acid residue is its close correspondence to an α-dipeptide unit. 

Thus, δ-amino acid monomers are able to adopt the secondary structures of α-peptide sequences. 
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However, this is considerably enforced by the α-amino acids which the δ-amino acid residue is 

embedded in. The distinct preference of gauche orientations over staggered ones at the C(β)-C(γ) 

bond makes novel helix types in oligomers of δ-amino acids more probable than the direct 

counterparts of α-peptide helices. Even if a β-sheet structure can be maintained in a sequence of 

α-amino acids via a β-turn with a δ-amino acid constituent instead of the central α-dipeptide 

unit, novel turn conformations are preferred over those corresponding to the typical β-turns of 

α-peptides. Keeping in mind the additional possibilities of special backbone substitutions, δ-

peptides and δ-amino acids enrich the field of secondary structures considerably and could be a 

useful tool in peptide and foldamer design. 
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TABLE 7. Comparison of the HF/6-31G* Backbone 
Torsion Angles of the C10 Conformers of 3 and 4 with 
Equatorial Substituent Orientations and those in the 
Most Stable C9 Conformers of Blocked γ-Amino Acids 
and cis-Vinylogous γ-Amino Acidsa 

Conf.b ϕ θ ζ ψ 

C10
If 94.7 -89.8 -24.2 41.9

C10
IIf 95.6 -94.0 19.4 8.4

    
C10

Ip 91.4 -60.8 0.8 -4.0
    

C9
I c 99.4 -70.7 -74.6 103.7

C9
I d 80.5 -123.7 -0.1 45.7

a Angles in degrees. b For nomenclature cf. Table 6. 
c Blocked γ-amino acid monomer.5k d Blocked cis-
vinylogous γ-amino acid monomer. 
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You may now exchange rings! “Mixed helices” along a peptide sequence, in which rings of 

different sizes are held together by hydrogen bonds in alternating directions (see picture), prove 

to be a general folding principle in homologous α-, β-, γ-, and δ-peptides. 
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Oligomers composed entirely of unnatural monomers that form characteristic secondary 

structures have attracted considerable attention in the last years.[1] The motivation for work in this 

area ranges from gaining a better understanding of the structure and function of biomolecules 

and imitating them to developing polymers with novel properties. Considerable stimulation of 

research on these foldamers[2] came from the investigation of β-peptides.[3] Numerous secondary 

structures were found in these β-peptides as well as in homologous γ- and δ-amino acids.[1,4] 

In their studies on β-peptides, Seebach and co-workers found a unique type of secondary 

structure, which they referred to as a “mixed” helix.[5] Other authors have also described such 

mixed helices in the meantime.[6] In the familiar periodic helices all corresponding backbone 

torsion angles of the monomer constituents have the same values, and all peptide bonds form 

hydrogen bonds of the same type. In contrast, the periodicity of the mixed helices emerges at the 

level of dimer units. Here, the monomer constituents have alternating values for the backbone 

torsion angles, and the peptide bonds form hydrogen bonds of different type in an alternating 

way as well. The CO- und NH-groups of adjacent peptide linkages are involved in hydrogen 

Figure 1. Alternative hydrogen bonding patterns in mixed helices Hx/y of homologous α-
(n = 1), β- (n = 2), γ- (n = 3), and δ-peptides (n = 4). The index x/y denotes the number of 
atoms in the alternating hydrogen-bonded rings. 
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bonds that are formed alternately in the forward and backward direction. This leads to the 

formation of alternating hydrogen-bonded rings of different size along the sequence (Figure 1). 

In the mixed helices of the β-peptides 10-membered rings with an interaction between the amino 

acids i and (i+1) in forward direction are followed by 12-membered rings with an interaction 

between the amino acids i and (i+3) in backward direction of the sequence. 

The existence of mixed helices in β-peptides raises the question whether this folding pattern 

might also exist in the homologous γ- and δ-peptides and even in the native α-peptides. The 

transfer of the folding principle to the homologous peptides leads to the hydrogen bonding 

patterns with i→(i+1)/i←(i+3)-interaction of the amino acids in Figure 1. Moreover, it is feasible 

that this principle can be extended to mixed helices with still larger alternating ring systems, as for 

instance with an i→(i+3)/i←(i+5)-interaction of the amino acids (Figure 1). Finally, it would be 

interesting to find further structure alternatives for a given hydrogen bonding pattern. 

On the basis of theoretical methods it is possible to answer these questions. For this purpose 

the conformational space of hexamers of α-, β-, γ- and δ-Peptides was systematically searched 

for mixed helices having the hydrogen bonding patterns shown in Figure 1. In this search the 

backbone torsion angles ϕ, θ, ζ, ρ and ψ of the oligomers (cf. structures in Table 1) were 

systematically varied.[7] Thus, about 1.1 × 105, 1.7 × 106, 1.1 × 106 and 6.3 × 105 conformations 

were generated for the α-, β-, γ- and δ-peptides, respectively. For the δ-peptides only mixed 

helices with the combination of the smaller rings according to Figure 1 were sought. Since 

boundary effects cannot be excluded in oligomers of six amino acids, the two possible orders of 

the alternating rings were considered in the hexamers. In the corresponding conformation pools 

 the candidates for mixed helices were selected on the basis of general geometry criteria for the 

formation of hydrogen bonds. Dependent on the peptide und helix types, these were in between 

5 and 30 conformations that fulfilled the hydrogen bonding patterns in Figure 1. These structures 

were the starting points for geometry optimization[8a] at various levels of ab initio MO theory, 

which provide reliable results in the conformational analysis of peptides (HF/6-31G*, 

B3LYP/6-31G*).[9] The resulting stationary points on the potential energy surface were 

characterized by the eigenvalues of the matrix of force constants. 

 



5 Mixed Helices – A General Folding Pattern in Homologous Peptides? 94 

Table 1: Basic patterns of mixed helices in hexamers of α-, β-, γ-, and δ-hexamers characterized 
by the corresponding backbone torsion angles[a] ϕ, θ, ζ, ρ, and ψ, and the relative energies[b] 
based on the most stable periodic helix. 

