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The relationship between a well-defined structure and function of proteins inspire the creation 

of foldamers from non-natural building blocks. Various types of β-, - and their higher 

homologues have been widely explored to design protein structure mimetics.  Inspired by the 

various types of folded architectures of β- and -peptides and their applications in chemical 

biology, medicinal chemistry and biomaterials, we have examined the helical architectures 

available to the sterically constrained gem-dialkyl substituted -amino acids.  The single 

crystal and solution conformational analysis of the homooligomers of 4,4-dimethyl 

substituted (E)-vinylogous amino acids reveal a remarkable β-double helix structures. The 

beta-double helix structures are stabilized by the interstrand H-bonds. In continuation, we 

encountered a structural dimorphism in achiral α,-hybrid peptides composed of Aib (α-

amino isobutyric acid) and 4,4-dimethyl substituted -amino acid, Aic (4-amino isocaproic 

acid) in 1:1 alternate order. The structural analysis shows two helix types, a novel 12- helical 

conformation in shorter sequences of 4-7 residues and an unprecedented 15/17-helix in longer 

sequences of nine residues. Interestingly, the 15/17- and 12-helices in alpha, gamma-hybrid 

peptides with their 5→1 and 4 →1 hydrogen bonding patterns can be recognized as backbone 

expanded analogs of the native α- and 310-helices, respectively. Further, replacement of Aib 

residues in 1:1 alternating α, -hybrid peptides composed of Aib and Aic with natural α-

amino acids (leucine, alanine) leads to the mixed 12/10-helical conformations with 

alternating H-bonding directionality. This is in sharp contrast to the natural polypeptide 

helices. Instructively, replacing aliphatic amino acid residues with aromatic Phe residues in 

1:1 alternating α,-hybrid peptides adopted β-sheet type extended conformations. The hybrid 

peptides with extended conformations were spontaneously self-assembled into remarkable 

capsules through multiple CH–, – and H-bonds. As a proof of concept, we further 

showed the controlled release of encapsulated fluorescent molecules from peptide capsules 

using cationic dipeptide as a trigger.  Further, we have the studied the conformational 

properties of achiral hybrid peptides composed 1:1 alternating Aib and 3,3-dimethyl 

substituted gamma-amino acid (Adb, 4-amino 3,3-dimethylbutanoic acid).  The single crystal 

Abstract 



xi 
 

and solution structure analysis revealed a rare co-existence of left and right-handed helical 

conformations (tendril perversion) and helix terminating property at the C-terminus within a 

single molecule. Overall, the conformational properties of sterically constrained gem-

dimethyl substituted -amino acids presented in this thesis will provide wide opportunities to 

explore them as vital building blocks towards the design of new functional foldamers as well 

as templates for generation functional biomaterials. 
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1.1 Introduction  

Proteins play a crucial role in all biological events of life. The three dimensional structures of 

the proteins are mainly responsible for their function. Nature specifically chooses proteins to 

carry out these tasks because of their ability to fold into definite and rigid three dimensional 

conformations (Figure 1). Using 20 natural amino acids, Nature made a myriad of proteins 

with definite three dimensional structures and functions.  

 

Figure 1  X-ray structure of the human mitogen-activated protein kinase 1 (MEK1). PDB 

code- 1s9j 

    The protein structures are mainly described at four levels, primary, secondary, tertiary and 

quaternary structures. The primary structure of a protein describes the number and sequence 

of amino acids arranged in the polypeptide chain. The hypothetical disintegration of protein 

three-dimensional structures leads to various secondary structures such as strands, helices, 

and reverse turns, which are assembled using loosely structured loops and associated with 

various noncovalent interactions.
1 

The tertiary structure of a protein explains the 3D 

arrangements of the single polypeptide chain. The quaternary structure refers to how the 

protein subunits interact with each other and arrange themselves to form a larger aggregate 

protein complex through different noncovalent interaction like hydrogen bonding, disulphide 

bridge or charge interaction. The de novo design of protein secondary structures is not only 

important to understand the folding and functions of proteins but also provides enormous 

opportunities in the structure-based drug design.
2
 Extensive efforts have been made over the 

past several decades to understand the conformational behaviour of polypeptides through 
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synthetic models composed of α-amino acids as well as stereochemically constrained amino 

acids.
3 

Recently the introduction of backbone homologated -amino acids such as β-, - and 

higher homologues have expanded the conformational space available to the polypeptides.  

The oligomers of these unnatural amino acids have shown the strong tendency to fold into 

specific conformations such as helices, sheets and reverse turns.  These unnatural β- and -

peptide foldamers provided a unique opportunity to design protein structure mimetics. 

Different types of structures adopted by the β- and -peptides and hybrid peptide foldamers 

composed of ,β-, ,- and β,-sequences are described below  

 

1.2 Beta-peptide foldamers 

In their seminal work, Seebach and Gellman introduced chiral acyclic β-amino acids and 

cyclic β-amino acids, respectively.  The acyclic β-amino acids are backbone homologated 

analogues of α-amino acids. Depending on the position of the side chains on the backbone, 

they are classified as β
3
- and β

2
-amino acids. In continuation, Sharma and colleagues 

extensively investigated the β-peptide oligomers generated from carbo-β-amino acids. 

Further, Fulop and coworker, Aitkin et al and others have employed numerous types of cyclic 

β-amino acids in the design of β-peptide foldamers.  The list of various β-amino acids used in 

the design of β-peptide foldamer is shown in Figure 2. The backbone conformations of these 

β-amino acids can recognize through the additional torsion variable  along with  and .  

The local conformation of β-residues is shown in Figure 3.  

 

Figure 2 The list of β-amino acids used in the design of foldamers. 

 



4 
 

 

 

Figure 3 The torsional variables for (a) α and (b) β- amino acid were depicted. 

 The detailed conformational analysis of β-peptide homo-oligomers showed a variety of 

helical foldamers with different H-bonding pattern. The folding and H-bonding pattern is 

depending upon the nature of the β-residues. Gellman and colleagues reported the12- ( C12-, 

12–membered H-bond pseudocycles)  and 14-(C14, 14-membered H-bond pseudocycles) 

helical conformations from the homooligomers of homooligomers of cyclic trans-2-amino 

cyclopentanecarboxylic acid (ACPC) and trans-2-aminocyclohexanecarboxylicacid (ACHC), 

respectively.
6  

Instructively, the 12-helices have shown to adopt similar type of hydrogen 

bond directionality (C←N) as that of α-helix, whereas C14-structures the hydrogen bond 

directions (N←C) are reversed. Similarly, Seebach and colleagues demonstrated the left-

handed 14-helical conformations from the oligomers of acyclic β
3
-amino acids.  Further, they 

showed the right-handed 14-helix conformation from the oligomers of β
2
-amino acids. In 

contrast to the 14-helical conformations, β-peptides composed of 1:1 alternating β
2
-and β

3
-

amino acids have shown to adopt 12/10-helices with alternating H-bond directionality.  

Through extensive ab initio calculations, Hofman and colleagues provided various helical 

types available to the β-peptides.
7 

The different types of  helices available to the β-peptide as 

predicted by Hofmann and colleagues  is shown Figure 4 

 

Figure 4 Possible H-bonding patterns observed of β-peptide oligomers using systematic 

quantum calculation. 



5 
 

Furthermore, Sharma and colleagues extensively investigated the conformations of the β-

peptide oligomers generated from carbo-β-amino acids and shown mixed 12/10 or 10/12 

helical structures.
8 

Raiser et al. showed the utilization of the cyclic -amino acids with 

different stereochemistry in the design of -peptides.
9
 In addition, Aitken and colleagues 

reported oligomers of trans-2-aminocyclobutane carboxylic acid fold into well-defined 12-

helical conformation.
10 

and Fulop et al.
11

 showed utilization of various cyclic -amino acids 

in the design of β-peptide foldamers. The crystal conformations of 14-helix from the β-

peptide composed of trans-ACHA, 12-helices from the homooligomers of trans-ACPC and 

cyclobutane -amino acid are shown in Figure 5.  

 

Figure 5 Helical crystal structure conformation oligomers of a) trans-ACHA (14-helix), b) 

trans-ACPC (12-helix), c) cyclobutane -amino acid (12-helix) 

In addition to the helices, β-amino acids have also been explored to design β-sheets type 

structures and reverse turns. Gellman and his colleagues observed the formation of polar 

antiparallel β-peptide sheets and further, they reported β-hairpin structures using different 

types of β-turn inducing segments.
12,13 

In continuation, Balaram et al. examined the β-amino 

acids as guests into the host β-hairpin structures.
14 
The design of hybrid β-hairpin with the 

combination of α, and β-amino acids also lead to the genesis of hybrid peptide foldamers. The 

major difference in the β-sheets formed by the β
3
-amino acid and α-Amino acid is the 

directionality of the NH…O=C hydrogen bonds. In the case of α-peptide β-sheets, the H-
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bonds are alternate in direction, whereas the β-residues have shown the H-bonds in the same 

direction leading to the polar sheets. Different types of β-amino acids utilized for the 

construct of the β-hairpin structure are shown in Figure 6. Further, Ortono et al reported 

homo-oligomers of cis-ACBC (cis-2-aminocyclobutane-1-carboxylic acid) residues 

exhibiting strand-like structures stabilized by the 6-membered intramolecular H-bonds. 

Interestingly, these strand-like structures facilitate supramolecular interactions and self-

assembly, producing nanosized fibers or gels.
15

 

 

Figure 6 Different β-hairpin conformation constructed from β-amino acids containing α,β-

disubstituted β-amino acids
12,13 

and β
3
-amino acids.

14
 

1.2.1 Hybrid β-peptide foldamers 

More recently, mixed heterogeneous peptides gained much attention over their homogeneous 

backbone counterparts. This is because it is possible to derive a variety of helical foldamers 

with different H-bonding patterns by varying the composition and order of amino acids in the 

peptide sequence. In their pioneering work, Balaram and colleagues demonstrated the hybrid 

peptide structures composed of β-amino acids and higher homologous amino acids into host 

α-peptide helices and β-hairpin structures.
16 

Using systematic quantum chemical calculation 

Hofmann’s groups predicted  the different types of helices available to  mixed α,β hybrid 

peptides.
17 

Further, authors reported that α,β‐peptides composed of unsubstituted glycine and 

β-alanine can fold into 8 different stable helical forms: 9-, 11/9, 9/11, 11, 15/14,12/13, 16/18 

and18/16-helices. Sharma and colleagues reported 11/9 helical conformation from the hybrid 
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α,β sequence composed of α-amino acid and β
3
-amino acid with alternating hydrogen 

bonding directionality.
18

 In continuation, Jagadeesh et. al reported the dynamic equilibrium 

between 11 and 14/15 helical conformation in solution by , β-hybrid peptide containing L-

Ala and cis-FSAA (cis-β-furanoid sugar amino acid).
19 

The Raiser and co-workers showed 

313-helical conformation stabilized by i→i+2 hydrogen bonds in  α,β hybrid peptides 

composed of L‐Ala and cis-Acc (cis-2-aminocyclopropanecarboxylic acid).
20

 In an 

interesting study, Gellman and colleagues disclosed the crystallographic conformation of 

short α, β-hybrid peptides containing backbone constrained trans-ACPC amino acids (trans-

2-aminocyclopentane carboxylic acid and its derivatives)  and Aib.  These hybrid peptides 

fold into 11-helix however, replacing N-terminal Aib with α-amino acid alanine it 

transformed into 14/15 helix suggesting the fine borderline energies between these two 

helices.
21a,21b 

Recently, Amblard et al. showed the conformational conversion between 9/11-

helix and 18/16-helix using tri-substituted β-amino acid [(S)-ABOC] in α,β-hybrid 

peptides.
22

Further, Gellman et al. demonstrated C11/11/12-helix and C10/11/11-helix formation in 

1:2 and 2:1 α,β-hybrids.
23

Fulop and colleagues evaluated the stereochemical patterns in the 

folding of α,β-hybrid peptides.
24

 In continuation, Gellman and colleagues reported 

spectacular helix bundle quaternary structures in oligomers composed of α-β-β-α-β-β and α-

α-α-β-α-α-β repeats.
25 

Different types of β-amino acids utilized in the protein structure 

mimetics with different H-bonding pattern are shown in Fig 7 

 

Figure 7 Examples of experimentally characterized hybrid peptides a) α, β 11-helix Boc-Aib-

ACPC-Aib-ACPC-Aib-ACPC-Aib-ACPC-OBn,
21a

 b) α,β 14/15-helix Boc-Ala-ACPC-Aib-

ACPC-Aib-ACPC-Aib-ACPC-OBn,
21b

 b) β,β,α 12/11/11 helix, Boc-ACPC-ACPC-Phe-

ACPC-ACPC-Phe-OBn,
23

 c) α,α,β with 10/11/11 helix, Boc-ACPC-Aib-Aib-ACPC-Aib-

Aib-ACPC-OBn.
23
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1.2.2 Biologically active β- and hybrid β-peptides: 

Though -peptides can be easily designed to inhibit a variety of protein-protein interactions, 

protease inhibitors, antimicrobial candidates however their proteolytic susceptibility hindered 

their applications. In contrast, β-peptides are resistant to the proteolysis due to the presence of 

unnatural peptide backbone. These properties of β-peptides endorse them as very attractive 

candidates from the perspective of medicinal chemistry and chemical biology.
26 

Due to higher 

helical propensity, the β-peptides have been explored to design antibacterial candidates. 

Gellman and colleagues designed cationic amphiphilic helical β-peptides and showed their 

specificity towards bacteria.
27

 In addition to the β-peptides, Gellman and collogues have 

demonstrated potent antimicrobial properties of amphiphilic hybrid α, β-peptides and showed 

potent antibacterial activity against  Gram-negative and Gram-positive bacteria.
28 

In addition, 

these peptides also have shown good inhibitory profiles against biofilm formation of drug-

resistant candidaalbicans. Recently, nylon-3 polymers made up of β-amino acids showed 

potent activity and selectivity against planktonic forms of multiple fungal species.
29 

Further, 

Schepartz and coworkers designed p53(15-29) mimetics using β
3
-peptides and demonstrated 

the inhibition of P53-MDM2 interactions.
30

 In addition, same group also designed the fusion 

inhibitors for HIV-1 gp41-mediated fusion.
31

Gellman and co-workers developed β-peptides 

based entry inhibitors for HCMV (Human cytomegalovirus).
32

 In addition, α, β-hybrid 

peptides have been explored to design inhibitors against the Bak/Bcl-xL interactions.  The 

most active compound that inhibits the Bak/Bcl-xL interactions adopted a 15/14- helical 

conformation in solution.
33

 

1.2.3 Ordered supramolecular assemblies of β-peptide helices: 

 In addition to the biological activity, the β-peptides have also attracted considerable attention 

recently due to their ordered supramolecular assemblies. In their seminal work, Gellman and 

his coworkers demonstrated self-assembled soluble aggregates of 14-helical β-peptides into 

tetrameric and, or hexameric bundles.
34

 In addition, the  same group has reported the 

quaternary bundles of α, β-peptides in aqueous solution as well as in crystalline state 

stabilized by close packing of the hydrophobic side chains and the charge interactions 

between polar residues.
35 

The controlled lateral assembly of β-peptide 14-helices into 

tetrameric and octameric bundles were also reported by Schepartz and coworkers.
36

Ghadiri 

and coworkers reported the cyclic peptide derived from the  acyclic β
3
-amino acids and the  

peptide stack through extensive backbone-backbone H-bonding to form tubular channel 
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structures. The ability of channel-forming in lipid bilayer was further examined in the 

liposome-based proton transport assays and single-channel conductance experiments.
37 

In 

their initial attempt Fülöp and his colleagues reported ordered supramolecular assembly of β-

hexapeptide 10/12-helical structures into ribbon-like fibrils and vesicles.
38 

In continuation,  

Gellman and his co-workers designed a series of β-peptides which self-assembled to form 

liquid crystals.
39 

More recently, Lee and his colleagues reported a variety of self-assembled 

supramolecular architectures  from β-peptides.
40

 Furthermore, Perlmutter and his colleagues 

reported the self-assembled fibers from N-acetylated β-tri- and hexapeptides in aqueous as 

well as in organic solvents.
41

 

 

1.3 -Peptide Foldamers 

γ-Amino acids are double homologated α-amino acids having two -CH2- groups between C
α
 

and C=O carbon. The introduction of two methylene units leads two additional torsional 

variables θ1 and θ2 along with regular ϕ and ψ. Unlike β-amino acids, γ-amino acids have not 

been much explored probably due to the difficulties in the synthesis and isolation of 

stereochemically pure γ-amino acids. Nevertheless, in their seminal work Seebach
42

 and 

Hannessian
43

simultaneously reported the stable 14-helical conformations from the 

homooligomers of monosubstituted -amino acids in solution. In contrast to the β
3
-peptides, 

the 
4
-peptide have shown to adopt right-handed 14-helix (14-membered pseudocycles) 

stabilized by the H-bonds between the carbonyl group of residue i and the NH group of 

residue (i+3). Through extensive quantum calculations, Hofmann and colleagues predicted 

various types of helical conformations available to -peptides.
44 

The helices with different 

hydrogen-bonded rings are illustrated in the Figure 8. 