 
     ∆E         ∆E  
Type[c] ϕ θ ψ HF B3LYP PCM Type[c] ϕ θ ζ ρ ψ HF B3LYP PCM 

α-peptides γ-peptides 

H14/16 81  -67 -36.2 -65.3 46.4 H14/12I -91 79 -80  162 19.9 13.7 49.1 
 -81  85     94 84 -73  -29    
                

H10[d] -63  -20 0.0 0.0 0.0 H14/12II 65 56 -126  -53 46.7 45.8 80.2 
 -64 -37 -61  143    

β-peptides          
H12/10I -102 61 89 -82.6 -79.5 -10.7 H24/22I 74 -177 -80  -168 12.3 9.9 40.9 

 90 66 -111     -125 62 -77  154    
                

H12/10II 87 61 -96 -44.1 -54.6 31.0 H24/22II 117 -68 -174  128 44.5 45.8 68.1 
 -27 -50 160     -89 -72 83  58    
                

H10/12III 179 -62 -21 -45.9 -56.0 26.6 H24/22III 94 79 -66  -102 72.0 67.1 87.0 
 -93 51 87     123 64 66  16    
                

H20/18I 91 66 171 -69.5 -57.4 12.8 H14 138 -60 -65  141 0.0 0.0 0.0 
 -79 -57 149    
       δ-peptides 

H20/18II 99 67 173 -35.3 -28.1 36.7 H14/16I -172 159 -77 -68 131 -1.9 -10.0 89.5 
 -150 57 47     76 69 -167 82 -126    
                

H20/18III 153 162 69 -27.9 -20.9 39.5 H16/14II 113 -54 -62 167 159 2.4 -14.2 90.0 
 73 52 -144     -126 82 -66 -67 164    
                

H18/20IV 79 -171 100 -0.5 -1.4 67.7 H10 98 -62 -68 169 -85 0.0 0.0 40.2 
 110 -48 -43             
       H8 180 66 -142 69 -173 19.1 28.2 0.0 

H14 -148 61 -138 13.4 26.0 0.0          
                

H12 -87 92 -109 0.0 0.0 22.6          
[a] Angles in degrees. For reasons of space, only the angles of the two central amino acids are 
given. The angles of all amino acids at all approximation levels are available as Supporting 
Information. [b] Relative energies at the HF/6-31G*-, DFT/B3LYP/6-31G*- and 
PCM//HF/6-31G*-levels (Solvent water) in kJ/mol. Most stable structures are indicated. The 
total energies of the periodic reference helices are available as Supporting Information. [c] Hx/y 
denotes a mixed helix with alternating hydrogen-bonded pseudo-cycles with x and y atoms, 
respectively. Hx denotes periodic helices with hydrogen-bonded rings of x atoms. [d] 310-helix. 
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Both ab initio models show mixed helices as energy minima for all homologous peptides. For 

the β-, γ- and δ-peptides there are even several representatives for the hydrogen bonding patterns 

examined, which are denoted by superscript Roman numbers on the helix symbol in Table 1. The 

mixed helix of the α-peptides shows a sequence of alternating 14- and 16-membered rings. 

Interestingly, the model structures of α-peptides with the smaller 8- and 10-membered rings 

could not be localized as energy minima. The basic patterns of the mixed helices in the various 

homologous peptides are characterized by the backbone torsion angles listed in Table 1. Figure 2 

shows the most stable helices for each peptide and hydrogen-bond type. Force field calculations 

 

Figure 2. Most stable mixed helices in hexamers of homologous α-, β-, γ-, and δ-peptides for 
the investigated hydrogen-bonding patterns. 
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(CHARMm23.1)[10] proved that the hexamer structures are maintained in sequences up to 20 

monomer constituents.  

Even more impressive than the wide variety of mixed helices that are possible in the 

homologous peptides is the considerable stability of some structures in comparison to the 

periodic helices. This is most striking for the β-peptides (Table 1). In the case of the α-peptides, 

we selected the 310-helix characterized by 10-membered hydrogen-bonded rings for the energetic 

comparison. For the β-peptides, the experimentally determined helices with 14- and 12-

membered rings,[11] which are confirmed by our calculations as particularly stable, served as 

references to estimate the stability of the mixed helix alternatives. The reference structure for the 

γ-peptides was an experimentally found and theoretically confirmed periodic structure with 14-

membered rings.[4a,12] Finally, structures with 8- and 10-membered rings, respectively, which 

proved to be the most stable periodic structures according to our calculations, were the reference 

structures for the δ-peptides. Both ab initio MO models agree fairly well in their stability 

predictions. Only for the δ-peptides are the two mixed helices and the periodic reference helix 

energetically rather equivalent at the Hartree-Fock level, although the mixed helices are distinctly 

more stable according to the density functional theory.  

It might be supposed that the influence of the medium could be the reason for the larger 

number of experimentally determined periodic helices in homologous peptides in comparison to 

the single representative of a mixed helix found until now. The hydrogen bonds in the mixed 

helix are formed alternately in forward and backward direction along the sequence. Thus, only a 

small helix dipole should result. This is confirmed by the dipole moments of µ = 3.8 D for the 

hexamers of the most stable mixed helix of the β-peptides and µ = 31.5 D for the periodic helix 

alternative with 14-membered rings. Since the formation of mixed helices is a disadvantage in 

polar media it is more likely to occur in less polar media. In order to estimate the influence of the 

environment, the solvation energies were calculated for the solvent water based on the 

polarizable continuum model (PCM//HF/6-31G*).[8b] The results indicate that the mixed helices, 

in particular those of the α-, γ- and δ-peptides, indeed become more unstable than the periodic 

folding alternatives. Only the most stable mixed helices of the β-peptides remain competitive in 

strongly polar solvents (Table 1).  

The formation of mixed helices can also be influenced by the introduction of substituents into 

the monomer units.[13] Our calculations on models of mixed helices of β-peptides for all possible 

substitution patterns, which we will report on elsewhere, reveal that a mixed helix with alternate 

substituents at the α- and β-carbon atoms is especially stable. This substitution pattern is the 
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same as that in the mixed helix found by Seebach and co-workers. Thus, mixed helices prove to 

be a novel and interesting alternative of general importance for determining secondary structures 

in α-peptides and their homologues. 
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Abstract. A systematic analysis of the substituent influence on the formation of the unique 

secondary structure type of “mixed” helices in the homologous α-, β- and γ-peptides was 

performed on the basis of ab initio MO theory. Contrary to the common periodic peptide 

helices, mixed helices have an alternating periodicity and their hydrogen bonding pattern is 

similar to those of β-sheets. They belong, therefore, to the family of β-helices. It is shown that 

folding of peptide sequences into mixed helices is energetically preferred over folding into their 

periodic counterparts in numerous cases. The influence of entropy and solvents on the formation 

of the various competitive mixed and periodic helix types is discussed. Among the oligomers of 

the various homologous amino acids, β-peptides show the highest tendency to form β-helices. 

The rules of substituent influence derived from the analysis of a wide variety of backbone 

substitution patterns might be helpful for a rational design of mixed helix structures, which could 

be important for mimicking membrane channels. 
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Introduction 

Contrary to the periodic structure of common peptide and protein helices, e.g. the α- and the 

310-helices, where the corresponding backbone torsion angles of all amino acids have the same 

values, mixed helices show the periodicity at the level of dimer units, i.e. the values of the 

corresponding backbone torsion angles of the monomers change alternately and adjacent peptide 

linkages are involved in hydrogen bonds that are formed alternately in the forward and backward 

directions of the sequence. Consequently, the resulting alternate hydrogen-bonded rings are of 

different size (Figure 1). Because of the similarity of the hydrogen bonding pattern of mixed 

helices to that of parallel β-sheet structures, these helices are classified as β-helices (Figure 2).1-4 

The most prominent representative of a β-helix in α-peptides is the membrane channel-forming 

peptide gramicidin A5-7 with alternating 20- and 22-membered hydrogen-bonded rings. 

Immediately after the discovery of gramicidin A, further types of β-helices were suggested for α-

peptides on the basis of general structure ideas, but only recently such secondary structures with 

 
FIGURE 1 Alternative hydrogen bonding patterns in mixed helices Hx/y of homologous α-
(n=1), β- (n=2), and γ-peptides (n=3). The index x/y denotes the number of atoms in the 
alternating hydrogen-bonded rings. 
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alternating 14- and 16-membered hydrogen-bonded cycles were experimentally found.3,4 In this 

context, it should be mentioned that anti-parallel double-strand β-helices are also possible.4,8 

Besides, the relationships between nanotube assemblies of cyclopeptides with alternately D,L-

substituted monomers deserve attention.9,10 

The concept of β-helices was originally confined to α-peptides. This changed with the finding 

of a “mixed” helix in oligomers of β-amino acids (β-peptides) by Seebach and coworkers.11-13 In 

this helix, 10-membered hydrogen-bonded rings with an interaction between the amino acids i 

and (i+1) in the forward direction are followed by 12-membered rings with an interaction 

between the amino acids i and (i+3) in the backward direction of the sequence (i→(i+1)/i←(i+3) 

interaction, Figure 1). This secondary structure type of β-peptides was confirmed in other 

experimental studies in the meantime.14-16  

On the basis of ab initio MO theory, we could recently17 extend the concept of mixed helices 

in several points:  

(i) Stable mixed helix conformers with i→(i+1)/i←(i+3) amino acid interactions are also 

possible in the homologous γ- and δ-peptides (Figure 1).  

(ii) Mixed helices with still larger alternating ring systems, as for instance with 

i→(i+3)/i←(i+5) amino acid interactions (Figure 1) are thinkable in all homologous 

peptides.  

(iii) There are structure alternatives with differing backbone torsion angles for the same 

hydrogen bonding pattern in β-, γ- and δ-peptides.  

Remembering the outstanding role of gramicidin A as a membrane channel-forming 

compound, it may be useful to look for possibilities of a stabilization of this unusual and unique 

secondary structure type in all homologous peptides. In this way, novel types of membrane-

channel forming peptides become accessible. It is well-known from α-peptides, that the side 

chains of the amino acid residues have a significant influence on the secondary structure 

formation, which is for instance documented by the propensity scales for the proteinogenic 

amino acids to form helical, sheet and turn structures.18-20 Gramicidin A itself is a good example 

for the substituent influence on the secondary structure formation, since an alternating sequence 

of D- and L-amino acids seems to be a basic requirement for the formation of the channel-like 

structure. Like in gramicidin A, experimental and theoretical data for β-peptides demonstrate the 

sensitivity of secondary structure formation to substituents.21-24 Thus, folding into the two most 

important periodic folding patterns of β-peptides with 14- and 12-membered hydrogen-bonded 
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rings (H14, H12) is clearly influenced by the substitution type of the backbone.21,23,25 There are also 

hints that the mixed helix found in β-peptide sequences is favored by alternating β2- and β3-

substituted amino acids.11,22,24,26 

In this paper, we present a systematic analysis on the substituent influence on folding into 

mixed helices for α-, β-, and γ-peptides employing ab initio MO theory. The data are compared 

with those for the most important periodic structures that are competitive in folding. Ab initio 

MO theory has been rather successful in the actual field of peptide foldamers to describe 

secondary structure formation and provided hints for interesting novel secondary structure 

types.26-32 

 
FIGURE 2 Structural similarities of mixed helices (β-helices) of homologous peptides and 
parallel β-sheets. Red dotted lines indicate H-bonds in backward direction and blue dotted 
lines indicate H-bonds in forward direction along the sequence (cf. Fig. 1). 
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Methods 