 

Figure 8 Possible H-bonding pattern observed of -peptide oligomers using systematic 

quantum calculation. 
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The 9-helix conformation predicted by the Hofmann was experimentally proved by Sharma 

and Kunwar.
45

 In their pioneering work, Balaram and colleagues reported first crystal 

structure of 9-helix from the homooligomers of gabapentin (3, 3-dialkyl--amino acid). The 

9-helix of the Boc-Gpn-Gpn-Gpn-Gpn-NHMe is stabilized by three hydrogen bonds between 

the C=O moiety of residue i and the NH group of the residue (i +2).
46 

Recently, Gellman and 

colleagues reported the C14 helical conformations in single crystals from the homooligomers 

of cyclic -amino acids.
47

 

 

 

 

Figure 9 a) C14-helix of γ
4
-peptide,

48
 b) C9-helix of gabapentin oligomers,

46
 c) C14 helical 

conformations of homooligomers of cyclic -amino acid
47

 and d) C14-helix of γ
2,3,4

 -oligomer 

peptide.  

In continuation, Balaram and co-workers reported atomic-resolution data of C14 helix 

formation by homooligomers of proteinogenic side chains containing γ
4
 -residues (γ

4
Leu, γ

4
 

Ile, and γ
4
 Val).

48 
Along with 

4
-amino acids, Seebach and colleagues demonstrated the 14-

helical conformation of the trisubstituted 
2,3,4

-peptides.
49

 The X-ray structures of -peptide 

14- and 9-helices are shown in Figure 9. Various types of -amino acids explored in the 

design of -peptide foldamers are shown in the Figure 10.  
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Figure 10 The torsional variables for γ- amino acid were depicted. The list of γ-amino acids 

used in the design of foldamers. 

 

 In continuation, Smith and colleagues synthesized and studied the conformational behaviour 

of cyclopropane -peptides.
50

 In contrast to the helical signature, the short oligomer adopted 

an infinite parallel sheet structure in the solid state stabilized by bifurcated hydrogen-bonding 

between the carbonyl oxygen of the amide NH group and one CH of the cyclopropane ring 

(Figure 11a). Subsequently, they used this β-sheet promoting property to build a hairpin 

conformation with the help of a non-peptidic reverse turn.
50 

In contrast to extended sheets, the 

homooligomers 
2,3

-trans-dioxolane-constrained -amino acids have shown to adopt C7 

helical conformations in solution.
51

 

 

 

Figure 11 a) Parallel sheet based on cyclopropane -amino acids. b) C7 bend-ribbon structure 

of  
2,3

-trans-dioxolane homooligomers 

 

Besides these cyclic and acyclic -amino acids, there are also reports on the utilization of the 

-amino acids containing backbone heteroatoms such as O (Oxygen) and N (Nitrogen). Yang 

and colleagues demonstrated the conformational preference of both -aminoxy peptides and 
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β-aminoxy peptides.
52 

They observed C8 helical conformations in -aminoxy peptides and C9 

helices and turns in the case of β-aminoxy peptides.  Further, LeGrel et al. reported insertion 

of NH moiety in the backbone of β
3
-amino acids between the amine and β-carbon, which 

leads to the aza-amino acids.
53

 Similar to the amino oxypeptides, the structures of azapeptides 

are stabilized by the short range turn like H-bonds. In continuation, Guichard and his 

colleagues studied the conformational properties of a variety of -peptide oligoureas (Figure 

1.12a).
54

 These -peptide oligoureas adopt a 14-helical conformation similar to other -

peptide helices. Very recently, Millard and his co-workers reported well-defined 9-helices 

from -amino acids with thiazole backbone in solid state and in the solution ( Figure 12b)
55

 

  

 

Figure 12 a) C14-helical conformation of oligoureas,
54

 b) C9-helix of homologomers 4-

amino-(methyl)-1,3-thiazole-5-carboxylic acids (ATCs).
55

 

1.3.1 Heterogeneous foldamers containing -amino acids 

Inspired by the structural diversity observed in the hybrid α,β-peptides, the structural 

properties of ,-hybrid peptides have also been examined. Through quantum chemical 

calculations, Hofmann and his colleagues predicted different helical types available to the 

oligomers of 1:1 alternating, and -amino acids. Among the various helix types, they 

proposed the most stable 12-helix conformation followed by mixed 12/10 or 18/20 helices.
56 

In their seminal work, Balaram and his co-workers have shown the 12-helix conformation 

from the ,-hybrid tetrapeptide Boc-Aib-Gpn-Aib-Gpn-OMe.  The structure is stabilized 
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41 H-bonds between the residues i and i+3.
57

 In continuation Sharma et.al reported the 

mixed 12/10-helical conformations from several α,-peptides derived from repeating unit 

with alternating arrays of L-Ala and -Caa (C-linked carbo--amino acid from D-mannose).
58

 

Further, the helix with 12/10-mixed hydrogen-bonding pattern was also observed in the 

single crystals.
59

 

 

Figure 13 Examples of experimentally characterized hybrid peptides a) α, -12-helix: Boc-

Aib-Gpn-Aib-Gpn-OMe.
57 

b) α,-12-helix: Boc-DAla-EtACHA-DAla-EtACHA-DAla-

EtACHA-OBn,
60b

 b) α, -12-helix: Boc-Aib-Val-Aib-Val-Aib-Val-Aib-Val-OEt,
59b

 c) α, 

, α with 10/12 helical conformation, Boc-Leu-Gpn-Aib-OMe.
59

 

Gellman’s group has designed, synthesized and studied the conformations of various α/-

peptides containing sterically constrained cyclic -amino acids.
60 

Apart from the helical 

structures,  -amino acids have also been used in β-turns segment as well in the β-strands of 

β-hairpins. Balaram et. al. reported the single crystal conformation of the β-hairpin 

structurefrom   Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-OMe.
61

 The β-hairpin structure is 

stabilized by the four cross-strand hydrogen bonds with the Aib-Gpn segment forming a non-

helical 12-membered turn. In addition, Roy et. al. demonstrated the β-hairpin conformation 

of the hybrid peptide (Boc-Leu-Val-Abu-Val-
D
Pro-Gly-Leu-Abu-Val-Val-OMe) containing 

unsubstituted -amino acids in the anti-parallel β-strands.
62
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Figure 14: a) β-hairpin structure of peptide of  Boc-Leu-Phe-Val-Aib-Gpn-Leu-Phe-Val-

OMe
61

 b) β-hairpin conformation of Boc-Leu-Val-Abu-Val-DPro-Gly-Leu-Abu-Val-Val-

OMe.
62

  

In addition to , -hybrid peptides, there are few reports on the conformational properties of  

1:1 alternating β, -hybrid peptides. The systematic quantum calculations by Hofmann and 

colleagues proposed stable 11-, 13-, mixed 11/13-, or 20/22- helices available to the  β/-

hybrid helices.
63

 The H-bonding pattern in β/-hybrid peptides is shown Figure 15.   

 

 

 

Figure 15 a) H-bonding in 11 helix and 13 helix b) H-bonding in mixed helices: 11/13 helix 

or in 20/22 helix of β,  hybrid peptides. 
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Further, Sharma and Kunwar have shown the mixed 11/13 helical conformations in solution 

from β/-peptides composed of C-linked carbo-β- and -amino acids.
64 

Furthermore, Balaram 

and colleagues characterizethe 13-membered H-bond the crystal structure of β, -hybrid 

peptide Boc-βLeu-Gpn-Val-OMe.
65

 Continuous 13-helix in β/-hybrid peptides, similar to the 

-helix, was successfully demonstrated by the  Gellman and his co-workers in both solution 

as well as in single crystals.
66 

The 13-helical conformations observed in the β, -hybrid 

peptides have displayed similar helical parameters as that of -helix. The structural properties 

of β, -hybrid peptides provided unique opportunity to derive H-bond mimetics of -helix. In 

continuation, Aitken and colleagues demonstrated the 9/8 ribbon from β, -hybrid peptides 

constituted with stereochemically constrained β-amino acids and unconstrained -amino 

acids, and the transformation of 9/8-ribbon structure into 13-helix by substituting 

unconstrained -amino acids with 
4
-amino acids.

67
 Further, Koksch and colleagues have 

demonstrated the incorporation of β, -peptide fragments into the -peptide coiled coil 

sequences.
68

 

In contrast to the various unnatural -amino acids described above, a variety of naturally 

occurring non-ribosomal -amino acids such as ,β-unsaturated -amino acids, β-hydroxy -

amino acids, β-keto--amino acids have been found in many biologically active peptide 

natural products. However, little is known regarding the conformational properties of these 

amino acids.  

 

 1.4 Previous Work on Vinylogous amino acids as designing foldamer: 

 Vinylogous amino acids are ,β-unsaturated analogues of above described 
4
-amino acids.  

In contrast to the saturated 
4
-amino acids, (E)-, β-Unsaturated -amino acids (insertion of –

CH=CH- between CH and CO of -amino acids, vinylogous amino acids) have been 

frequently found in many peptide natural products, such as cyclotheonamide (A, B, C, D, E), 

miraziridine A, gallinamideA.
69

 Along with their synthetic analogues, these naturally 

occurring peptides containing vinylogous residues have shown the serine and cystine 

proteases inhibition activities.
70

  In addition, the chemical reactivity of conjugated double 

bonds in (E)-vinylogous amino acids has been explored in various chemical reactions such as 

Diels-Alder reaction, epoxidation and Michael addition reactions to generate a variety of γ-

amino acids.
71

In their preliminary work, Schreiber and colleagues reported the extended β-
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sheet type structures from the dipeptides of (E)-vinylogus residues and unusual helical 

structure from the hybrid tetrapeptide.
72

 In continuation, Chakraborty et. al.demonstrated the  

utility of E- vinylogous amino acids to induce reverse turns in β-hairpins.
73 

Recently, 

Hofmann et al. provided a compressive overview of the possible helical structures formed by 

the unsubstituted vinylogous amino acids on the basis of a systematic computational analysis 

using ab initio MO theory.
74

 They reported that vinylogous residues with (E)-double bonds 

favor the helices with larger hydrogen bond pseudocycles from 14- to 27-membered 

hydrogen-bond pseudocycles.  The larger H-bond helices also provide an opportunity to 

design helical nanotubes as ion channels, however, these structures are yet to authenticate 

experimentally.  The theoretically predicted 27-helix from homooligomers of E-vinylogous 

amino acids is shown in Figure 16a.  

 

 

Figure 16 a) Theoretical models of C27-helical structures,
74

 a)  Crystal structures: Boc-

dγLeu-dγVal-OEt, 
75

 b) Ac-Val-dgF-Val-D Pro-Gly-Leu-dgL-Val-Ala- D Pro-Gly-LeuVal-

dgF-Val-NH2, 
76

 c) Boc-Leu-Aib-dgF-Leu-Aib-dgF-OEt.
77
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In contrast, the unsaturated amino acids with (Z)-configuration of the double bonds have 

shown to adopt seven- and nine-membered hydrogen bond pseudocycles. Recently, our group 

examined the utility of (E)-vinylogous amino acids design of stable β-hairpins, triple-stranded 

β-sheets and β-meander mimetics.
75-77 

Furthermore, we also demonstrated the incorporation of  

Z-vinylogous amino acids into the α,-hybrid helices without deviating overall 12-helix 

folding.
78

 

With this background on the structural and functional properties of β, - and vinylogous 

hybrid peptides motivated us to carry out the conformational analysis of achiral
4,4

vinylogous 

amino acids with (E)-double bond and their homooligomers and hybrid peptides containing 

achiral dialkyl substituted -amino acids.  
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2.1 Introduction 

Biopolymers such as nucleic acids and proteins, maintain a unique and specific ordered 

structures.  These ordered structures of these biopolymers are mainly responsible for the 

sophisticated functions of these molecules in living systems. Double helix is a common 

structural feature in nucleic acids. The double helical structure of nucleic acids is extremely 

important for genetic information storage, replication, and transcription.
1
 The double helical 

structures in nucleic acids are stabilized by the complementary hydrogen bonding between 

adjacent base pair of two anti-parallel polynucleotide strands and - staking between the 

base pair.
2
 In comparison with nucleic acids and polysaccharides, intertwining 

conformationally identical polypeptide strands stabilized by the intermolecular H-bonds is 

relatively rare event in polypeptides, however with the exception of peptide antibiotic 

gramicidin A.
3
 Over the decades, extensive efforts have been made in the literature to design 

β-double helix structures from the polypeptides composed of alternating L- and D--amino 

acids.
4
 Influenced by the double helix structure in gramicidin A, Beneditti and colleagues 

examined the double helix formation using polypeptides consisting of 1:1 alternating L- and 

D-α-amino acids.
4a

 In contrast to peptides, aromatic oligoamide foldamers
5
 and synthetic 

polymers
6
 have been shown to adopt double helical conformations. In their seminal work 

Lehn and his co-workers reported double-stranded helical metal complexes where two linear 

oligodonor ligands wrap around two or more metal centers and thus form a double helix.
7
  

Iverson and colleagues reported the double helical structures from alternating  aromatic 

staking of electron rich 1,5-dialkoxy-naphthalene (DAN) and electron deficient1,4,5,8-

naphthalene-tetracarboxylic diimide (NDI) in water.
8
 Further, Yashima and co-workers 

demonstrated the double helix structures from the meta-terphenyl derivatives and these 

double helices are stabilized  through amidinium–carboxylate salt bridges.
9
 In continuation, 

Lehn and Huc reported the homo-dimeric double helical structures from the aromatic 

oligoamides stabilized by the π-π staking and H-bonds between the β-strands.
5a

  The 

representative examples of double helical structures observed in the aromatic oligoamides, 

organic templates and L, D-peptides are shown in Figure 1. In this Chapter, we are 

demonstrating the double helix conformations from a new class of achiral γ-peptides.  
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Figure 1 a) aromatic oligomides,
5a

 b) polypeptide of L,-D, valine,
4a

 c) meta-terphenyl 

derivatives through salt bridge interaction.
9a

 

    ,β-Unsaturated -amino acids (or vinylogous amino acids) have been often found in many 

peptide natural products.
10 

Through extensive theoretical studies, Hofmann and colleagues 

predicted a variety of helical organizations available to the homo-oligomers of  (E)- and (Z)-

vinylogous residues.
11

 Further, Maillard et al. described C9 helices from thiazole -peptides 

analogous to the homo-oligomers of (Z)-vinylogous residues.
12

 Recently, we demonstrated 

the accommodation of (Z)-vinylogous amino acids into C12 helices
13

 and (E)-vinylogous 

amino acids into β-hairpins and three-stranded β-sheets.
14

 The crystallographic analysis of 

(E)-vinylogous residues in short homo-oligomers
15,16

 and in hybrid peptides
14,17

 reveal that 

they promote extended β-sheet type structures. In comparison to the various folded 

architectures derived from the oligomers of backbone homologated -amino acids such as β- 

and -amino acids,
18

 the ,-gem-dialkyl substituted -amino acids have been extensively 

explored over the decades to design - and 310-helices.
19

 The Thorpe-Ingold effect  imposes a 

marked conformational restriction on ,-gem-dialkyl residues and confined them to adopt 

helical conformations in peptides.
18

 We hypothesized that integration of the gem-dimethyl 

characteristic feature of the helix promoting ,-dimethyl amino acid Aib (-

aminoisobutyric acid)
 
with that of β-sheet promoting ,β-unsaturated -amino acid,

15,16
 it may 
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be possible to realize β-double helix conformations. Though extensive efforts have been 

made in the literature to design various protein secondary structure types from β- and -

peptide foldamers,
18

 however β-double helical structures have never been authenticated.  

 

2.2 Aim and rationale of the present work 

 We theorize that integration of the gem-dimethyl characteristic feature of the helix 

promoting,-dimethyl amino acid Aib (-aminoisobutyric acid)
 
with that of β-sheet 

promoting ,β-unsaturated -amino acid, it may be possible to realize β-double helix 

conformations from the oligomers of this monomer.  In this Chapter, we are describing the 

design, synthesis and crystal conformations of new class of achiral γ-peptides constructed 

from achiral 4,4-dimethyl , β-unsaturated -amino acid. As anticipated these achiral γ-

peptides spontaneously intertwine into β-double helices. 