The starting point of our calculations were the various unsubstituted mixed helix conformers 

with i→(i+1)/i←(i+3) and i→(i+3)/i←(i+5) amino acid interactions, respectively, found for the 

homologous α-, β-, and γ-peptides in our recent study.17 After generation of the selected 

substitution patterns in blocked hexamers of α-peptides, trimers and hexamers of β-peptides and 

tetramers of γ-peptides, respectively, the geometries of all structures were completely optimized 

at the HF/6-31G* level of ab initio MO theory. In numerous studies, this approximation level 

has proved to be reliable for the description of peptide conformations.33-35 The resulting 

optimized structures were checked for maintenance of the corresponding helix type and 

confirmed as minimum conformations by the determination of the eigenvalues of the matrix of 

force constants. The vibration frequencies arising from these calculations were used for the 

estimation of the free enthalpies and the entropies of the various helix types at the standard 

temperature of 300 K on the basis of statistical thermodynamics. Single-point calculations on the 

optimized HF/6-31G* structures were performed to estimate the influence of the solvents 

methanol and water employing a polarizable continuum model (PCM//HF/6-31G*). The 

solvation energy considers the electrostatic, van der Waals and cavitation energy contributions. 

The various substituted periodic structures of the homologous peptides, which were selected as 

reference structures for the stability comparisons, were treated in the same way.  

The quantum chemical calculations were performed employing the Gaussian0336 and the 

Gamess-US37 program packages. 

Results and discussion 

Mixed he l i c es  o f  α-pept ides  

Our recent search for mixed helices with the hydrogen bonding patterns of Figure 1 on 

blocked glycine hexamers 1 (n=6) provided only one conformer with i→(i+3)/i←(i+5) amino 

acid interactions.17 In this H14/16 structure with torsion angles of ϕ1 = 80°, ψ1 = -60°, ϕ2 = -60°, 

and ψ2= 80° in the periodic dimer unit, 14- and 16-membered hydrogen-bonded rings are 

alternating (Figures 1 and 3). The angle values predicted on the basis of simpler models for this 

helix type were ϕ1 = 125°, ψ1 = -85°, ϕ2 = -80° and ψ2= 100° 1 and ϕ1 = 120°, ψ1 = -82°, ϕ2 = -

92° and ψ2= 110°,2 respectively. Mixed helices with an alternation of the smaller 8- and 10-

membered pseudocycles arising from i→(i+1)/i←(i+3) amino acid interactions are impossible 
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for steric reasons. In Table I, the HF/6-31G* stabilities of the right-handed mixed helix 

conformers of the blocked unsubstituted and α-methylsubstituted hexamers 1 are given and 

compared with the data for the corresponding periodic 310-helices. The total energies are available 

as a Supplemental file. It can be seen, that a very high folding tendency into the two energetically 

equivalent right- and left-handed mixed helices exists for the unsubstituted hexamer. The mixed 

helix conformer is by 65.3 kJ·mol-1 more stable than the corresponding 310-helix structure. The 

left- and right-handed helices of substituted hexamers are only approximate mirror images and 

are energetically different. However, it is always possible to derive the energies for the left-

handed helices from the data for the right-handed ones in Table I, since the mirror image of a 

substituted right-handed helix corresponds exactly to the left-handed helix bearing the 

substituents with the opposite configuration. Obviously, the tendency to form mixed helices 

decreases after introduction of R- or, alternatively, S-configured substituents in all hexamer 

constituents. Although the energy difference between the most stable mixed helix and the 310-

helix is small, the latter is always more stable in these cases. Contrary to this, the formation of 

mixed helices in α-peptides is supported by an alternating R- and S-substitution of the 

 

Table I Relative Energiesa of the Right-handed 310-Helix and the Mixed H14/16 
Helix of Unsubstituted and Methylsubstituted Hexamers of 1 at the HF/6-31G* 
and at the PCM//HF/6-31G* Levels of Ab Initio MO Theory. 

  H14/16    H10
b  

Substi-
tutionc HF PCM 

(MeOH) 
PCM 
(H2O) 

 HF PCM 
(MeOH) 

PCM 
(H2O) 

U 0.0 32.4 46.4  65.3 0.0 0.0 
      

R 0.8 73.1 74.6  35.9 32.2 30.6 

S 7.6 83.6 84.7  0.0 0.0 0.0 
      

RS 0.0 25.5 26.3  53.6 0.0 0.0 

SR 79.6 98.5 99.4  59.2 3.0 2.8 
a In kJ·mol-1, for total energies see Electronic supplementary information. b 310-
helix. c U: unsubstituted, R: R-configuration, S: S-configuration, RS and SR: 
alternating RS- or SR-configurations of the methyl-substituents. 
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monomers. Beginning the sequence with an R-amino acid, the right-handed mixed helix 

predominates and is by about 50 kJ·mol-1 more stable than the 310-helix conformer (Table I).  

Helix formation is often discussed solely on the basis of energy data. It could be useful to 

estimate the free enthalpy differences between the competitive secondary structures and the 

influence of entropy contributions at standard temperature. Table II informs on the differences 

of the free enthalpies, the enthalpies including the zero-point vibration energies and thermal 

corrections and the entropies between the mixed helix conformers of α-peptides and the 

corresponding 310-helices. The values for the free enthalpy differences confirm the stability order, 

which was originally obtained on the basis of the total energies, also for a temperature of 300 K. 

However, the entropy influence is in favor of the periodic 310-helices for all substitution patterns. 

Obviously, β-helices are states of higher order than the periodic secondary structures. 

Table II Relative Enthalpies,a Free Enthalpies,a and Entropiesa for 
the Right-Handed Mixed and 310-Helices of Unsubstituted and 
Substituted Hexamers 1 of α-Peptides 

Substitutionb  H14/16 H10
c 

U ∆H 0.0 30.2 

 ∆G 0.0 19.6 

 ∆S -35.5 0.0 
    

R ∆H 6.2 35.8 

 ∆G 24.7 44.7 

 ∆S -62.3 -29.8 

S ∆H 13.9 0.0 

 ∆G 32.0 0.0 

 ∆S -60.6 0.0 
    

RS ∆H 0.0 49.2 

 ∆G 0.0 38.7 

 ∆S -35.0 0.0 

SR ∆H 82.6 54.6 

 ∆G 86.3 44.5 

 ∆S -47.6 -1.3 
a Relative enthalpies and free enthalpies in kJ·mol-1; relative 
entropies in J·mol-1·K-1, for absolute values see Electronic 
supplementary information. b U: unsubstituted, R: R-configuration, 
S: S-configuration, RS and SR: alternating RS- or SR-configurations 
of the methyl substituents. c 310-helix 
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Because of the alternating hydrogen bonding patterns, mixed helices have only rather small 

dipole moments in comparison to their periodic counterparts. Therefore, they are energetically 

disadvantaged in a polar environment. Estimation of the solvent influence for the solvents 

methanol and water at the PCM//HF/6-31G* level of ab initio MO theory confirms the 

preference of the corresponding 310-helix conformers (Table I). Nevertheless, the existence of the 

gramicidin A membrane channel as an H20/22 helix in an apolar membrane environment and a 

single-strand β4.4-helix4,8 found in NMR studies on oligonorleucine sequences in  

deuterated chloroform, which corresponds to the H14/16 conformer in our calculations, indicate 

the possibility of mixed helix formation in α-peptides. It might be interesting to speculate on 

transitions between mixed and periodic helix alternatives dependent on changes of the 

environment.  

Mixed he l i c es  o f  β -pept ides  

Three types of mixed H12/10 helices (I, II, III) with alternating 12- and 10-membered 

hydrogen-bonded rings were found in our study17 on unsubstituted β-peptide hexamers 2 (n=6). 

Most stable was the conformer I with torsion angles of ϕ1 = -100°, θ1 = 60°, ψ1 = 90°, ϕ2 = 90°, 

θ2 = 60° and ψ2 = -110° in the periodic dimer unit that corresponds to the mixed helix found in 

the Seebach group with torsion angles of ϕ1 = -100°, θ1 = 60°, ψ1 = 90°, ϕ2 = 90°, θ2 = 70° and 

ψ2 = -70°.38 Conformer I is much more stable than the periodic H14 helix of β-peptides (Table 

III). In Figure 4, the three H12/10 helices are visualized together with the three rather stable 

periodic secondary structure alternatives H6,  H12 and H14. In order to get an overview on the 

 
FIGURE 3 Mixed H14/16 and 310 helices of α-peptides. 
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substituent influence on mixed helix formation in β-peptides, all trimers 2 (n=3) of the three 

basic mixed helix types with mono-methylsubstituted amino acid constituents were subject of 

examination. Since in short oligomers boundary effects cannot be excluded, both possible orders 

of the alternating hydrogen-bonded rings, 10/12 and 12/10, respectively, were considered. 

To characterize the various substituted derivatives, substituents in 2-position (α-position) of 

an amino acid monomer are denoted by an uppercase “A” for S-configuration and a lowercase 

“a” for R-configuration. The corresponding notations for substituents in 3-position (β-position) 

are an uppercase “B” for S- and a lowercase “b” for R-configuration. Confining our calculations 

to mono-substituted amino acid constituents and considering the dimer periodicity, a two-letter 

 

 
FIGURE 4 Mixed helix types (first line) and selected periodic secondary structures (second 
line) of β-peptides. 
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code is sufficient to distinguish between the various substituted derivatives. Thus, the notation 

AB12/10 for a periodic dimer unit of 2 means an S-configured methyl group in the 2(α)-position 

of the first monomer and an S-configured methyl group in the 3(β)-position of the second one. 

The hydrogen-bonded rings alternate in the order 12/10. 

The spider plots of Figure 5 provide the complete information on the stabilities of all right-

handed mixed helix trimers H10/12 and H12/10 of the types I, II and III with mono-substituted 

constituents together with the stabilities of the corresponding periodic β-peptide structures H6 

with 6-membered hydrogen-bonded rings.26 The periodic H6 secondary structure type was 

selected for comparison, since it tolerates all substituents, whereas most of the corresponding H14 

helices could not be localized as minimum conformations at the trimer level. The stabilities are 

given as relative energies referred to the corresponding extended peptide conformations. Thus, it 

 
FIGURE 5 Spider plots of the relative energies (in kJ·mol-1) of the three different right-handed 
mixed helix types of β-peptides with alternating 10- and 12-membered hydrogen-bonded rings 
in trimer 2 for various substitution patterns in comparison to the corresponding periodic H6
secondary structures. The two alternative possibilities of the order of the hydrogen-bonded 
rings (H10/12 and H12/10) are considered. References for the energy comparison are the 
corresponding extended β-peptide sequences, i.e. structures with negative relative energies are 
more stable than the extended conformations. For the notation of the substituent patterns, see 
text. 
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is possible to compare the folding tendencies of all substituted peptide derivatives into the 

various helix alternatives starting from an extended peptide chain. All extended conformations 

were optimized keeping the backbone torsion angles fixed at 180°. The numerical data for the 

total energies and the backbone torsion angles for all trimers and the information on those trimer 

conformers that do not keep the mixed helix structure are available as a Supplemental file. It is 

possible to derive the information on all left-handed folding alternatives for a given substitution 

pattern from the spider plots of Figure 5, since a substituted left-handed conformer has the same 

energy as the right-handed conformer bearing the substituents with the opposite configuration. 