 

 2.3 Results and Discussion 

2.3.1 Design and synthesis 

As a part of our investigation and to test our hypothesis, we have synthesized peptides P1, P2 

and P3. The sequences of these peptides are shown in Scheme 1. The 4,4-gem-dimethyl ,β-

unsaturated -amino acid (trans-,β-unsaturated 4-aminoisocaproic acid, dAic) was 

synthesized starting from the N-Boc-Aib aldehyde through Wittig reaction as reported 

earlier.
16

   Boc-Aib aldehyde was obtained through reduction of corresponding Weinreb 

amide using LAH. Synthesis of dipeptide, tetrapeptide and pentapeptides were carried out 

through conventional solution-phase methods using a fragment-condensation strategy. The 

tert-butyloxycarbonyl group was used for N-terminus protection and the C-terminus was 

protected as an ethyl ester. Deprotections were performed with trifluoroacetic acid and 

saponification for the N- and C-termini, respectively. Couplings were mediated by the N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) and 1- 

hydroxybenzotriazole (HOBt) coupling agents. The dipeptide was synthesized by the 

coupling reaction between N-terminal Boc-dAic-COOH and H2N-dAic-OEt. The 

tetrapeptide Boc-dAic-dAic-dAic-dAic-OEt (P1) was synthesized by the [2 +2] 

condensation involving N-terminal dipeptide acid Boc-dAic-dAic-COOH and H2N-dAic-

dAic-OEt. The pentapeptide Boc-dAic-dAic-dAic-dAic-dAic-OEt (P2) was obtained 

by the [4+1] condensation involving N-terminal tetrapeptide acid Boc-dAic-dAic-dAic-
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dAic-dAic-COOH and H2N-dAic-OEt. The peptide Boc-dAic-dAic-dAic- dAic-

dAic-Pyr (P3) was synthesized by the [5 + 1] condensation involving N-terminal 

pentapeptide acid Boc-dAic-dAic-dAic-dAic-dAic-COOH and H2N-CH2-Pyr. Finally, 

all peptides were purified through reversed-phase HPLC employing MeOH/H2O gradient 

system. 

 

 

Scheme 1 a) Synthesis of N-Boc-dAic from N-Boc-Aib. b) Chemical structures of dAic 

homooligomers and local torsional variables of -residues. 

2.3.2 Single crystal X-ray analysis of peptides P1 and P2. 

To understand their unambiguous conformations, we subjected initially synthesized P1 and 

P2 for the crystallization in various solvent combinations. Both P1 and P2 gave diffraction-

quality crystals in CHCl3/n-heptane solution and their X-ray diffraction structures are shown 

in Figure 2a and 2b, respectively. Interestingly, both P1 and P2 adopted parallel β-double 

helix conformations in single crystals. The double helix hybridization in P1 is stabilized by 

six independent interstrand H-bonds, (Figure 4a) while P2 double helix hybridization is 

stabilized by eight independent interstrand H-bonds (Figure 4b) between the i (NH) and i-

1(CO) residues. The H-bond distances are in the range of 1.94-2.15 Å (N---O average dist. 

2.77-3.07 Å) with an average N-H---O 170. Except for the BocNH and C-terminal ester 
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CO groups, all other amide NH and CO groups are involved in the interstrand H-bonding. 

The H-bond parameters of peptides P1 and P2 are tabulated in the Table 1 and Table 2, 

respectively.  

 

 

 

Figure 2: X-ray structures of a) P1 and b) P2. To get a better view of parallel β-double 

helices, pictorially rods are created along the central axis. Green and magenta are used to 

represent two peptide strands. c) Top view of P1 double helix. d) Top view of P2 double 

helix. 

 

 The backbone conformation of the dAic residues are described by the backbone torsion 

angles (N-C

), θ1(C


-C

β
), 2(C

β
-C


) and (C


-C=O) (Scheme 1). The average torsion angles 
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of -residues involved in the β-double helix conformation of P1 and P2 are tabulated in the 

Table 3. Analysis of the backbone torsion angles suggested that similar to the obvious 

extended conformation of C
β
-C


 (2), the C


-CO () bond also adopted extended 

conformation (s-cis). In our previous studies, we have shown the general trend of (E)-

vinylogous amides to adopt s-cis conformation along C

-CO bond.

17
 The torsion angle 1 

displayed nearly eclipsed conformation with the values ranging from 3 to 35 in both P1 and 

P2. 

Table 1: Hydrogen Bond Parameters of P1 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N6 O2 3.07 2.15 178 

N7 O3 2.80 1.99 156 

N8 O4 2.82 1.97 167 

N2 O9 2.90 2.04 175 

N3 O10 2.85 2.00 167 

N4 O11 2.96 2.11 168 

 

 

Table 2: Hydrogen Bond Parameters of P2 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N7 O2 2.94 2.14 167 

N8 O3 2.80 1.95 174 

N9 O4 2.79 1.95 165 

N10 O5 2.90 2.05 170 

N2 O10 2.91 2.05 176 

N3 O11 2.80 1.94 176 
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N4 O12 2.93 2.07 174 

N5 O13 2.82 1.97 168 

 

 

 

Figure 3 a) H-C
γ
-C

β
=C

α
 eclipsed conformation (θ1 = ± 120

o
) is observed in the vinylogous 

amides of β-sheet promoting residue.
16

 b) The N-C
γ
-C

β
=C

α
 eclipsed conformation I (θ1 = 0

o
) 

is normally observed for the peptide P1 and P2.  

Table 3 Backbone torsion angles (in degree) of ,β-unsaturated -residues involved in the β-

double helix conformation of P1 and P2.
a
  

Peptide Residue 
 o
 

1

 o
 

2

 o
 

 o
 

P1 dAic(1) 704 126 1701 -1680 

 dAic(2) 685 196 1724 -1673 

 dAic(3) 693 216 1742 1753 

P2 dAic(1) 701 151 1691 -1731 

 dAic(2) 737 168 1733 -1695 

 dAic(3) 7012 2310 1711 -1735 

 dAic(4) 664 228 1740 -1725 
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a
C-terminal residues are not included in the list because they are not participated in the 

double helix. 

This is in sharp contrast with the β-sheet type structures displayed by the (E)-vinylogous 

residues, where 1 preferred to adopt extended conformation with value 12020.
14-17

 The  

values observed in the β-double helices are equivalent to that of -helix (-6020).
19

 Being 

achiral, these -peptides also displayed β-double helical structures with opposite handedness 

in the asymmetric unit. To gain insight into the structural similarities between the - and L, 

D--peptide double helices, we analyzed the backbone torsion angles of various L, D-

peptides.
4b

 The average torsion angles of L and D--residues (L, L and D, D) in the β-

double helix structures were found to be -12315, +13730 and +13520, -12130, 

respectively. In contrast to the –, + and +, – alternating sign of torsion angles observed in the 

L, D-peptide β-double helices, the -peptide double helices displayed +,+,+ and - (or -, -, - 

and +) for , 1, 2 and , respectively however with few exceptions at the C-terminal 

residues.  

 

 

Figure 4: H-bonding patterns of peptide a) P1 and (b) P2.  
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2.3.3 Solution conformation of peptide P1 and P2 

1
H NMR analyses of both P1 and P2 in CDCl3 gave well-resolved spectra corresponding to 

the one set of protons. To understand the double helix conformation of P1 and P2 in solution, 

DMSO-d6 titration, concentration and temperature dependent 
1
H NMR experiments were 

undertaken. DMSO-d6 titration experiment revelled that  except urethane NH at 4.7 ppm, all 

other amide NH protons showed insignificant change in their chemical shifts with increasing 

concentration of DMSO-d6 (Fig. 5a and Fig. 5b), indicating their involvement in the 

intermolecular H-bonds between the -peptide-strands. However, Boc-NH urethane protons 

both P1 and P2 showed downfield shift upon increasing concentration of DMSO-d6, 

indicating their exposure to the solvent for H-bonding.  

 

 

Figure 5: DMSO-d6 titration plots of a) P1 and b) P2 in CDCl3 solution. Both peptides 

showing negligible change in the NH chemical shifts except BocNH urethane protons (block 

squares). 

 

Concentration dependent 
1
H NMR spectra for the peptide P1 in CDCl3 showing slight 

downfield shift for all the amide NH proton expect Boc-NH urethane proton, indicating the 

involvement of amide NH protons in H-bonding expect Boc-NH urethane proton (Figure 6a).  

However, for the peptide P2 with increasing the concentration of peptide P2 in CDCl3 no 

pronounced chemical shift amide, NH proton was observed suggesting the stability of double 

helix even in very low concentration (Figure 6b).  
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Figure 6: a) Concentration dependent partial (amide region) 
1
H NMR spectra of P1 in 

CDCl3, b) of peptide P2 

 

The temperature dependent 
1
H NMR  in CDCl3 showed the gradual upfield NH chemical 

shifts with increasing temperature for the peptide P1 suggesting the breaking of H-bonds and 

possible dissociation of double helix into individual -peptide strands upon increasing 

temperature. Similar results were also observed for the peptide P2 where the temperature 

dependent 
1
H NMR spectra in C2D2Cl4  showed the sharpening the amide NH signal and as 

well as upfield shifting of amide NH protons indicating the dissociation of double helix 

structure into individual strands upon increasing temperature. Partial temperature dependent 

1
H NMR  spectra are shown in Figure 7.  

 

 
Figure 7: a) Temperature dependent partial (amide region) 

1
H NMR spectra of P1 in CDCl3, 

b) of peptide P2 in C2D2Cl4 
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  Further, Infrared spectroscopy experiments were carried to understand the hydrogen 

bonding in CHCl3. The IR spectra for the both P1 and P2 showing NH stretching vibration 

band around 3290 cm
-1

 (Figure 8)
20 

suggesting the involvement of amide NH protons in the 

H-bonding. These results further support the double helix conformations of peptides.    

 

 

 

Figure 8: FTIR spectra of peptide a P1 and P2 in CHCl3 (1mg/mL)  

 

Due to the lack of NH connectivity, we found difficult to identify the individual amino acids 

in the sequences of P1 and P2. Though the above NMR experiments signify the double helix 

conformation in solution, however, parallel or antiparallel orientation of the -peptide strands 

was not clear. We theorized that the fluorescence of pyrene excimers
21

 can be used to probe 

the orientation of -peptide strands in the double helix. In this connection, peptide P3 was 

synthesized. 

2.3.4 Single crystal X-ray analysis of peptide P3 

Peptide P3 gave diffraction-quality single crystals in CHCl3/toluene solution and its X-ray 

structure is shown in Figure 9a. The parallel β-double helix of P3 is reminiscent of P1 and P2 

except the pattern of interstrand H-bonds. The structure is stabilized by ten independent 

interstrand H-bonds. Instructively, insertion of bulky pyrenyl moiety did not disturb the 

overall double helix conformation. To accommodate pyrenyl moieties, one -peptide strand is 

lagging behind the other. The spatially proximal pyrenyl moieties at the C-terminus of the 
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double helix are stabilized by the π-π interactions. Accommodation of bulky pyrenyl groups 

led to the two types of H-bonding patterns in the β-double helix of P3 (Figure 10). The amide 

NH (i) protons of strand A are involved in the H-bonding with i-1 CO groups (NHiCO i-

1) of strand B similar to the P1 and P2. Interestingly, the amide NH protons (i) of strand B 

are involved in the H-bonding with i-3 CO groups of strand A (NHiCOi'-3). Two N-

terminal amides NH protons of strand B and two C-terminal CO groups of strand A are not 

involved in the interstrand H-bonds. However, they are involved in the head-to-tail 

intermolecular H-bonding with other β-double helices (Figure 9b). 

 

 

Figure 9: a) X-ray structure of P3. To get a better view of parallel β-double helices, 

pictorially rods are created along the central axis. b) Head-to-tail hydrogen bonding of double 

helix P3. 
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Analysis of the torsion angles reveals that there is a change in sign of  at the residue 1 in 

strand A and at the residues 3 and 5 in strand B. In addition, opposite sign is also observed 

for 2 of residue 5 in strand B.  Except these, other residues follow the same trend as 

observed in the peptides P1 and P2. The change in the sign of torsion angles can be attributed 

to the plasticity of -peptide strands to accommodate bulky pyrenyl moieties along the double 

helix. The torsion angles of P3 are tabulated in the Tables 4-7. Being achiral, the double 

helices with opposite sign of torsion angles are observed. The H-bond parameters of P3 

double helix are tabulated in Tables 8 and 9.  Overall, the structure observed in peptide P3 

suggests the sliding of one helical strand along with another in a spiral motion as observed in 

the aromatic oligoamide
5
 double helices as well as in the gramicidin A. 

 

 

 

Figure 10: H-bonding patterns of peptide P3 

Table 4: Torsional Angle (in degree) Parameters of P3 (Molecule 1, Strand 1) 

Peptide P3 

(Strand 1)  

ϕ  θ1  θ2  ψ  

dAic 1  -75  -38  -168  166  

dAic 2  -70  -21  -171  -178  

dAic 3  -77  -23  -167  178  

dAic 4  -68  -28  -170  171  

dAic 5  -63  -22  178  -169  

 

Table 5: Torsional Angle (in degree) Parameters of P3 (Molecule 1, Strand 2) 
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Peptide P3 

(Strand 2)  

ϕ  θ1  θ2  ψ  

dAic 1  -89  -3  180  -179  

dAic 2  -66  -25  -169  169  

dAic 3  -74  -20  -176  178  

dAic 4  -70  -16  -173  176  

dAic 5  -60  -28  -165  170  

 

Table 6: Torsional Angle (in degree) Parameters of P3 (Molecule 2, Strand 1) 

Peptide P3 

(Strand 1)  

ϕ  θ1  θ2  ψ  

dAic 1  68  36  168  -164  

dAic 2  70  16  174  -174  

dAic 3  68  25  167  179  

dAic 4  79  20  174  -175  

dAic 5  70  19  -177  166  

 

Table 7: Torsional Angle (in degree) Parameters of P3 (Molecule 2, Strand 2) 

Peptide P3 

(Strand 1) 

ϕ θ1 θ2 ψ 

dAic 1 91 12 175 177 

dAic 2 67 25 165 -166 
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dAic 3 75 17 170 -178 

dAic 4 73 16 172 -171 

dAic 5 62 16 174 -162 

 

Table 8: Hydrogen Bond Parameters of P3 

                                   Interstrand H-bonds 

 

 

 

 

 

 

 

 

 

 

 

                                   

 

 

            Intermolecular H-bonds with other double helices 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N7 O2 2.82 1.99 164 

N8 O3 2.84 2.02 160 

N9 O4 2.79 1.98 161 

N11 O6 2.79 1.95 164 

N12 O7 2.83 2.05 151 

N5 O11 2.85 2.00 178 

N4 O10 2.90 2.07 164 

N10 O5 2.77 1.92 171 

N6 O12 2.84 1.99 171 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A         

(Å) 

 NH….O 

(deg) 

N2 O28 3.056 2.31 144 

N1 O27 2.90 2.14 146 
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2.3.5  Solution conformation of peptide P3 

To understand the solution conformation of peptide P3 and to understand the orientation of -

peptide strands in the double helix in solution, fluorescence studies were carried out.  The 

fluorescence spectra of  P3 in CHCl3 are shown Figure 11a. The fluorescence emission at 475 

nm indicates the excimer complex of pyrene in solution.
21

 The presence of excimer in P3 was 

confirmed at the concentration as low as 7  , indicating the existence of parallel β-double 

helix conformation in solution even at very low concentrations.  Further Infrared 

spectroscopy studies showing NH stretching vibration band around at 3290 cm
-1

, suggesting 

the involvement of amide NH in H-bonding and support the double helix formation (Figure 

11b). 

 

 

 

Fig 11: a) Fluorescence of pyrene excimer of P3 in CHCl3. b) FTIR spectra of peptide P3 in 

CHCl3 (1mg/mL).  

 Furthermore, to understand the stability of double helix at higher temperatures, temperature 

dependent fluorescence studies were carried out.  Upon increasing temperature from 293 to 

373 K, we observed a decrease in the fluorescence intensity at 475 nm corresponding to the 

pyrene excimer (Figure 12). These results advocate that the temperature dependent 

dissociation of double helix into individual -peptide strands and supporting the results 

observed in the temperature dependent NMR experiments. Instructively, temperature 

N14 O14 3.03 2.27 147 

N13 O13 2.89 2.08 156 
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dependent dissociation of double helices into individual strand has also been observed in the 

aromatic oligoamide double helices.
5
   

 

 

Fig 12: Fluorescence spectra of P3 in C2D2Cl4 with increasing temperature.  

2.4 Conclusion 

  In summary, the short -peptides constructed from achiral 4,4-gem-dimethyl ,β-

unsaturated -amino acids have displayed a high propensity to fold into a β-double helix 

pattern. Both X-ray and fluorescence studies revealed the parallel orientation of -peptide 

strands in single crystals as well as in solution. The supramolecular β-double helix structures 

are stabilized by the interstrand H-bonds. Moreover, these -peptides are capable of 

accommodating bulky groups like pyrenyl moieties without deviating overall double helix 

structure. Thus far, only alternating L, D-peptides have been shown to adopt β-double helix 

structures, however, our findings show that -peptides can also fold into β-double helix 

structures.  The predictable β-double helix property of -peptide foldamers can be further 

explored to design artificial transmembrane ion channels and macromolecular scaffolds for 

nanobiological applications, and biomaterials sciences.  
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2.5 Experimental section 

2.5.1 Synthesis of monomer and peptides 

 

 

 a) Synthesis of (E) ethyl -4-((tert-butoxycarbonyl) amino)-4-methylpent-2-enoate[Boc-  

(E)-dgU-OEt] (compound 1): 

Boc-2-Aminoisobutyric aldehyde [tert-butyl (2-methyl-1-oxopropan-2-yl) carbamate] (3.74 

g, 20 mmol) was dissolved in 60 mL of dry THF. Then ylide (PPh3=CHCO2Et) (10.45 g, 30 

mmol) was added to this solution at RT. Reaction mixture was stirred for 5 hrs at RT. 