The HF/6-31G* data of Figure 5 demonstrate a considerable folding potential into mixed helices 

for several substitution patterns of the mixed helix type I. Thus, it can be seen that right-handed 

mixed helices are favored in the derivatives AB10/12 and BA12/10, which correspond to the 

mixed helix found by the Seebach group, but also in derivatives with the substitution patterns 

AA12/10, AA10/12, BB10/12, BB12/10, Bb12/10, bB10/12, Aa10/12 and aA12/10, 

respectively. These conclusions may be transferred to the corresponding left-handed helices with 

the opposite configurations of the substituents. The mixed helix alternatives II and III are 

generally less stable than helix type I for most of the substitution patterns. Only, the derivatives 

Ab10/12 for type II and Ba12/10 for III have stabilities which are comparable with those of the 

other competitive structures. As expected, the stability of all mixed helices, in particular for the 

types II and III, decreases in polar environments. Nevertheless, the spider plots for the solvents 

methanol and water in Figure 5 show that some of the substituted mixed helices of type I like 

Bb12/10 and AB10/12 are still rather stable in these media.  

The calculations on the trimers indicate important general trends of substituent effects in 

mixed helix formation. For an estimation of the influence of the sequence length on the helix 

formation, it could be interesting to extend the study to the hexamers 2 (n=6). Now, there is also 

the opportunity to compare the stabilities of the mixed helices with those of the periodic H14 and 

H12 helices which were experimentally found in β-peptides.21,25 Besides, it becomes possible to 

examine the formation of mixed helices with the still larger alternating 20- and 18-membered 

hydrogen-bonded rings (Figures 1 and 4), which are only possible in longer sequences. Table III 

provides the energy data for substituted mixed helix hexamers and the corresponding periodic 

structures, which indicate the considerable stability of mixed helices at the HF/6-31G* level of 

ab initio MO theory.  

With respect to the influence of various substitution patterns on mixed helix formation, the 

conclusions drawn from the trimer data can be maintained. Moreover, the general rules of 

substituent influence on the formation of the periodic H12 and H14 helices, which were derived 
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from the conformational properties of blocked β-peptide monomers in one of our former 

studies,23 are confirmed by the direct study of these helices at the hexamer level and extended by 

consideration of further substituent patterns. It is rather impressive, that several substituted 

mixed helices of the H12/10 type keep their stability advantages over their periodic counterparts 

also in polar solvents. Thus, for the substitution types AA, Ab, Ba, Bb, and, last but not least, for 

BA, the substitution type of the experimentally found mixed helix, β-helix formation is still 

preferred. Obviously, the tendency to form mixed helices is much greater in β- than in α-

peptides. 

Table III Relative Energiesa of the Right-handed Mixed H12/10
I and H20/18

I Helices of 
Substituted Hexamers of 2 in Comparison to the Right-handed Periodic H12 and H14 β-Peptide 
Helices at the HF/6-31G* and PCM//HF/6-31G* Levels of Ab Initio MO 

 H12/10I  H20/18I  H12  H14 

Subst.b,c HF PCM 
MeOH 

PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O 

U 0.0 0.0 0.0 13.1 19.1 23.5 82.6 30.3 33.5 96.0 8.0 10.7
  
AA 0.0 0.0 0.0 - - - 72.2 31.8 25.6 - - -

aa 57.6 53.3 51.7 - - - 126.0 76.7 75.8 81.0 14.7 8.3
  
BB 0.0 25.7 25.6 22.2 56.0 55.9 53.0 24.8 23.3 - - -

bb 62.8 70.6 76.6 36.6 67.8 67.8 139.2 124.5 124.0 47.8 0.0 0.0
  
Aa 47.7 54.4 52.9 - - - 97.7 49.8 47.4 124.3 69.7 69.3

aA 0.0 0.0 0.0 13.9 21.5 22.7 95.2 44.8 40.5 - - -
  
Ab 0.0 0.0 0.0 - - - 90.4 50.6 51.1 90.5 47.9 47.4

aB 22.0 25.3 29.4 26.3 36.5 38.7 73.3 26.4 26.1 - - -
  
BA 0.0 0.0 0.0 33.8 42.6 42.7 92.8 37.9 37.6 - - -

ba 134.4 123.2 121.0 - - - 161.6 117.0 115.0 94.6 20.7 18.1
  
Ba 0.1 0.0 0.0 - - - 66.6 20.5 19.1 - - -

bA 30.3 30.0 29.9 0.0 10.9 13.6 87.5 45.6 44.5 - - -
  
Bb 0.0 0.0 0.0 30.8 33.7 35.8 111.1 65.8 63.8 - - -

bB 96.6 94.1 94.3 55.2 66.0 68.5 115.0 72.9 72.7 - - -
a In kJ·mol-1; for total energies see Electronic supplementary information. b For substitution 
pattern notation see text. c Hyphens denote structures where the helix type is not kept after 
geometry optimization. 
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Table IV Relative Enthalpiesa, Free Enthalpiesa and Entropiesa for the Right-handed Mixed 
and Periodic Helix Alternatives of Unsubstituted and Substituted Hexamers 2 of β-Peptides 

Substitutionb,c  H12/10 H20/18 H12 H14 
U ∆H 0.0 8.6 80.9 88.6 
 ∆G 0.0 7.5 70.2 77.1 
 ∆S -38.6 -34.9 -2.8 0.0 

AA ∆H 0.0 - 70.8 - 
 ∆G 0.0 - 62.0 - 
 ∆S -37.6 - -8.1 - 

aa ∆H 58.2 - 126.0 74.5 
 ∆G 60.4 - 128.6 63.3 
 ∆S -45.0 - -46.4 0.0 

BB ∆H 0.0 18.6 50.1 - 
 ∆G 0.0 20.7 37.9 - 
 ∆S -41.8 -48.9 -1.1 - 

bb ∆H 64.5 31.7 140.0 38.9 
 ∆G 68.3 24.0 141.3 26.5 
 ∆S -54.5 -16.3 -46.2 0.0 

Aa ∆H 47.8 - 96.6 118.7 
 ∆G 48.8 - 87.4 104.2 
 ∆S -52.1 - -17.8 0.0 

aA ∆H 0.0 11.6 93.6 - 
 ∆G 0.0 12.0 85.0 - 
 ∆S -48.7 -50.0 -19.8 - 

Ab ∆H 0.0 - 89.8 84.7 
 ∆G 0.0 - 87.0 73.2 
 ∆S -38.5 - -29.0 0.0 

aB ∆H 22.7 23.7 71.5 - 
 ∆G 25.5 27.2 64.7 - 
 ∆S -47.6 -50.1 -15.7 - 

BA ∆H 0.0 31.4 91.1 - 
 ∆G 0.0 32.4 81.5 - 
 ∆S -36.5 -39.8 -4.3 - 

ba ∆H 136.6 - 162.3 87.5 
 ∆G 143.0 - 161.9 76.6 
 ∆S -58.2 - -35.4 0.0 

Ba ∆H 3.2 - 68.4 - 
 ∆G 4.3 - 61.6 - 
 ∆S -26.4 - 0.0 - 

bA ∆H 34.8 0.0 90.4 - 
 ∆G 38.0 0.0 86.0 - 
 ∆S -33.5 -22.6 -7.6 - 

Bb ∆H 0.0 25.9 110.2 - 
 ∆G 0.0 22.0 109.4 - 
 ∆S -13.0 0.0 -10.3 - 

bB ∆H 98.2 51.5 114.2 - 
 ∆G 105.1 56.9 112.5 - 
 ∆S -35.9 -31.0 -7.1 - 

a In kJ·mol-1; for total energies see supplementary information. b For substitution pattern notation see text. 
c Hyphens denote structures where the helix type is not kept after geometry optimization. 
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The energy data in Table III demonstrate that mixed helices with the larger alternating 20- and 

18-membered hydrogen-bonded rings (Figures 1 and 4) are also more stable than the competitive 

periodic secondary structures in vacuo or in an apolar environment. However, in most cases the 

mixed H12/10 helices with the smaller ring sizes are preferred. Only the right-handed H20/18 helix 

with the bA substitution pattern is superior over the corresponding right-handed H12/10 helix and 

has approximately the same energy as the left-handed bA12/10 conformer. 

As in the case of α-peptides, the free enthalpies and entropies were estimated for the various 

helix types of β-peptides. Table IV provides the differences of the free enthalpies, the enthalpies 

with inclusion of the zero-point vibration energies and the thermal corrections and the entropies 

for the main types of mixed and periodic β-peptide helices. Although the preference of mixed 

helices for the above-mentioned substitution patterns is also kept at the free enthalpy level, it is 

striking that the periodic helices H14 and H12 have greater entropy values than the corresponding 

mixed helices. In particular, the formation of periodic H14 helices is favored by entropy effects. 

As already discussed for the mixed helices of α-peptides, the mixed helices of β-peptides 

represent higher-ordered states than their periodic counterparts. 

Mixed he l i c es  o f  γ -pept ides   

Several mixed helix conformers were localized in our recent ab initio study17 for unsubstituted 

γ-peptide hexamers 3 (n=6). Thus, two folding alternatives (I, II) with alternating 14- and 12-

membered hydrogen-bonded rings (i→(i+1)/i←(i+3) amino acid interactions, Figure 1) and even 

three (I, II, III) with alternating 24- and 22-membered rings (i→(i+3)/i←(i+5) amino acid 

interactions, Figures 1 and 6) were found. Contrary to the situation in β-peptides, all mixed γ-

peptide helices are less stable than the periodic folding alternatives at the HF/6-31G* level of ab 

initio MO theory. Thus, it seems to be relatively improbable to get mixed helices in γ-peptide 

sequences. 
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In our estimation of substituent effects, we considered tetramer structures 3 (n=4) of the two 

H14/12 helices and selected the corresponding derivatives of the periodic H14 helix, which was 

experimentally found in γ-peptide sequences,39 and the periodic H9 helix, which is rather stable 

according to our former calculations,29,40 as folding alternatives for the energy comparison (Figure 

6). Our nomenclature for the substituted γ-peptide derivatives has to be supplemented by an 

uppercase “C” for an S-configured substituent in 4-position (γ-position) of a γ-amino acid 

constituent and by a lowercase “c” for an R-configured substituent in this position. Considering 

only mono-methylsubstituted amino acid constituents and the dimer periodicity, the two-letter 

code can be maintained.  

Figure 7 shows the spider plots of the stabilities for the various right-handed methyl-

substituted γ-peptide tetramers. In Table V, the relative energies for the mixed and periodic helix 

alternatives of the most important substituted γ-peptide tetramers are explicitly given. A complete 

overview on the numerical geometry and energy data for all derivatives is again available in the 

Supplemental file. The spider plots at all approximation levels demonstrate that mixed helices in 

γ-peptide sequences, if they could be formed at all, need an apolar environment for their 

formation. Most promising are the substituent patterns aA and Ab for the formation of right-

handed H14/12
I helices, whereas right-handed H14/12

II
 helices are favored by the substitution 

patterns Ac, Bc, cA and Cc. The H14/12
I helix tolerates the various substitution patterns, but the 

 
FIGURE 6 Mixed H14/12 helices and selected periodic secondary structures of γ-peptides. 
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H14/12
II helix is rather sensitive to substituent effects. In particular, R-substituents in β-position of 

the first γ-amino acid constituent of the dimer units and R-substituents in α-position of the 

second γ-amino acid constituent of the dimer units destroy the right-handed mixed helix 

conformation.  