Completion of the reaction was monitored by TLC. After completion, the reaction mixture 

was quenched with 2M ammonium chloride solution in water (100 mL). Then product was 

extracted with EtOAc (3 × 100 mL). Combined organic layer was washed with brine (100 

mL) and dried over anhydrous Na2SO4. Organic layer was concentrated under reduced 

pressure to give crude product. The crude product was further purified on silica gel column 

chromatography using  EtOAc/hexane to get pure ethyl ester of N-Boc-(E)-α, β-unsaturated 

γ-2-aminoisobutyric acid good yield (3.85 g, 75%) 

Synthesis of peptides 

Synthesis of Dipeptide, tetrapeptide and pentapeptides were carried out through conventional 

solution-phase methods using a fragment-condensation strategy. The tert-butyloxycarbonyl 

group was used for N-terminus protection and the C-terminus was protected as an ethyl ester. 

Deprotections were performed with trifluoroacetic acid and saponification for the N- and C-

termini, respectively. Couplings were mediated by N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC.HCl) and 1- hydroxybenzotriazole (HOBt).  

   Typically, Boc-dAic-OH (6.55 mmol, 1.5 g) and NH2-dgAic-OEt were dissolved together 

in DMF (4 mL), followed by EDC.HCl (6.55 mmol, 1.25 g) and (6.55 mmol, 884 mg) was 

added. The reaction mixture and cooled to 0 
o
C for 5 min. Then DiPEA (19.65 mmol, 3.52 

mL) was added to the reaction mixture with stirring condition and the reaction mixture was 

allowed to come to room temperature. The progress of the reaction was monitored by TLC. 

After completion of the reaction (roughly 24 hrs), reaction mixture  was diluted  with 300 mL 
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of ethyl acetate  and  washed with 5% HCl  (5 %  by  vol. in water, 2 × 80 mL), 10 % sodium 

carbonate solution in water (2 × 80 mL) and followed by brine (100 mL). The organic layer 

was dried over Na2SO4 and evaporated under reduced pressure to give gummy yellowish 

product, which was purified on silica gel column chromatography using EtOAc/hexane 

solvent system to gummy product, which was further crystallized using EtOAc/hexane. 

Overall yield 60% (3.7 mmol, 1.4 g). The tetrapeptide Boc-dAic-dAic-dAic-dAic-OEt 

(P1) was prepared by [2 + 2] condensation involving N-terminal dipeptide acid Boc-dAic-

dAic-COOH and H2N-dAic-dAic-OEt. The pentapeptide Boc-dAic-dAic-dAic-dAic-

dAic-OEt (P2) was prepared by [4+1] condensation involving N-terminal tetrapeptide acid 

Boc-dAic-dAic-dAic-dAic-dAic-COOH and H2N-dAic-OEt. The peptide Boc-dAic-

dAic-dAic-dAic-dAic-Pyr (P3) was prepared by [5 + 1] condensation involving N-

terminal pentapeptide acid Boc-dAic-dAic-dAic-dAic-dAic-COOH and H2N-CH2-Pyr. 

Finally, all peptides were purified through reversed-phase HPLC employing MeOH/H2O 

gradient system. 

Characterization of monomer and peptides: 

 

 

      Characterization of Boc-dAic-OEt(Compound 1)  

1
H NMR (400 MHz, CDCl3) δ 6.99 (d, J = 15.9 Hz, 1H), 5.82 (d, J = 15.9 Hz, 1H), 4.74 (s, 

1H), 4.17 (q, J = 7.2 Hz, 2H), 1.41 (s, 9H), 1.39 (s, 7H), 1.27 (t, J = 7.2 Hz, 3H).
 13

C NMR 

(101 MHz, CDCl3) δ 166.72, 153.61, 118.43, 60.33, 52.88, 28.23, 27.33, 14.22. MALDI 

TOF/TOF m/z calculated value for C13H23NO4 [M+K]
 +

 296.12 and observed 296.12. 

 

 

                              
Characterization of Boc-dAic-dAic-OEt (Compound 2) 
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1
H NMR (400 MHz, CDCl3) δ 7.03 (d, J = 15.9, 1.0 Hz, 1H), 6.77 (d, J = 15.5 Hz, 1H), 5.84 

(dt, J = 15.9, 0.9 Hz, 1H), 5.77 (d, J = 15.5 Hz, 1H), 5.60 (BS, 1H), 4.64 (s, 1H), 4.17 (qt, J = 

7.2, 1.0 Hz, 2H), 1.49 – 1.47 (m, 6H), 1.43 – 1.40 (m, 9H), 1.39 (bs, J = 1.4 Hz, 6H), 1.27 

(m, 3H).
 13

C NMR (101 MHz, CDCl3) δ 166.68, 164.93, 152.60, 121.10, 118.78, 60.42, 

53.77, 52.76, 28.41, 27.14, 14.24; MALDI TOF/TOF m/z calculated value for C19H32N2O5 

[M+Na]
 +

 391.22 and observed 391.21. 

                            

 

                               Characterization of peptide P1 

1
HNMR (400MHz, CDCl3) δ 8.29 (bs, 1H), 7.67 (s, 1H), 7.60 (s, 1H), 7.18 (d, J = 15.9 Hz, 

1H), 6.80 – 6.71 (m, 3H), 6.00 (d, J = 15.2 Hz, 1H), 5.87 (d, J = 15.9 Hz, 1H), 5.76 (d, J = 

15.3 Hz, 1H), 5.68 (d, J = 15.3 Hz, 1H), 4.76 (s, 1H), 4.18 (q, J = 7.1 Hz, 2H), 1.52(bs, 10H), 

1.42 (s, 17H), 1.33-1.28 (t, J = 7.1 Hz, 3H); HR-MS m/z calculated for C31H50N4O7 is 

[M+H]
+
 591.37 and observed 591.37 

 

                          Characterization of peptide P2 

1
H NMR (400 MHz, CDCl3) δ 8.49 (bs, 2H), 7.85 (bs, 2H), 7.20 (d, J = 15.9 Hz, 1H), 6.83 – 

6.67 (m, 4H), 6.01 (bs, 1H), 5.92 – 5.66 (m, 4H), 4.87 – 4.59 (m, 1H), 4.28 – 4.05 (m, 2H), 

1.70 – 1.55 (m, 15H), 1.53 (s, 11H), 1.46 – 1.26 (m, 18H); HR-MS m/z calculated for 

C37H59N5O8 is [M+H]
+
 702.44 and observed 702.44 
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                               Characterization of peptide P3 

1
H NMR (400 MHz, 1,1,2,2-tetrachloroethane-d2, ) δ 8.39 (d, J = 9.3 Hz, 1H), 8.35 – 8.15 (m, 

4H), 8.14 – 8.03 (m, 6H), 8.01 – 7.93 (m, 3H), 7.00 (d, J = 15.6 Hz, 1H), 6.83 (d, J = 15.4 

Hz, 1H), 6.78 (d, J = 15.3 Hz, 1H), 6.73 (d, J = 7.8 Hz, 1H), 6.69 (d, J = 7.7 Hz, 1H), 6.03 – 

5.73 (m, 5H), 5.24 – 5.11 (m, 2H), 4.87 (s, 1H), 1.68 (s, 12H), 1.62 – 1.45 (m, 40H), 1.40 (m, 

J = 18.8 Hz, 14H). MALDI TOF/TOF m/z calculated value for C52H66N6O4 [M+Na]
+
 909.48 

and observed 909.49. 

2.5.2 Crystal Structure Information 

General procedure for crystallization of peptides  

All crystallization attempts were conducted at room temperature. All oligomers of dγAic 

were purified carefully before keeping for crystallization. Glass sample vials (2 mL) were 

washed with acetone and dried under a nitrogen gas stream before use. PARAFILM was used 

to close the vials. HPLC-grade solvents were used for crystallization. 

Crystal structure analysis of P1  

Crystals were grown from chloroform/n-heptane solution by slow evaporation. A single 

crystal (0.22 × 0.08 × 0.11 mm) was mounted on loop with a small amount of the paraffin oil. 

The X-ray data were collected at 100 K temperature using Mo Kα radiation (λ = 0.71073 Ǻ), 

ω-scans (2θ = 57.028), for a total of 21460 independent reflections. Space group P-1, a = 

14.593(5), b = 18.778(6), c = 18.850(6), α = 100.981(7),  β = 108.634(7), γ = 111.442(7) V = 

4270(2) Ǻ
3
, triclinic, Z = 4 for chemical formula C33 H52 Cl6 N4 O7, with one molecule in 

asymmetric unit; ρcalcd = 1.290 gcm
-3

, μ = 0.448 mm
-1

, F (000) = 19210, The structure was 

obtained by direct methods using SHELXS-97.
1 

The final R value was 0.0800 (wR2 = 

0.1850) 4189  observed reflections (F0 ≥ 4σ (|F0|)) and 558 variables, S = 1.027.The largest 

difference peak and hole were 0.954 and -0.669eǺ
3
 respectively.CCDC No 1812184 
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Crystal structure analysis of P2  

Crystals were grown from chloroform/n-heptane solution by slow evaporation. A single 

crystal (0.28 × 0.09 × 0.15 mm) was mounted on loop with a small amount of the paraffin oil. 

The X-ray data were collected at 100 K temperature using Mo Kα radiation (λ = 0.71073 Ǻ), 

ω-scans (2θ = 56.854), for a total of 23376 independent reflections. Space group P-1, a = 

14.655(3), b = 17.312(3), c = 19.369(3), α = 105.130(3), β = 99.564(3), γ = 90.962(4) V = 

4668.2(14)Ǻ
3
, triclinic, Z = 1 for chemical formula C152 H238 Cl12 N20 O35, with one molecule 

in asymmetric unit; ρcalcd = 1.185gcm
-3

, μ = 0.248mm
-1

, F (000) = 1952, The structure was 

obtained by direct methods using SHELXS-97.
1 

The final R value was 0.1143 (wR2 = 

0.2846) 3599  observed reflections (F0 ≥ 4σ (|F0|)) and 1018 variables, S = 1.314.The largest 

difference peak and hole were 2.137and -0.891eǺ
3 

respectively. CCDC No 1812185 

The investigated single crystal was a small-sized and the quality of diffraction was poor. 

Numerous datasets were collected on single crystals from different batches and one of the 

highest quality is reported herein.  

Crystal structure analysis of P3  

Crystals were grown from chloroform/tolune solution by slow evaporation. A single crystal 

(0.20 × 0.05 × 0.13 mm) was mounted on loop with a small amount of the paraffin oil. The 

X-ray data were collected at 100K temperature using Mo Kα radiation (λ = 0.71073 Ǻ), ω-

scans (2θ = 56.96), for a total of 60013 independent reflections. Space group P 21/c, a = 

44.330(14), b = 24.634(8), c = 22.432(7), , β = 90.112(6), V = 24497(13)Ǻ
3
, triclinic, Z = 4 

for chemical formula C208 H265 N24 O28, with two molecules in asymmetric unit; ρcalcd = 

0.962gcm
-3

, μ = 0.064mm
-1

, F (000) = 8964, The structure was obtained by direct methods 

using SHELXS-97.
1 

The final R value was 0.1948 (wR2 = 0.4184) 9914  observed reflections 

(F0 ≥ 4σ (|F0|)) and 2393 variables, S = 1.314.The largest difference peak and hole were 

0.418and -0.450Ǻ
3
 respectively. CCDC No 1812186 

The investigated single crystal was a small and the quality of diffraction was poor. Numerous 

datasets were collected on single crystals from different batches and the one of the highest 

quality is reported herein.  

There is some partially occupied solvent molecule also present in the asymmetric unit. A 

significant amount of time was invested in identifying and refining the disordered molecule. 

Option SQUEEZE of program PLATON
2
 was used to correct the diffraction data for diffuse 
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scattering effects and to identify the solvent molecule. PLATON calculated the upper limit of 

volume that can be occupied by the solvent to be 6762 Å
3
 or 27.60% of the unit cell volume. 

The program calculated 1945 electrons in the unit cell for the diffuse species. No data are 

given for the diffusely scattering species. Outputs of SQUEEZE report are appended in CIF 

file P3. 
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2.7 Appendix I: Mass spectra and 
1
H NMR spectra for the monomer and peptides P1 to 

P3 
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Structural dimorphism of achiral ,-hybrid 

peptide foldamers: coexistence of 12- and 

15/17-helices 
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3.1 Introduction 

Synthetic peptides play a vital role in understanding structure, folding and functions of 

proteins. Recent progress in the design of definite artificially folded architectures from 

unnatural amino acids suggested that the folding phenomenon is not limited to natural 

polypeptides.
1,2 

Helices are major secondary structure components of proteins and are mostly 

classified on the basis of their intramolecular hydrogen bonding patterns. Thus, the main 

types of naturally occurring protein and peptide helices, the - and 310-helices, can be 

recognized by their 51 (ii+4) and 41 (ii+3) intramolecular hydrogen-bonded 

pseudocycles,
3,4

 respectively. Comparatively, 310-helices are shorter in length (<4 residues) 

than -helices and are often observed at the N- and C-termini of -helices.
4
 It has been 

postulated that 310-helices may be intermediates in the process of -helix folding.
5
 -Amino 

isobutyric acid (Aib) has been extensively utilized in this regard to design -peptide helical 

secondary structures. The restriction in the backbone conformational space ( and ) of Aib 

and other gem-dialkyl -amino acids forced the peptides to adopt stable helical structures.
6
 

The X-ray structures of some the germinal disubstituted homooligomers of  Aib residues are 

shown in Figure 1. Longer 310-helices have been designed in homooligomers of the achiral 

,-dimethyl substituted amino acid Aib (α-aminoisobutyric acid).
6
  It has been observed 

that either decreasing the percentage of Aib residues or increasing the sequence length lead to 

the preference of the -helix over the 310-helix.
7
 The transition from a 310- into an -helix has 

been investigated both experimentally
8
 and theoretically.

9
  

The suggestion of peptides completely composed of the higher homologs of -amino 

acids, as for instance β- and -amino acids, by the groups of Seebach
1a,2a

 and Gellman
1b,c,h

 

and by others
1d,e,f,2h,10

 led to the field of “foldamers” and opened a new dimension in the field 

of protein structure mimetics. The homopeptides of - and -amino acids and hybrid peptides 

with heterogeneous backbones of the form (β)n,
11

 ()n,
12 
(αδ)n,

13
 (αε)n,

14 
and (β)n

12a,15
 

showed remarkable novel helical structures with an expansion of intramolecular H-bonded 

pseudocycles. As described in the Chapter 1, the majority of helical structures in the foldamer 

homooligomers and heterooligomers are stabilized by 41 intramolecular hydrogen 

bonding, similar to the 310-helix of -peptides. Though the -helix predominantly occurs in 

proteins, continuous 51 hydrogen-bonded structures are only scarcely found in β- and -

homopeptides and in hybrid peptides. Nevertheless, Gellman and co-workers reported 

continuous 51 hydrogen bonding in,β-hybrid peptides,
11b,g,h

 incorporating the 
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stereochemically constrained cyclic β-amino acid ACPC (trans-2-aminocyclopentane-

carboxylic acid). Numerous foldamer helix types were predicted and suggested by theoretical 

methods.
11i, 12a, 13, 14, 16

  

 

 
Figure 1 Helical conformation in crystals from geminal di-substituted amino acid containing 

peptides. a) Poly Aib peptide, Cbz-Aib6-N(Me)Ph.
6h

 b) 310 Helical conformation of oligomer 

of α-methylated L-valine, Ac-[L-(RMe)Val]7-NHiPr and c) α-Helical conformation of 

oligomer of α-methylated L-valine, Ac-[L-(RMe)Val]7-NHiPr.
8
 d) C9 helical conformation of 

oligomers Gabapentin, Boc-Gpn-Gpn-Gpn-Gpn-NHMe.
20

 e) Extended sheet conformation of 

oligomer of  4-amino isocaproic acid (Aic), Boc-Aic-Aic-Aic-OEt.
21

 

3.2 Aim and rationale of the present Work 

 The considerable influence of Aib in the design of -peptide helices
6-9,17

 and its recent 

applications as amyloid fibril breakers
18

 and in nanotechnology
19

 motivated us to investigate 

the conformational properties of doubly homologated Aib (4-aminoisocaproic acid, Aic), 

which is a 
4,4

-amino acid. In their pioneering work, Balaram and colleagues demonstrated 

the helix-inducing properties of the 3,3-disubstituted -amino acid gabapentin (Figure 1d).
20

 

In contrast to the 9-helical structures of 
3,3

-peptides, homopeptides of Aic showed unusually 

extended conformations and spontaneously formed self-aggregates in various organic 

solvents (Figure 1e).
21

     

  The interesting properties of Aic in its homopeptides inspired us to examine its influence on 

the secondary structure formation in achiral ,-hybrid peptides with Aib in 1:1 alternation by 

NMR studies in solution, X-ray crystallography and quantum chemical calculations to look 
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for possible helical folding patterns. Until now, three helix types were found in several chiral 

,-hybrid peptides: a helix with 12-membered hydrogen-bonded pseudocycles
2d,f,12b,e,f,

 and 

two “mixed” helix alternatives with alternating 12- and 10-membered pseudocycles.
2d,f,12g,i,q

  

3.3 Results and discussion 

3.3.1 Design and synthesis 

The sequences of achiral ,-hybrid peptides which were subject of our study are shown in 

Scheme 1. The -amino acid Aic was synthesized starting from Aib, as reported earlier.
21

 All 

hybrid peptides were synthesized in conventional solution phase strategy and isolated in good 

yields (see Experimental Section). They were subjected to conformational analysis in solution 

by NMR spectroscopy and as well as in single crystals. Diffraction quality single crystals of 

the peptides P1-P3 for the X-ray structure determination were grown in various solvent 

combinations. The systematic quantum chemical conformational analyses were performed on 

the basis of ab initio MO theory employing the B3LYP/6-31G* algorithm of density 

functional theory in the gas phase and considering solvent influence (see Experimental 

Section). 

 

 

Scheme 3.1 a) Synthesis of N-Boc-Aic from N-Boc-Aib. b) Chemical structures of Aic 

homooligomers and local torsional variables of -residues. 
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3.3.2 Single crystal X-ray analysis of peptide P1 and P2 

The X-ray structures of P1 and P2 are shown in Figure 2. The conformation of the -amino 

acid residues are described by the backbone torsion angles (N-C

), θ1(C


-C

β
), 2(C

β
-C


) and 

(C

- C=O) (Scheme 1). The torsion angles of the -amino acid constituents are given in 

Table 1. The hybrid peptides P1 and P2 display helical conformations in their single crystals.  

 

 

Figure 2  a) X-ray structure of peptides P1 b) X-ray structure of peptides P2 c) Hydrogen 

bonding schemes for the 12-helix P2 

 

As expected for achiral molecules, the crystal structure of P1 reveals two molecules with 

opposite handedness in the asymmetric unit. The structure is stabilized by two intramolecular 

hydrogen bonds between BocCO (i)←HNAib(3) (i+3) (HO distance: 2.11 Å, NO 

distance: 2.9 Å) and between Aib(1)CO (i)←NHAic(4) (i+3) (HO distance: 2.38 Å, NO 

distance: 3.2 Å), leading to the formation of two 12-membered hydrogen-bonded 
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pseudocycles  (Figure 2). Due to the lack of an amide NH group, the C-terminal Aic ester is 

not part of a hydrogen bond. Though the structure is stabilized by the 12-membered 

pseudocycles, a comparison of the torsion angle values reported in the literature with those of 

the 12-helix of P1 shows considerable differences. Table 2 lists the backbone conformations 

of various -amino acid constituents in ,-hybrid peptide 12-helices reported in the 

literature.
12

  The dihedral angles θ1 and 2 in P1 correspond to gauche (-53°) and semi-

extended (+141°) conformations, respectively. In the 12-helices of the other peptides in Table 

2 with 
4
-, 

2,3
-, 

3,3
-, 

3,4
- and 

2,3,4
-amino acid constituents, these two torsion angles (1 and 

2) have always the same sign and correspond both to a gauche conformation ( 60°).  

    The X-ray structure of P2 reveals both right- and left-handed 12-helices in the single 

crystals (Figure 2b). The structure is stabilized by five intramolecular 4→1 hydrogen bonds. 

The hydrogen bond distances correspond to typical values with exception of the H-bond 

between Aib(1)CO (i) and Aic(4)NH (i+3), which seems to be weaker reflected by values of 

3.03 Å for the HO and 3.8 Å for the NO distances (Table 3). The torsion angle 1 of the 


4,4

-residues reflects a gauche (-605) conformation, whereas 2 adopts a semi-extended 

conformation (+147°8°) with opposite sign. A clear distinction can also be observed for the 

ϕ and ψ values of the Aic residues with  = -59°6° and ψ = -95°7°, respectively.  The 

average torsion angle values of ϕ and ψ of the Aib residues in the distinct 12-helix were 

found to be -56°6° and -42°6°, respectively. These values are consistent with the values of 

the Aib residues in the ,-hybrid peptides containing 
4
-amino acids.

12f 

 

Table 1. Backbone torsion angles of the Aic residues in the hybrid peptides P1 and P2 

Boc-Aib-Aic-Aib-Aic-OEt (P1)  

 


a
 θ

1

a
 θ

2

a
 

a
 

-59   -46 

-45 -53 141 -118 

-64   -30 

-63 -59 -179 155 

Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-OMe (P2) 

 


a
 θ

1

a
 θ

2

a
 

a
 

-61   -48 
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-64 -60 154 -97 

-56   -37 

-52 -55 137 -102 

-56   -39 

-61 -63 149 -86 

-51   -47 

 

a
 In degrees. 

b
The Aic residue is not part of a helix 

 

Table 2. Backbone torsion angles of -amino acid constituents in selected 12-helices of α, -

hybrid peptides 

12-helix  
a
  1

a
  2

a
  

a
  


4
-amino acid 

12f 
                   -125±7  51±2  62±3  -118±10  


3,3

-amino acid 
12d

  -124±4  56±6  64±8  -112±10  


2,3,4

-amino acid
b,12b

  140±10  -56±2  -52±2  111±4  


2,3

-amino acid
b, 12c

  -129±9  56±2  55±2  -120±9  


3,4

-amino acids
12o

  -120±2  50±5  64±2  -127±2  

ab initio MO theory 
12a

  122±2  -52±2  -62±2  125±4  


4,4

-amino acids
c
  -54±9  -55±5  140±10  -104±18  

ab initio MO theory
c 

  -52±2  -53±2  141±2  -106±7  

              

a 
In degrees. 

b
Cyclic. 

c
 Present work. 
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Table 3: Hydrogen bond parameters of  peptides P1 and P2 

Type 

of H-

bond  

Acceptor(A)  Donor(D)  D···A  

(Å)  

D-H···A  

(Å)  

N-H···O  

(deg)  

C=O···H  

(deg)  

Boc-Aib-Aic-Aib-Aic-OEt (P1)  

14  BocCO  NHAib3  2.97  2.11  175  164  

14  Aib1CO  NHAic4  3.20  2.38  162  143  

Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-COOMe (P2)  

14  BocCO  NHAib3  2.92  2.07  169  142  

14  Aib1CO  NHAic4  3.82  3.03  153  122  

14  Aic2CO  NHAib5  2.95  2.10  171  151  

14  Aib3CO  NHAic6  3.05  2.22  163  143  

14  Aic4CO    NHAib7  2.93  2.12  156  153  

 

3.3.3 Solution conformations of P2
 

To gain insight into their solution conformations, we subjected the peptide P2 to 
1
H and 2D 

NMR (TOCSY and ROESY) analysis. The NMR spectra of P2 were recorded in CDCl3.  

The well-dispersed amide NHs of P2 suggesting ordered structure in solution and also clear 

distinction between the amide NHs of - and -residues were observed. The weak 

intramolecular H-bonds observed in the crystal structures of P2 are reflected in the upfield 

chemical shifts of the -residue NHs. The ROESY spectra reveal a complete set of sequential 

NHNH NOEs between the i and (i+1) residues, however with an alternating pattern of 

strong and weak N Es. The NH↔NH N Es observed in the   ES  spectrum are shown in 

Figures 3-5. The NOEs across the Aib resides (12, 34 and 56) are stronger, while the 

NOEs across the Aic residues (23 and 45) are weaker. Along with sequential NHNH 

interactions, strong NOEs between Aic C

H(i)HNAib(i+1) and weak NOEs between 

AicC
β
H(i)HNAib(i+1) residues are observed. The partial ROESY spectrum depicting 

NH↔
α,β

CH2 NOEs is shown Figure 6.  Furthermore, we examined the solvent exposure of the 

NHs by titration of the peptide with DMSO-d6 in a CDCl3 solution (Figure 7).  Only 
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Aib(1)NH shows a distinct solvent shift. The other residues show almost no solvent 

dependence apart from a small effect for Aic(2)NH. On the basis of unambiguous NOEs 

(listed in the Table 4), the solution structure of P2 was generated. The superimposition of the 

ten lowest energy minimized structures is shown in Figure 8a. The peptide adopts a well-

folded 12-helix conformation in solution. The overlay of the crystal and solution structures of 

P2 is shown in Figure 8b.  

 

 

Figure 3 Partial ROESY spectrum of P2 (4 mM) in CDCl3 showing strong NH↔NH N Es. 
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Figure 4 Partial ROESY spectrum of P2 (4 mM) in CDCl3 showing weak NH↔NH N Es.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5  Partial ROESY spectrum of P2 (4 mM) in CDCl3 showing weak NH↔NH N Es.  
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Figure 6 Partial ROESY spectrum of P2 (4 mM) in CDCl3 showing NH↔
α,β

CH2 NOEs of 

Aic .  

Table 4. List of NOEs used in the NMR structure calculation of peptide P2 

Residue H-atom Residue H-atom NOE(CDCl3) 

Aib(1) NH Aic(2) NH Strong 

Aib(1) NH Aic(2) C
α
H2(backbone) Weak 

Aic(2) NH Aib(3) NH  Weak 

Aic(2) NH Aic(2) C
β
H2(backbone) Medium(self) 

Aic(2) NH Aic(2) C
α
H2(backbone) Strong(self) 

Aib(3) NH Aic(4) NH  Strong 

Aib(3) NH Aic(2) C
α
H2(backbone) Strong 

Aib(3) NH Aic(2) C
β
H2(backbone) Medium 

Aic(4) NH Aic(4) C
α
H2(backbone) Strong(self) 
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Aic(4) NH Aic(4) C
β
H2(backbone) Medium(self) 

Aic(4) NH Aib(5) NH   Weak 

Aib(5) NH Aic(6) NH Strong 

Aib(5) NH Aic(4) C
α
H2(backbone) Strong 

Aib(5) NH Aic(4) C
β
H2(backbone) Medium 

Aic(6) NH Aic(6) C
α
H2(backbone) Strong(self) 

Aic(6) NH Aic(6) C
β
H2(backbone) Medium(self) 

Aic(6) NH Aib(7) NH Weak 

Aib(7) NH Aic(6) C
α
H2(backbone Strong 

Aic(7) NH Aic(6) C
β
H2(backbone) Medium 

 

 

 

Figure 7 Solvent dependence of NH chemical shifts of the peptide P2 at varying 

concentrations of (CD3)2SO. 
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Figure 8  a) Solution structure of peptide P2. b) Overlay of crystal and solution structures of 

P2. 

 

3.3.4 Single crystal X-ray analysis of peptide P3 

The results obtained for the peptides P1 and P2 motivated us to synthesize the nonapeptide 

P3 in solution phase with the C-terminus capped by an N-methyl group to be involved in the 

intramolecular hydrogen bonding network. In contrast to P1 and P2, P3 did not give X-ray 

quality single crystals by crystallization in methanol/water, however diffraction quality 

crystals were obtained in ethylacetate/methanol and methyl acetate/methanol/water 

combinations.  The X-ray structures of P3 are shown in Figure 9.  Single crystals obtained in 

ethyl acetate adopted a well-folded 12-helix conformation (P3A in Figure 9), corresponding 

to that of the peptides P1 and P2. The 12-helix conformation in P3A is stabilized by eight 

intramolecular 41 H-bonds (Figure 9a). Similar to P2, the hydrogen bonds of  the type 

Aib(i) COHNAic(i+3) show longer distances compared to those between the 

Aic(i)COHNAib(i+3) residues, which makes them weaker. In addition, smaller C=OH 

bond angles have been found in these weaker H-bonds. The H-bond parameters of the P3 12-

helix are tabulated in the Table 5.  The torsion angle values of the Aib and Aic residues are 
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tabulated in Table 6. All -residues in P3A adopt similar backbone conformations as in 

peptide P2. 

Surprisingly, the crystals of P3 obtained from the methyl acetate/methanol/water mixture 

provided a very unusual helical structure (P3B in Figure 9b).  After two consecutive 12-

membered hydrogen-bonded pseudocycles, as in P3A, the CO group of Aic(2) (i) is involved 

in a 15-membered hydrogen-bonded pseudocycle closed by the NH group of Aic(6) (i+4). 

Similarly, the CO group of Aib(3) (i) is partner in a hydrogen bond of the NH group of 

Aib(7) (i+4), thus forming a 17-membered pseudocycle (Figure 2b). The pattern of 

alternating 15- and 17-membered pseudocycles continues along the rest of the sequence. A 

15/17-helix of this type was not found in ,-hybrid peptides so far. Only a structure with one 

single 17-membered hydrogen-bonded pseudocycle was observed in a hybrid tetrapeptide of 

the type  with gabapentin as the -amino acid constituent.
12m

 Inspecting the structure of 

the novel helix type in more detail shows the 15-membered rings always formed between -

amino acid constituents by 51 interaction, while the 17-membered rings are observed 

between the -amino acid constituents again formed by 51 interaction. Thus, the 15/17-

helix in ,-hybrid peptides represents a backbone-expanded analog to the native -helix. 

The fact of the occurrence of two hydrogen-bonded 12-rings at the N-terminus of the 

nonapeptide is an analogy to the frequent finding of 310-helical turns at the termini of many 

native -helices. Obviously, the two novel helices in ,-hybrid peptides are in a comparable 

relationship with each other as the native 310- and -helices.
5,8,9

 The hydrogen bonds of the 

17-membered rings are rather perfectly formed. Those of the narrower 15-membered rings 

show the correct hydrogen bond directions, however their distances are longer than usual. 

The comparison of the backbone torsion angles of the Aic residues involved in the 15/17- and 

12-helical hydrogen bonding demonstrates a remarkable agreement of the angles ϕ, θ1 and θ2 

(Table 6). The most decisive difference concerns the angle ψ, which tends clearly to an 

extended conformation with a value near ±180° in the 15/17-helical structure. Figure 10 

provides a clear distinction of the backbone , angles of various side-chain substituted -

residues in 12-helices and the novel 15/17-helix.   
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Figure 9 X-ray structures of P3: a) 12-helix (P3A); b) 15/17-helix (P3B); c) Hydrogen 

bonding schemes for the 15/17-helix P3B beginning with two 41 turns at the N-terminus, 

but then continuing with alternating 15- and 17-membered pseudocycles stabilized by 51 

interactions as in the native α-helix. 