It may be useful to give also some hints on the substituent influence on the formation of the 

two rather stable periodic γ-peptide structures H9 and H14 from our comparative study because 

the secondary structures of γ-peptides have not yet been so intensively investigated as those of β-

peptides until now. Since there are only minor differences between the backbone torsion angles 

of the two helices, which are in a similar relation as the 310- and α-helices of α-peptides, the 

substituent influence on both helices is rather similar. Independent of the actual stability, the H9 

structure is kept for all substitution patterns, whereas the experimentally found H14 γ-peptide 

helix39 is more influenced by substituents (Figure 7). The right-handed γ-peptide helices H9 and 

 
FIGURE 7 Spider plots of the relative energies (in kJ·mol-1) of the two different right-handed 
mixed γ-peptide helices H14/12

I
 and H14/12

II
 for various substitution patterns of tetramer 3 in 

comparison to the periodic right-handed H9 and H14 helices. References for the energy 
comparison are the corresponding extended γ-peptide sequences, i.e. structures with negative 
relative energies are more stable than the extended conformations. For the notation of the 
substituent patterns, see text. 
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H14 are clearly disadvantaged by R- and favored by S-substituents in the α-position of the amino 

acid constituents. R-substituents in the γ-positions are only accepted in a few cases. Substituents 

in β-position show an indifferent behavior. Generally, it seems to be difficult to support the 

formation of H9 and H14 helices in γ-peptides selectively by special substitution patterns. 

Table V Relative Energiesa of the Right-handed Mixed H14/12
I and H14/12

II Helices of 
Substituted Tetramers of 3 in Comparison to the Right-handed Periodic H9 and H14 γ-Peptide 
Helices at the HF/6-31G* and PCM//HF/6-31G* Levels of Ab Initio MO Theory 

 H14/12
I  H14/12

II  H9  H14 

Subst.b,c HF PCM 
MeOH 

PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O  HF PCM 

MeOH 
PCM 
H2O 

UUU 10.6 46.6 50.9 27.3 69.2 73.2 3.1 12.9 14.9 0.0 0.0 0.0
    

AA 62.8 97.7 97.3 37.9 79.4 79.8 8.4 14.6 17.6 0.0 0.0 0.0

aa 24.6 64.9 65.3 - - - 100.7 101.8 102.2 - - - 
        

Aa 25.2 59.7 59.8 - - - 31.3 23.6 24.0 - - - 

aA 0.0 36.2 36.0 19.9 51.0 53.1 23.2 15.8 16.1 9.2 0.0 0.0
    

Ab 0.7 44.0 42.3 32.9 75.4 75.8 15.6 24.2 23.3 0.0 0.0 0.0

aB 58.4 93.9 91.6 31.7 71.0 71.6 52.2 51.2 50.4 - - - 
      

Ac 5.0 34.1 33.3 0.0 36.3 35.4 13.3 0.0 0.0 - - - 

aC 40.8 70.5 68.4 34.9 65.3 64.9 32.2 19.7 17.7 - - - 
    

BB 67.1 102.5 100.1 32.6 75.5 74.6 5.3 14.3 13.1 0.0 0.0 0.0

bb 9.3 48.9 48.6 - - - 25.3 37.4 35.1 6.9 1.8 0.7
    

Bc 47.6 88.7 88.2 0.0 46.9 47.1 27.6 23.3 22.5 - - - 

bC 32.1 70.9 68.8 - - - 7.8 19.3 20.2 1.7 0.0 0.0
    

Ca 22.8 62.4 60.8 - - - 15.4 36.7 26.6 0.8 0.0 0.0

cA 5.1 52.3 53.6 0.0 44.4 46.1 30.2 40.8 40.7 8.4 20.9 22.1
    

CC 43.9 81.4 79.7 37.7 73.3 73.1 0.0 14.9 8.4 3.3 0.0 0.0

cc 54.9 96.7 94.5 21.9 66.5 67.4 86.1 74.7 81.4 - - - 
      

Cc 9.1 33.0 33.0 0.0 25.3 25.4 17.8 0.0 0.0 - - - 

cC 55.6 81.5 79.7 25.9 47.2 47.4 55.9 28.8 28.0 - - - 
a In kJ·mol-1; for total energies see Electronic supplementary information. b For substitution 
pattern notation see text. c Hyphens denote structures where the helix type is not kept after 
geometry optimization. 
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Conclusions 

Our quantum chemical analysis of the substituent influence on the folding of sequences of 

homologous α-, β-, and γ-peptides demonstrates considerable possibilities to enforce the 

formation of the unique secondary structure type of “mixed” or β-helices by special backbone 

substitution patterns. In numerous cases, folding of homologous peptide sequences into mixed 

helices is superior over that into periodic structures, with the greatest probability to get mixed 

helices in β-peptides. The predominance of periodic peptide helices in peptides and proteins 

seems to be essentially caused by the influence of polar environments. 

Our study provides both, information on the substituent influence on the mixed helix 

formation in the various classes of homologous peptides and on the formation of mixed helix 

alternatives within the same class of homologous peptides. Table VI summarizes the substitution 

patterns which should be preferred to get mixed helix types in the various classes of homologous 

peptides. This information might be helpful for chemists in the rational design of peptide 

structures with membrane channel-forming properties. 

Table VI Favorable Substitution Patterns for the 
Formation of Right-Handed Mixed Helices in α-, β-, γ-, 
and δ-Peptides. 

Peptide Helix type a Substitution Pattern b 

α H14/16 U, RS 

   

β H12/10
I U, BA, BB, Bb, AA, Aa 

 H12/10
II ba, 

 H12/10
III Ba 

 H20/18
I bA 

   

γ H14/12
I aA, Ab 

 H14/12
II Ac, Bc, Cc, cA 

a See Fig. 1. b See text for nomenclature. 
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Appendix 1: Contents of  the Compact Disc 

To access the contents of the compact disc open the file index.htm with a browser.  

(Tested with Mozilla Firefox, MS Internet Explorer and KDE Konqueror) 

 

Item Description 

  
index.htm Html-file 

  

pdbs_ch4 Folder with pdb-files of the structures of (E)- and (Z)-vinylogous 

γ-Peptides (hexamers and undecamers) described in chapter 4 

  

pdfs Folder with Supporting Information to the chapters 2, 3, 4, 5, and 6 with 

additional tables with torsion angles and energies in Adobe’s Portable 

Document Format (PDF) 
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