 

The close backbone relationship between the two novel helical patterns contributes to an 

understanding of the possible transition of the 12-helix into the 15/17-hydrogen-bonded 

network and vice versa. A similar behavior is already known for native 310- and -helices.
8,9

  

A comparable phenomenon has also been observed in ,β-hybrid peptides,
11

 where  an 11-
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helix, predominating in shorter sequences, changes into a 14/15-helix in longer peptide 

sequences.
11b, g, h

  

 

 

 

Figure 10 Two-dimensional , maps of various -residues from literature (A) and the 
4,4

-

residues from the present work in 12- and 15/17-helices (B).  
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Table 5 Intramolecular H-bond parameters of peptides P3 

Type of H-bond  Acceptor(A)  Donor(D)  D···A  

(Å)  

D-H···A  

(Å)  

N-H···O  

(deg)  

C=O···H  

(deg)  

Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-Aic-Aib-NHMe (P3A, 12-Helix)  

14  

 

BocCO  NHAib3  2.95  2.09  177  158  

14  

 

Aib1CO  NHAic4  3.06  2.22  165  146  

14  

 

Aic2CO  NHAib5  2.88  2.02  169  155  

14  

 

Aib3CO  NHAic6  3.15  2.32  161  139  

14  

 

Aic4CO  NHAib7  2.90  2.05  170  162  

14  

 

Aib5CO  NHAic8  3.15  2.34  158  135  

14  

 

Aic6CO  NHAib9  2.92  2.06  177  159  

14  

 

Aib7CO  C-NH2  3.20  2.38  161  132  

Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-Aic-Aib-NHMe (P3B, 15/17-Helix)  

14  

 

BocCO  NHAib3  2.89  2.03  168  160  

14  

 

Aib1CO  NHAic4  2.99  2.18  161  145  

15  

 

Aic2CO  NHAic6  4.56  4.00  125  159  

15  

 

Aib3CO  NHAib7  2.84  2.00  157  142  

15  

 

Aic4CO  NHAic8  3.30  2.62  136  140  

15  

 

Aib5CO  NHAib9  2.98  2.12  176  147  

15  Aic6CO  C-NH2  2.84  2.14  144  145  
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Table 6. Backbone torsion angles of the Aic residues in the hybrid peptides P3 

  Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-Aic-Aib-NHMe (P3A)  

Residue  
a
  θ1

a
  θ2

a
  

a
  

Aib(1)  -56    -39  

Aic(2)  -47  - 53  137  -112  

Aib(3)  -55    -40  

Aic(4)  -60  -53  140  -92  

Aib(5)  -51    -43  

Aic(6)  -42  -50  135  -129  

Aib(7)  -59    -35  

Aic(8)  -62  -58  147  -174  

Aib(9)  -52    -42  

     Boc-Aib-Aic-Aib-Aic-Aib-Aic-Aib-Aic-Aib-NHMe (P3B)  

Residue 
a
 θ1

a
 θ2

a
 

a
 

Aib(1) -58   -47 

Aic(2)
c
 -49 -50 141 - 116 

Aib(3)
c
 -60   -36 

Aic(4)
c
 -55 -51 170 145 

Aib(5)
c
 -51   -43 

Aic(6)
c
 -58 -61 156 -180 

Aib(7)
c
 -62   -38 

Aic(8)
c
 -62 -58 147 -174 

Aib(9)
c
 -57   -40 
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3.3.5 Solution conformations of P3 

To gain insight into the solution conformations, we subjected the peptide P3 to 
1
H and 2D 

NMR (TOCSY and ROESY) analysis in CD3OH. The 
1
H NMR spectra of peptide P3 revels a 

pronounced distinction between the - and -amide NHs. The well-dispersed amide NH 

groups of P3 are shown in Figure 11. A clear distinction between the amide NH groups of α-

and γ-residues can be observed in 
1
H NMR. The same trend was also observed in the peptide 

P2 in CDCl3.  The weak intramolecular hydrogen bonds observed in the crystal structures of 

P2 and P3A are reflected in the upfield chemical shifts of the γ-residue NH groups. The 

chemical shifts of all amine NH protons and change in the chemical shifts with increasing 

temperature (dδ/dt) are tabulated in the Table 7. Upon increasing temperature all amide NHs 

showed the upfield chemical shifts (Figure 12). The ROESY spectrum depicting the 

sequential NHNH NOEs is shown in Figure 13. Similar to P2, we observed strong 

sequential NHNH NOEs between the residues 13, 34, 56, 78 and 9NH2 (C-

terminal) and weak NHNH interactions between the residues 23, 45, 67 and 89. 

The partial ROESY spectrum depicting the NH(i) ↔C

H(i-1) and NH(i)C

β
H(i-1) NOEs is 

shown Figure 14.  Strong NOEs are also observed between Aic C

H(i)HNAib(i+1) and 

weak NOEs between AicC
β
H(i)HNAib(i+1) residues. Except a weak NOE between 

Aib(1)NH and Aib(3)NH, no other long-range NOEs are observed. List of the NOEs are 

tabulated in Table 8.  Using the distance restraints from ROESY data, the solution 

conformation of P3 was generated. The ensemble of NMR structures resulting from the 

restrained MD simulations on the basis of the NOE and H-bond data is shown in Figure 15a.  

The correlation of the solution structure with the X-ray structure (P3A) is demonstrated in 

Figure 15b.  These results suggest that the nonapeptide adopts a 12-helix conformation in 

solution, whereas both this 12-helix and the 15/17-helix could be observed in the crystal 

structures.  
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Figure 11 1H NMR spectrum (amide NH region) depicting the distinction between Aib and 

Aic NH chemical shifts.  

 

Table 7 Chemical shifts and dδ/dT values of amide NHs of P3 with respect to the 

temperature. 

 

Residue              

Temperature 

 dδ/dT  

PPBK  

 278K  283K  288K  293K  298K  303K  308K  

Aib(1)  7.044 6.975  6.943  6.911  6.883  6.853  6.826  -6.8  

Aic(2)  7.094  7..013  6.976  6.942  6.912  6.881  6.853  -7.5  

Aib(3)  8.121  8.054  8.025  7.996  7.965  7.936  7.905  -6.8  

Aic(4)  7.020  6.949  6.917  6.888  6.859  6.832  6.805  -6.6  

Aib(5)  8.125  8.068  8.045  8.021  7.995  7.971  7.944  -5.6  

Aic(6)  7.135  7.058  7.023  6.989  6.957  6.928  6.897  -7.4  

Aib(7)  8.164  8.100  8.072  8.044  8.016  7.989  7.916  -6.3  

Aic(8)  7.231  7.146  7.108  7.071  7.037  7.004  6.972  -8.0  

Aib(9)  8.287  8.201  8.159  8.118  8.078  8.039  7.999  -9.0  

NHMe  8.042  7.952  7.908  7.886  7.824  7.784  7.74  -9.4  
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Figure 12.  Plot of amide chemical shifts versus temperature 
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 Figure 13 Partial ROESY spectrum of P3 (5 mM) in CD3OH showing sequentially strong 

and weak NH↔NH N Es.  

 

 

 

 Figure 14 Partial ROESY spectrum of P3 (4 mM) in CD3OH showing NH(i) ↔C

H(i-1) 

and NH(i)C
βH(i-1) NOEs.  
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Table 8 List of NOEs used in the MD calculation of peptide P3 

 

Residue 

 

H-atom 

 

Residue 

 

H-atom 

 

NOE(CD3OH) 

Aib(1) NH Aic(3) NH Strong 

Aic(2) NH Aib(3) NH Weak 

Aic(2) NH Aic(2) C
β
H2(backbone) Medium(self) 

Aic(2) NH Aic(2) C

H2(backbone) Strong(self) 

Aib(3) NH Aic(4) NH Strong 

Aib(3) NH Aic(2) C

H2(backbone) Strong 

Aib(3) NH Aic(2) C
β
H2(backbone) Medium 

Aic(4) NH Aic(4) C

H2(backbone) Strong(self) 

Aic(4) NH Aic(4) C
β
H2(backbone) Medium(self) 

Aic(4) NH Aib(5) NH Weak 

Aib(5) NH Aic(6) NH Strong 

Aib(5) NH Aic(4) C
α
H2(backbone) Strong 

Aib(5) NH Aic(4) C
β
H2(backbone) Medium 

Aic(6) NH Aic(6) C
β
H2(backbone) Medium(self) 

Aic(6) NH Aib(7) NH Weak 

Aib(7) NH Aic(6) C
α
H2(backbone Strong 

Aib(7) NH Aic(6) C
β
H2(backbone) Medium 

Aib(7) NH Aic(8) NH Strong 

Aic(8) NH Aic(8) C
α
H2(backbone) Strong(self) 
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Aic(8) NH Aic(8) C
β
H2(backbone) Medium(self) 

Aic(8) NH Aib(9) NH Weak 

Aib(9) NH -NHMe NH Strong 

Aib(9) NH Aic(8) C
α
H2(backbone Strong 

Aic(9) NH Aic(8) C
β
H2(backbone) Medium 

 

 

 

Figure 15 a) Solution structure of peptide P3, b) and overlay of crystal (12-helix, P3A) and 

solution structures of P3.  
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3.3.6 Quantum chemical calculations 

The coexistence of the novel 12- and the unprecedented 15/17-helix in single crystals of P3 

motivated us to systematically investigate the folding propensities of achiral ,-hybrid 

peptides employing ab initio MO theory. Therefore, we performed systematic quantum 

chemical calculations at the B3LYP/6-31G* level of ab initio MO theory, considering also 

the influence of solvents on the basis of the SMD solvation model, which is a special 

algorithm of a Polarizable Continuum Model (PCM).
22

 For this purpose, the geometry of the 

12- and 15/17-helices was optimized for Aib/Aic oligomers in the gas phase and in solution, 

beginning with tripeptides and going up to undecapeptides. All helices could be localized as 

minimum conformations and show the typical hydrogen bonding patterns (Figure 16). It is 

worth noting that the hydrogen bonds of the 17-membered rings in 15/17-helices are rather 

perfectly realized. The hydrogen bonds of some, but not all 15-membered rings, although in 

the right direction, are lengthened beyond typical values for hydrogen bonds, which is also 

observed in the X-ray structure. The energy differences between both helix alternatives are 

given in Table 9. It can be seen that the 12-helix is distinctly favored over the 15/17-helix in 

the gas phase independent of the sequence length. This situation changes in the solvent 

methanol. Here, the 12-helix predominates in shorter sequences (n=3-5), but the 15/17-helix 

becomes more stable than the 12-helix in the longer sequences (n = 8-11). In fact, both helix  

 

                                      

Figure 16 12-helix (A) and 15/17-helix (B) of peptide P3 according to ab initio MO theory.  



87 
 

 

Table 9 Energy differences between the 12- and 15/17-helices of oligomers of Aib/Aic 

hybrid peptides according to ab initio MO theory. 

Oligomer E(H
12

-H
15/17

)
a,b
 E(H

12
-H

15/17
)
a,c
 

n = 3 -17.9 -8.8 

n = 4 -20.7 -2.6 

n = 5 -21.8 -2.9 

n = 6 -26.9 +1.4 

n = 7 -27.4 -0.3 

n = 8 -30.8 +4.7 

n = 9 -31.1 +2.2 

n = 10 -33.4 +7.8 

n = 11 -34.6 +4.9 
a
Energy values in kJ/mol.

b
 B3LYP/6-31G* data for the gas phase. 

c
SMD/B3LYP/6-31G* data for the solvent methanol. 

 

types are of comparable energy within a definite range of the sequence length.  This makes 

understandable that small changes of external factors may shift the equilibrium from one 

conformer to the other or may even favor the co-existence of two helix types.   

3.4 Conclusions  

            Solution and X-ray studies on achiral ,-hybrid peptides composed of Aib and Aic 

constituents in  1:1 alternation  provide two  novel helical patterns. In short sequences of 4-7 

amino acid residues, a helix with 12-membered hydrogen-bonded pseudocycles is formed 

both in solution and in the solid state. The longer nonapeptide exhibits the same helix in 

solution. However, single crystals of the nonapeptide obtained from crystallization in 

different solvent mixtures provide either the 12-helix or an unprecedented 15/17-helix. Both 
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helix types are representatives of backbone-expanded 310- and -helices characterized by 

41 and 51 hydrogen bonding interactions, respectively. Foldamer helices with the 51 

interaction of the -helix are relatively rare. Quantum chemical studies support the 

experimental results and show that the novel 12-helix with this side chain pattern is more 

stable than a 12-helix alternative found in several former studies on chiral ,-hybrid 

peptides. The theoretical studies also confirm the tendency to stabilize helices with larger 

hydrogen-bonded rings with increasing length of the sequence and suggest the possibility of a 

split-personality between the two novel helix types for special sequence lengths. Comparing 

with secondary structures of peptides containing other -amino acid constituents, it is 

demonstrated that relatively minor structure variations, as they are realized in the 
4,4

-amino 

acid constituents, may lead to distinct changes of secondary structure formation. This opens 

further possibilities for a rational peptide and foldamers design.  

 

3.5 Experimental section 

General experimental details 

All amino acids, triphenylphosphine, TFA, Ethyl bromoacetate, DCC, HOBt and LAH were 

commercially available. DCM, DMF, ethyl acetate and pet-ether (60-80 
o
C) have used after 

distillation. THF was dried over sodium and distilled immediately prior to use. Column 

chromatography was performed on silica gel (120-200 mesh). Final peptides were purified on 

reverse phase HPLC (C18 column, MeOH/H2O 60:40-95:5 as gradient with flow rate 1.00 

mL/min). 
1
H spectra were recorded on 500 MHz (or 

13
C on 125 MHz) and 400 MHz (or 

13
C 

on 100 MHz) using residual solvents as internal standards (CDCl3 δH 7.26 ppm, δC77.3 ppm). 

Chemical shifts (δ) reported in ppm and coupling constants (J) reported in Hz. 

NMR spectroscopy  

All NMR studies were carried out by using either 400 or 600 MHz spectrometer.  Resonance 

assignments were obtained by TOCSY and ROESY analysis. All two-dimensional data were 

collected in phase-sensitive mode by using the time-proportional phase incrementation 

(TPPI) method. Sets of 1024 and 512 data points were used in the t2 and t1 dimensions, 

respectively. For TOCSY and ROESY analysis, 32 and 72 transients, respectively, were 

collected. A spectral width of 6007 Hz was used in both dimensions. Spin-lock times of 200 

and 250 ms were used to obtain ROESY spectra. Zero-filling was carried out to finally yield 

a data set of 2 K × 1 K. A shifted square-sine-bell window was used before processing. 
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Molecular Dynamics (MD)  

Model building and molecular dynamics simulation of P2 and P3 was carried out using the 

Insight II (97.0)/ Discover program.  The cvff force field with default parameters was used 

throughout the simulations. Minimizations were done first with steepest descent, followed by 

conjugate gradient methods for a maximum of 1000 iterations each or RMS deviation of 

0.001 kcal/mol, whichever was earlier. The energy-minimized structures were then subjected 

to MD simulations. A number of interatomic distance constraints obtained from NMR data 

was used as restraints in the minimization as well as MD runs. For MD runs, a temperature of 

300 K was selected. The molecules were initially equilibrated for 50 ps and subsequently 

subjected to an 1 ns dynamics with a step size of 1 fs, sampling the trajectory at equal 

intervals of 10 ps. Within the trajectory 50 samples were generated and the best structures 

were again energy minimized with the protocol given above and superimposed then  

 

3.5.1 Crystallographic information for peptides  

Crystals for the peptides P1-P2 were grown by slow evaporation of a methanol/water 

solution, for peptide P3 by slow evaporation of methyl acetate/methanol/water and ethyl 

acetate/methanol solutions. Single crystals were mounted on loop with a small amount of 

parafin oil. The X-ray data were collected at 100 K. The structures were obtained by direct 

methods using SHELXS-97. 

Crystal Data for Peptide P1 

Crystal size: 0.26 x 0.1 x 0.12 mm
3
; CuKα radiation λ = 1.54 Ǻ, ω-scans (2θ = 133.476) for a 

total of 5655 independent reflections; space group: P21/n, a = 9.22(2) Å, b = 20.37(5) Å, c = 

17.14(5) Å  α = 90, β = 96.5690(13), γ = 90, V = 3199.98(14) Ǻ
3
, Monoclinic, Z = 4 for 

chemical formula C27H50N4O7  ρcalcd = 1.127 g cm
-3

 , µ = 0.660 mm
-1

, F(000) = 1408; final R 

value = 0.0435 (w 2 = 0.1390), 5655 measured reflections ( 0 ≥ 4σ( | 0| )) and 355 

variables, S = 1.153. The largest difference peak and hole were 0.493 and -0.464 eǺ
3
, 

respectively. CCDC No 1470559 

Crystal Data for P2 

 Crystal size: 0.15 × 0.08 × 0.10 mm
3
; MoKα radiation: λ = 0.71073 Ǻ  ω-scans (2θ = 57.244) 

for a total of 11723 independent reflections; space group P21/n, a = 17.471(8) Å, b = 

16.185(7) Å, c = 17.571(8) Å  α = 90, β = 109.960(8), γ = 90, V = 4670(4) Ǻ
3
, Monoclinic, Z 

= 4 for chemical formula (C40H73N7O10, O )  ρcalcd = 1.178  g cm
-3

, µ = 0.086 mm
-1

, F(000) = 

2046  final   value = 0.0872 (w 2 = 0.1770)  11723 measured reflections ( 0 ≥ 4σ( | 0| )) 
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and 542 variables, S = 0.941. The largest difference peak and hole were 0.836 and -0.468 

eǺ
3
, respectively. CCDC No 1470560 

Crystal Data for Peptide P3A 

 Crystal size: 0.33 × 0.25 × 0.25 mm
3
; MoKα radiation: λ = 0.71073 Ǻ   ω-scans (2θ = 

56.746) for a total of 98417 independent reflections; space group P21/n, a = 20.285(3) Å, b = 

8.7974(12) Å, c = 35.553(5) Å  α = 90, β = 98.303(5), γ = 90, V = 6278(14) Ǻ
3
, Monoclinic, 

Z = 4 for chemical formula C50H92N10O11, C3H6O2 (ethyl acetate )  ρcalcd = 1.162g cm
-3

, µ 

=0.083mm
-1

, F(000) = 2490; final R value = 0.0869 (wR2 =0.1960); 15657 measured 

reflections ( 0 ≥ 4σ( | 0| )) and  718 variables, S = 1.139. The largest difference peak and 

hole were 0.592 and -0.5474 eǺ
3
, respectively 

Crystal Data for Peptide P3B  

Crystal size: 0.36 × 0.31 × 0.29 mm
3
; MoKα radiation: λ = 0.71073 Ǻ   ω-scans (2θ = 57.024) 

for a total of 17282 independent reflections; space group P21/n, a = 12.342(3) Å, b = 

30.432(8) Å, c = 18.376(5) Å; α = 90, β = 96.450(5), γ = 90, V = 6858(3) Ǻ
3
, Monoclinic, Z 

= 4 for chemical formula C50H92N10O11; C3H6O2 (methyl acetate); O (water); ρcalcd = 1.065 g 

cm
-3

, µ = 0.077 mm
-1

, F(000) = 3014; final R value = 0.0602 (wR2 =0.1580); 17282 

measured reflections ( 0 ≥ 4σ( |F0| )) and  718 variables, S = 1.020. The largest difference 

peak and hole were 0.632 and -0.646 eǺ
3
, respectively. There is a partially occupied solvent 

molecule present in the asymmetric unit. Considerable time was invested for the 

identification and refinement of the disordered molecule. Option SQUEEZE of program 

PLATON2 was used to correct the diffraction data for diffusely scattering effects and to 

identify the solvent molecule. PLATON calculated the upper limit of volume occupied by the 

solvent molecule to be 976.6 Å
3
. The program calculated 215 electrons in the unit cell for the 

diffuse species. No data are given for the diffusely scattering species. Outputs of SQUEEZE 

report are appended in the cif-file of P3. CCDC No 1470560 

3.5.2 Quantum chemical calculations 

Geometry optimizations at the B3LYP/6-31G* level were performed on the two 12-helix 

alternatives and the 15/17-helix for all oligomers of Aib/Aic peptides beginning with the 

tripeptides and going until the undecapeptides. The influence of the solvent methanol was 

estimated employing the SMD solvation model as it is implemented in the Gaussian09 

program package.
[1]

 Geometries were also optimized in the SMD calculations. For the most 

stable 12-helix and the 15/17-helix of the nonapeptides the backbone torsion angles are given 
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in the Tables S8 and S9. These geometries correspond well to those of the other oligomer 

helices. 

 

Table 10. Backbone torsion angles for the most stable 12-helix of the Aib/Aic nonapeptide 

P3 at the B3LYP/6-31G* level of ab initio MO theory 

Residue    θ1  θ2    

Aib(1)  -65.9    -36.4  

Aic(2)  -53.2  -54.5  141.4 - 103.0  

Aib(3)  -57.3    -39.8  

Aic(4)  -52.8  -53.4  141.5 -104.0  

Aib(5)  -57.9    -38.6  

Aic(6)  -53.0  -53.3  141.3 -104.5  

Aib(7)  -59.0    -36.9  

Aic(8)  -52.1  -53.2  142.7  -117.1  

Aib(9)  -65.5    -26.8  

 

Table 11: Backbone torsion angles for the 15/17-helix of the Aib, Aic nonapeptide P3 at the 

B3LYP/6-31G* level of ab initio MO theory 

Residue    θ1  θ2    

Aib(1)  -68.3    -30.3  

Aic(2)  -56.6  -56.7  161.0  - 162.6  

Aib(3)  -57.9    -39.8  

Aic(4)  -59.6  -60.7  158.1  179.5  

Aib(5)  -58.9    -42.1  

Aic(6)  -61.3  -59.3  158.6  -179.9  

Aib(7)  -63.3    -37.0  
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Aic(8)  -66.0  -62.8  158.3  -174.0  

Aib(9)  -64.9    -24.4  

 

3.5.3 Synthesis of the ethyl ester of N-Boc-protected Aic (N-Boc-4-aminoisocaproic ethyl 

ester) and peptides   

The synthesis of the Boc-Aic ethyl ester was reported earlier.
21

 Therefore, only a short 

description is given here.  

Activated Pd/C (20% by weight) and (E)-ethyl 4-((tert-butoxycarbonyl)amino)-4-methylpent-

2-enoate (1.3 g, 5 mmol)  was dissolved  in MeOH (25 mL), and stirred at room temperature 

in the presence of hydrogen. After completion of the reaction (TLC, ~5 h), Pd/C was filtered 

through the bed of celite and the filtrate was evaporated to dryness under vacuum to get 

gummy N-Boc protected Aic. The pure product was obtained after silica gel column 

chromatography with 6% ethyl acetate in hexane in good yield (1.43 g, 90%). 

Synthesis of peptides P1-P3 

The tetrapeptide, heptapetide and nonapeptide were prepared by solution-phase fragment 

condensation strategy. Deprotections were performed with trifloroacetic acid and 

saponification for the N- and C-termini, respectively. Couplings were carried out using N-

Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) or N,N,N′,N′-

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate, O-(Benzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole 

(HOBt). The dipeptide was synthesized by 1+1 condensation strategy involving Boc-Aib-OH 

and NH2-Aic-OEt employing EDC/HOBt as coupling reagents and DCM as a solvent. For 

converting C-terminal esters into NHMe, peptide esters were dissolved in MeOH and 

bubbled with methyl amine gas under cold condition until there was an increase in 5 mL of 

total volume. Then the flask was stored under N2 atmosphere for one day at room 

temperature. After completion of the reaction, methanol was evaporated and the product was 

diluted with EtOAc (50 mL). The organic layer was washed with dil. HCl (3 × 25 mL), 25 

mL of brine solution, dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

The tetrapeptide was synthesized by 2+2 condensation strategy involving Boc-Aib-Aic-

COOH and NH2-Aib-Aic-OEt. The heptapeptide was synthesized by 4+3 condensation 
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strategy involving Boc-Aib-Aic-Aib-Aic-COOH and NH2-Aib-Aic-Aib-OMe and the 

nonapeptide was synthesized by 4+5 condensation strategy involving Boc-Aib-Aic-Aib-Aic-

COOH and NH2-Aib-Aic-Aib-Aic-Aib-NHMe. All peptides were purified using RP-HPLC 

employing the MeOH/H2O gradient system. 

Structural characterization of monomer and hybrid peptides. 

Characterization of 4-((tert-butoxycarbonyl)amino)-4-methylpentanoic acid (Aic):  

1
H NMR (400 MHz, 25 °C, CDCl3)  δ: 4.5 (bs, 1H), 2.36 (m, 2H), 2.01 (m, 2H), 1.44  (s, 

9H), 1.27 (s, 6H); 
13

C NMR (100 MHz, CDCl3)  δ: 179.12, 154.23, 78.82, 51.94, 34.66, 

30.92, 29.41, 28.38, 27.19;  MALDI-TOF m/z: calcd for C11H21N1O4 [M+Na]
+
 254.1368, 

found: 254.11 

Characterization of peptide P1 

 
1
H NMR (400 MHz, CDCl3, 25 °C, TMS) δ: 1.22-1.25 (m, 9H), 1.31-1.32 (bs, 7H), 1.43-

1.44 (bs, 16H), 1.47 (s, 6H), 2.04-2.07 (m, 2H), 2.13 (bs, 4H), 2.30-2.33 (m, 2H), 4.08-4.13 

(m, 2H) 5.02-5.03 (bs, 1H), 6.22 (bs, 1H), 6.70 (s, 1H), 6.94 (bs, 1H) ppm ; MALDI-TOF 

m/z:  calcd for C27H50N4O7 [M+Na]
+
 565.35, found: 565.33 

Characterization of peptide P2  

1
H NMR (600 MHz, CDCl3, 25 °C, TMS) δ: 1.23 (bs, 4H), 1.29 (bs, 4H), 1.32 (bS, 4H), 

1.45-1.47 (m, 9H), 1.48-1.50 (m, 13H),  2.08-2.28 (m, 12H),3.71(s,3H), 5.0 (s, 1H), 6.0 (s, 

1H), 6.55 (s, 1H), 6.81 (s, 1H), 7.47 (bs, 2H), 7.61 (s, 1H); MALDI-TOF m/z: calcd for 

C40H73N7O10 [M+Na]
+
 834.53, found: 834.52 

Characterization of peptide P3  

1
H NMR (600 MHz, CD3OH, 25 °C, TMS) δ: 1.27 (bs, 6H), 1.29 (bs, 12H), 1.30 (bs, 8H) 

1.40 (bs, 7H), 1.44-1.46 (m, 24H), 1.48 (bs, 10H),  2.02-2.06 (m, 3H), 2.11-2.23 (m, 15H), 

2.73 (d,3H), 6.89 (s, 1H), 6.91 (s, 1H), 6.95 (s, 1H), 6.99 (s, 1H), 7.06 (s, 2H), 7.86 (q, 1H) 

8.00 (s, 1H) 8.02 (s, 1H) 8.04 (s, 1H) 8.12 (s, 1H); MALDI-TOF m/z: calcd for C50H92N10O11 

[M+Na]
+
 1031.68, found: 1031.71.  
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3.7 Appendix I: Mass spectra and 
1
H NMR,  

13
C NMR spectra for the Aic and  peptides 

P1 to P3 
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Chapter 4 
Modulating the structural properties of ,-

hybrid peptides by -amino acid residues: 

Uniform 12-helix versus “mixed” 12/10-helix 
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4.1 Introduction 

The folding abilities of β- and -amino acid oligomers (foldamers) provide the opportunity to 

design architectures beyond the classical protein secondary structures.
1
 As described in the 

Chapters 1 and 3, one of the most intriguing strategies in foldamer research is the 

combination of -amino acids with their higher homologous amino acids. Dependent on the 

nature and periodicity of the amino acids in the heterogeneous (hybrid) peptide sequence, 

different helix types can be generated. Thus, extensive efforts have been made to understand 

the conformational properties of ,-
1,2

 and ,-hybrid
1,3

 peptides with the two amino acid 

constituents in 1:1 alternation. Moreover, Gellman and coworkers explored this strategy to 

design various biologically active ,-hybrid peptides.
4
 In case of ,-hybrid peptides the 

formation of stable uniform 12-helical conformations was often found in analogy to the 310-

helix in -peptides.
3g,h,i,k,l,m,n,r

 A very interesting observation was that ,-
2d-g

 and ,-hybrid 

peptides
3a,b,f,o,q

 are able to form helices with alternately changing H-bond directionality,
5 

as 

they were found at first in β-peptide sequences composed of alternating β
3
-and β

2
-amino 

acidsby Seebach and coworkers
6a,b

 and later by further authors
6c-f
. Such “mixed” helices are 

very scarcely realized in -peptides and proteins. The available literature data suggest that 

the stereochemistry of the β- and -amino acid constituents plays a crucial role in dictating 

the direction of the helical hydrogen bonds.
 
Until now only few examples of an alternate 

change of the H-bond directionality are available for ,-hybrid peptides. Thus, Sharma and 

Kunwar reported mixed 12/10-helices for ,-hybrid peptides with -carboamino acid (-Caa) 

constituents.
3b

 The same helix type was later found by Gellman et al.
3q

 An alternative 12/10-

helix type was obtained by Balaram and coworkers in short  tetrapeptide sequences with 

gabapentin as -amino constituent
3f

 and later confirmed by Gellman et al. in peptides with 

trisubstituted cyclic -amino acids.
3o

 A selection of -amino acids that have been proved to 

induce an alternating change of hydrogen bond directionality in ,-hybrid peptides is shown 

in Figure 1. Typical backbone torsion angle values of the two alternative 12/10-helix types 

are given in Table 1. 
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Figure 1. Chemical structures of -amino acid constituents in 12/10-helices of ,-hybrid 

peptides. b) X-ray structure of 12/10 for the peptides Boc-Leu-Gpn-Leu-Aib-OMe.
3f 

c)  X-ray 

structure of 12/10 for the peptides Boc-Ala-trans-EtACHA-Ala- trans-EtACHA- OBn(Br).
3q

 

d) X-ray structure of 12/10 for the peptides Boc-
D
Ala-APCH-

D
Ala-APCH- OBn.

3o 

Table 1. Backbone torsion angles
a
 of γ-amino acid constituents in various α,γ-hybrid 12/10- 

helices from literature. 

Constituent    1  2
[
    

APCH
b, 3o

  -84.2  -20.5  -56.1  130.2  

Gpn
c, 3f

  87  37  45  -129  

-Caa amino acid
d, 3b

  139±3  -52±5  101±3  -104±3  

trans-EtACH
b, 3q

  119.9  -55.2  146.1  -109.4  

ab initio MO theory
f, 3a

  -64  -32  -48  132  

ab initio MO theory
g, 3a

  129  -51  96  120  
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a 
In degrees. 

b
(1R,2R,3S)-2-(1-aminopropyl)-cyclohexanecarboxylic acid (APCH),

3g
 cyclic 


2,3,4

-amino acid, see Figure 1. 
c
Gpn = Gabapentin = (1-aminomethyl)-cyclohexaneacetic 

acid, γ
3,3

-amino acid, see Figure 1. 
d 
-Caa = C-linked carbo--amino acid from D-mannose, 

see Figure 1. 
e 

ACHA = cyclic 
2,3,4

-amino acid with (S,S,R)-configuration. 
f
Most stable 

12/10-helix for the unsubstituted backbone. 
g
Second most stable 12/10-helix for the 

unsubstituted backbone. 

4.2 Aim and rationale of the present Work 

We have been interested in the design of folded architectures constructed from sterically 

constrained -amino acids. Along with our studies on stable 12-helices in ,
4
-hybrid 

peptides without steric constraints,
3l,m

 in the previous chapter we have demonstrated the co-

existence of uniform 12- and 15/17-helical conformations in achiral ,
4,4

-hybrid peptides 

composed of the sterically constrained -amino acid Aib and its doubly backbone 

homologated amino acid Aic in 1:1 alternation.
3r

 The serendipitous 15/17-helix in achiral 

,
4,4

-hybrid peptides motivated us to investigate the structural behavior of ,-hybrid 

peptide sequences composed of chiral proteinogenic -amino acids in combination with Aic 

residues in 1:1 alternation. In this chapter,  we are describing the  crystal and solution 

conformations of a series of novel ,
4,4

-hybrid peptides composed of the natural aliphatic -

amino acids alanine and leucine, respectively, and the -amino acid constituent Aic.  

4.3 Results and discussion 

4.3.1 Synthesis of the peptides.  

To investigate the structural properties of the new ,
4,4

-hybrid peptides, monomer Aic was 

synthesized reported protocol describe in the previous Chapter (Scheme 1)  and the peptides 

P1-P6 (Scheme 1) by solution phase method using EDC/HOBt as coupling agents and 

purified them by reverse phase HPLC. 
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Scheme 1. Sequence of ,
4,4

-hybrid peptides composed of the -amino acids Ala, Leu, Aib,   

Ac6c and the -amino acid Aic.   

4.3.2 Single crystal conformational analysis of peptides P1 and P2 

In the process of synthesizing longer sequences of ,
4,4

-hybrid peptides, we obtained single 

crystals of the tetrapeptide acid P1 composed of Ala and Aic in CHCl3 solution. The structure 

of P1 is shown in Figure 2. The peptide folds into a 12/10-helical conformation stabilized by 

two intramolecular 12- and 10-membered H-bonds with opposite directionality. The 12-

membered H-bond is observed between BocCO and NH of Ala(3) (ii+3, 41), whereas 

the 10-membered H-bond is realized between NH of Aic(2) and CO of Ala(3) (ii-1, 23). 

The 10-membered ring H-bond is longer compared to the 12-membered hydrogen-bonded 

rings. This suggests a higher stability of the hydrogen bonds in 12-rings than in 10-rings, 

which may be explained by better steric conditions for the formation of hydrogen bonds in 

larger rings. The C-terminus Aic(4) is not involved in hydrogen bonding. The values for the 

backbone torsion angles are given in Table 2. The H-bond parameters are tabulated in the 

Table 3. Interestingly, the two -amino acid residues Ala(1) and Ala (2) adopted a 

polyproline II (PPII)-like helical conformation. 
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The serendipitous finding of the 12/10-helical structure of the ,-hybrid tetrapeptide 

P1 motivated us to extend our studies to other natural amino acids and to longer peptide 

sequences. Thus, the tetrapeptide P2 with the -amino acid Leu instead of Ala, the 

heptapeptides P3 and P4 with Leu and Ala and finally the nonapeptide P5 again with Leu 

were synthesized. Tetrapeptide P2 with Leu residues provided X-ray quality single crystals 

from the solvent CHCl3. Its structure (Figure 2) is fully compatible with that of P1. The 

backbone torsion angle values are given in Table 2. The H-bond parameters are tabulated in 

the Table 4. The 12/10-helical structures observed in the crystal structures of peptides P1 and 

P2 are in agreement with those reported for other ,-hybrid peptides by the Balaram
3f

 and 

Gellman
3o

 groups (Table1), but differ from the 12/10-helical alternatives found by Sharma et 

al.
3b]

 and Gellman et al
3q

 (Table 1). 

 

 

Figure 2 X-ray structures of P1 a) and P2 b). Both peptides adopt a 12/10-helical 

conformation in single crystals. The alternate H-bonding directionality in P1 and P2 is 

depicted in c) and d), respectively. 
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Table 2 Backbone torsion angles
a
 of the α-amino acid residues Ala and Leu and the -amino 

acid Aic in the hybrid peptides P1-P2 compared with quantum chemical data.
b
 

Peptide  Residue    1  2    

      

      P1  

Ala(1)  -81    146  

Aic(2)  59  34  50  -121  

Ala(3)  -84    147  

Aic(4)
b
  -64  -58  177  -176  

         

       P2 

Leu(1)  -74    144  

Aic(2)  60  33  53  -124  

Leu(3)  -86    147  

Aic(4)
b
  -179  -176  175  159  

a 
In degrees. 

b
The Aic residue is not part of a helix. 

Table 3: Hydrogen bond parameters of  peptide P1 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 

N3 O2 2.88 2.02 165 

N2 O5 3.11 2.32 149 

 

Table 4: Hydrogen Bond Parameters of P2 

Intramolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….O 

(deg) 
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N3 O2 2.94 2.10 163 

N2 O5 2.95 2.11 158 

 

4.3.3. Conformational analysis of peptide P3 in solution. 

Unfortunately, the longer peptides P3, P4 and P5 did not give X-ray quality single crystals. 

Therefore, the structure of these was investigated by 2D NMR (TOCSY and ROESY) 

analysis. The well-dispersed 
1
H NMR spectrum of heptapeptide P3 in CDCl3 suggested an 

ordered structure in solution. The TOCSY spectrum depicting the amide NH region is shown 

Figure 3.    The NH↔NH and NH↔C

H NOEs observed in the ROESY spectrum are shown 

the Figures 4 and 5, respectively.  The analysis of the ROESY spectrum revealed strong 

NHNH NOEs between -NH(i) and -NH(i+1) and weak NOEs between -NH(i) and -

NH(i+1). Along with sequential NHNH NOEs, a weak Leu(1)NHLeu(3)NH interaction 

was also observed. In addition to the strong C

H(i)NH(i+1) interactions, long range NOEs 

between the residues Leu(1)C

HLeu(3)NH and Leu(5)C


H Aib(7)NH were found. The 

list of NOEs observed in the 2D NMR is given in the Table 5. Furthermore, DMSO titration 

experiments revealed that all amide NHs (except the N-terminal BocNH) displayed negligible 

changes in their chemical shifts, thus suggesting their involvement in intramolecular H-

bonding (Figure 6). The superimposition of the ten lowest energy structures derived from the 

NOEs is shown in Figure 7 and torsional angles are tabulated in Table 6. 
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Figure 3: 
 
TOCSY spectrum of peptide P3 (5 mM)  in CDCl3. 

 

Figure 4: Partial ROESY spectrum of P3 (5 mM) in CDCl3 showing NH↔NH N Es. 
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Figure 5: Partial ROESY spectrum of P3 showing sequential NOEs of NH C
α
H. 

Table 5: List of NOEs used in the MD calculations on peptide P3 

 

Residue H-atom Residue H-atom NOE(CDCl3) 

Leu(1) NH Aic(2) NH Strong 

Leu(1) NH Leu(3) NH Medium 

Leu(1) C
α
H Aic(3) NH Medium 

Leu(1) C
α
H Aic(2) NH Strong 

Leu(1) 

 

NH Aic(2) C
α
H2(backbone) Medium 

Leu(3) 

 

NH Aic(4) NH Weak 

Leu(3) 

 

NH Aic(2) C
α
H2(backbone) Strong 
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Leu(3) 

 

NH Aic(2) C
β
H2(backbone) Medium 

Leu(3) 

 

C
α
H Aic(4) NH Strong 

Aic(4) 

 

NH Leu(5) NH   Weak 

Leu(5) 

 

C
α
H Aic(7) NH Medium 

Leu(5) 

 

NH Aic(4) C
α
H2(backbone) Strong 

Leu(5) 

 

NH Aic(4) C
β
H2(backbone) Medium 

 

 

 

 

Figure 6: Solvent dependence of NH chemical shifts of peptide P3 at varying concentrations 

of (CD3)2SO. 
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Figure 7. Solution conformations of peptides P3 

 

Table 6. Average backbone torsional angles
a 

in peptides P3 NMR solution structure 

ensembles 

Peptide  Residue    1  2    

      P3  Leu(1)  -110±24    139±22  

Aic(2)  58±5  37±18  6±15  -113±14  

Leu(3)  -78±11    153±14  

Aic(4)  73±13  25±18  49±13  -110±18  

Leu(5)  -74±16    150±18  

Aic(6)  67±15  27±20  48±17  -114±18  

Aib(7)  -86.±48    132±40  

        a 
 In degrees 

 

4.3.4 Solution conformation of peptide P4 

 The heptapeptide P4 displayed a similar pattern of NOEs. The TOCSY spectrum of peptide 

(amide portion) is shown in Figure 8.  We observed sequential NHNH NOEs between the 
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residues 1 and 2, 2 and 3, 3 and 4, and 5 and 6 in the ROESY spectrum (Figure 9 and 10). 

The NOEs between -NH(i) and -NH(i+1) were found to be weaker than the NOEs between 

-NH(i) and -NH(i+1). In addition to the sequential C

H(i)NH(i+1) interactions, we also 

observed medium NOEs Ala(1)C

HAla(3)NH and Ala(5)C


HAla(7)NH (Figure 11). 

The observed NOEs of P4 are also tabulated in Table 7. The superimposition of the ten 

lowest energy-minimized structures of P4 derived from the observed NOEs is shown in 

Figure 12. The solution structures of P3 and P4 revealed a continuous 12/10-helix 

conformation, in close correspondence to the 12/10-helices of peptides P1 and P2. The 

backbone torsion angles of the P4 are given in Table 8.  They are in good agreement with the 

values observed in the crystal structures of P1 and P2. 

 

 

Figure 8: 
 
TOCSY spectrum of peptide P4 (5 mM) in CDCl3. 
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Figure 9: Partial ROESY spectrum of P4 (5 mM) in CDCl3 showing NH↔NH N Es. 

 

 

Figure10: Partial ROESY spectrum of P4 (5 mM) in CDCl3 showing NH↔NH N Es. 



121 
 

 

Figure 11: Partial ROESY spectrum of P4 (5 mM) in CDCl3 showing C

H↔ NH N Es. 

 

Table 7: List of NOEs used in the MD calculations on peptide P4   

Residue H-atom Residue H-atom NOE(CDCl3) 

Ala(1) NH Aic(2) NH Strong 

Ala(1) C
α
H Aic(3) NH Medium 

Ala(1) C
α
H Aic(2) NH Strong 

Ala(3) 

 

NH Aic(4) NH Weak 

Ala(3) 

 

NH Aic(2) 
α
CH2(backbone) Strong 

Ala(3) 

 

NH Aic(2) 
β
CH2(backbone) Medium 

Ala(3) 

 

C
α
H Aic(4) NH Strong 

Aic(4) 

 

NH Ala(5) NH Weak 
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Ala(5) 

 

C
α
H Aic(7) NH Medium 

Ala(5) 

 

NH Aic(4) 
α
CH2(backbone) Strong 

Ala(5) 

 

NH Aic(4) 
β
CH2(backbone) Medium 

Ala(5) 

 

C
α
H Aic(6) NH Strong 

Ala(5) NH Aic(6) NH Strong 

Aic(6) NH Ala(7) Medium Medium 

Ala(7) 

 

NH Aic(6) C
α
H2(backbone Strong 

Ala(7) 

 

NH Aic(6) C
β
H2(backbone) Medium 



123 
 

 

Figure 12. Solution conformations of peptides P4 

Table 8. Backbone torsion angles (in degrees) of P4 NMR solution structure ensembles 

generated from the best 10 models using NOEs and H-bonding constraints. 

P4 

 

ϕ θ1 θ2 ψ 

Ala1 

 

-79.8±22.1   139.7±17.15 

Aic 2 

 

69.9±13.6 31.6±16.6 56.6±13.5 -119.8±25.8 

Ala 3 

 

-67.9±22.36   140.1±14.9 

Aic 4 

 

65.6±19.5 29.1±20.0 54.6±6.3 -123.9±29.7 

Ala 5 

 

-75.8±29.1   141.6±14.3 

Aic 6 

 

69.2±30.5 29.4±14.6 53.5±8.7 -115.8±11.8 

Ala 7 

 

-79.8±22.5   150.4±23.6 
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4.3.5 Solution NMR structure of peptide P5 

To understand whether still longer sequences of ,
4,4

-hybrid peptides adopt a 12/10-helix 

conformation in solution, the nonapeptide P5 was subjected to 2D NMR analysis in CDCl3. 

Peptide P5 also displayed a well-dispersed 
1
H NMR spectrum in CDCl3, indicating an 

ordered structure in solution. Partial TOCSY spectrum (amide region) of P5 is shown in 

Figure 13.   In addition to the strong NHNH NOEs between -NH(i)-NH(i+1), weak 

NHNH NOEs were observed between the -NH(i)-NH(i+1) residues along the peptide 

sequence (Figure 14). Medium long range C

HNH (Figure 15) interactions appeared 

between the residues Leu(1)C

HLeu(3)NH and Leu(7)C


HAib(9)NH, respectively. A 

list of the NOEs observed in the ROESY spectrum is in the Table 9. Similar to the other 

peptides (P3 and P4), no pronounced changes of the chemical shifts were observed for the 

amide NHs in DMSO-d6 titrations (again except Boc-NH), indicating that all NHs are 

involved in intramolecular H-bonding (Figure 16). The overlay of the ten lowest energy 

minimized structures of P5 derived from the observed NOEs is shown in Figure 17. The 

torsion angles of P5 were found to be very similar to those of P3 and P4. They are given in 

the Table 10. 

 

 

Figure 13: 
 
TOCSY spectrum of peptide P5 (5 mM) in CDCl3. 



125 
 

 

 

Figure 14: Partial ROESY spectrum of P5 (5 mM) in CDCl3 showing NH↔NH N Es. 

 

Figure 15: Partial ROESY spectrum of P5 (5 mM) in CDCl3 showing CH↔ NH NOEs. 
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Table 9: List of NOEs used in the MD calculations on peptide P5 

Residue H-atom Residue H-atom NOE(CDCl3) 

Leu(1) NH Aic(2) NH Strong 

Leu(1) C
α
H Leu(3) NH Medium 

Leu(1) C
α
H Aic(2) NH Strong 

Leu(1) 

 

NH Aic(2) C
α
H2(backbone) Medium 

Leu(1) 

 

NH Aic(2) C
β
H2(backbone) Medium 

Aic(2) 

 

NH Leu(3) NH  Weak 

Leu(3) 

 

NH Aic(2) C
α
H2(backbone) Strong 

Leu(3) 

 

NH Aic(2) C
β
H2(backbone) Strong 

Leu(3) 

 

C
α
H Aic(4) NH Strong 

Leu(5) 

 

NH Aic(4) C
α
H2(backbone) Strong 

Leu(5) 

 

NH Aic(4) C
β
H2(backbone) Strong 

Leu(5) 

 

C
α
H Aic(6) NH Strong 

Leu(5) NH Aic(6) NH Strong 

Aic(6) NH Leu(7) NH Weak 

Leu(7) 

 

NH Aic(6) C
α
H2(backbone Strong 

Leu(7) 

 

NH Aic(6) C
β
H2(backbone) Strong 

Leu(7) C
α
H Aib(9) NH Medium 

Leu(7) C
α
H Aic(8) NH Strong 
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Leu(7) NH Aic(8) NH Strong 

Aic(8) NH Aib(9) NH Weak 

Aib(9) 

 

NH Aic(8) C
α
H2(backbone Strong 

Aib(9) 

 

NH Aic(8) C
β
H2(backbone) Strong 
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Figure 16 Solvent dependence of NH chemical shifts of the peptide P5 at varying 

concentrations of (CD3)2SO. 

 

 

Figure 17 a) Solution conformations of peptides P5. B) Top of P5 12/10-hybrid helix. 
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Table 10 Backbone torsion angles (in degrees) of P5 NMR solution structure ensembles 

generated from the 10 best models using NOEs and H-bonding constraints. 

 

4.3.6 Single crystal X-ray analysis of peptide P6. 

The structural data for peptides P1-P5 show that the combination of various chiral natural 

amino acids with the achiral 
4,4

-amino acid Aic in 1:1 alternation leads to 12/10-helices with 

alternately changing H-bond directionality both in the solid state and in the solvent 

chloroform. This is completely different from the folding behaviour of ,
4,4

-hybrid peptides 

composed of achiral -amino acid constituents, as for instance Aib, and the -amino acid 

constituent Aic in our former studies
3r

. As already mentioned in the previous chapter 

unidirectional hydrogen bonding has been observed in both 12- and 15/17-helices of Aib/Aic-

hybrid peptides. 

  The obviously different folding behavior of ,-hybrid peptides dependent on the 

stereochemistry of the -amino acid constituent motivated us to investigate the structure of 

another achiral ,
4,4

-hybrid peptide composed of the sterically constrained dialkyl 

substituted -amino acid, Ac6c, instead of Aib employed in the former studies. The 

P5 ϕ  

 

θ1 θ2 ψ 

Leu 1 -89.2±22.6 

 

  137.7±1.2 

Aic 2 77.7±13.3 

 

28.6±15.17 48.8±15.1 -113.4±18.2 

Leu 3 -80.5±13.0 

 

  148.7±20.8 

Aic 4 53.1±13.4 

 

38.8±7.7 41.3±11.3 -115.8±15.5 

Leu 5 -84.2±14.5 

 

  150.8±19.9 

Aic 6 67.6±14.1 

 

31.8±12.3 45.8±13.6 -114.6±17.7 

Leu 7 -85.0±13.5 

 

  148.2±23.5 

Aic 8 76.3±25.9 

 

19.4±13.2 49.1±13.1 -113.6±16.6 

Aib 9 -96.3±31.5 

 

  133.3±42.6 
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corresponding nonapeptide P6 (Scheme 1) provided single crystals in ethyl acetate/methanol 

solution. Its X-ray structure is shown in Figure 18. In contrast to peptides P1-P5, peptide P6 

adopted the same novel unidirectional 12-helix in single crystals as it has recently been found 

in the Aib/Aic-hybrid peptides for the first time.
3r 

This 12-helix is stabilized by eight 41 

intramolecular H-bonds (Figure 18b). The distances of the H-bonds Ac6cCO(i)HNAic(i+3) 

are longer in comparison to the AicCO(i)NHAc6c(i+3) distances (Table 11). Thus, a pattern 

of alternately changing stronger and weaker H-bonds can be observed in this helix type. The 

backbone conformations of Ac6c and Aic residues in this 12-helix are completely different 

from those in the 12/10-helices. The torsion angles of P6 are tabulated in the Table 12. The 

average torsion angles for the Ac6c residues are   = -56°5° and  = -42°6°, corresponding 

to an -helix, whereas the PPII conformation of the -amino acid constituent was preferred in 

the 12/10-helix (Figure 18c, d). The torsion angle values for the Aic residues are  = -566°, 

1 = -566, 2 = 143°16°,  = -115°8°. These torsion angle values also differ from those in 

the corresponding 12-helix alternatives.
1n,3g,h,i,k,l,m,n,r 

 The torsion angle 2 of the Aic residues 

corresponds to an extended conformation, whereas gauche conformations occur in the 12/10-

helix and the 12-helix alternative. The structure analysis of peptides P1-P6 reveals that the -

amino acid residues obviously dictate the conformational behavior of the Aic residues in ,-

hybrid peptides.  
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Figure 18.  a) X-ray structure peptide P6. (a) Intramolecular hydrogen bonding in the 12/10-

helix of P5. c) 12-helix in P6. d)  amachandran plot for the α residues in the 12/10- (P1 and 

P2) and 12-helices P6. 
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Table 11: Intramolecular hydrogen bond parameters of P6 

Donor (D)  Acceptor (A)  DA (Å)  DHA (Å)  NHO (deg)  

N3  O2  2.91  2.02  170  

N4  O3  3.06  2.21  163  

N5  O4  2.86  1.99  170  

N6  O5  3.15  2.32  158  

N7  O6  2.85  1.98  171  

N8  O7  3.09  2.34  143  

N10  O8  3.27  2.41  168  

 

Table 12: Backbone torsion angles (in degrees) of peptide P6  

Residue  ϕ  θ
1
  θ

2
  ψ  

Ac
6
c 1  -59  -  -  -43  

Aic 2  -49  34  50  -107  

Ac
6
c 3  -55  -  -  -44  

Aic 4  -54  -49  143  -103  

Ac
6
c 5  -55    -36  

Aic 6  -45  -49  127  -125  

Ac
6
c 7  -57    -42  

Aic 8  -63  -64  156  -123  



133 
 

Ac
6
c 9  -54    -42  

 

4.3.7 Theoretical studies  

It is not really possible to estimate a priori the stability relationships between mixed helices 

and their unidirectional helix alternatives for a given backbone by intuition. From the very 

beginning of foldamer research, the competition of mixed and uniform helices in folding was 

subject of theoretical studies on a wide variety of foldamer backbones
.1n,2e,3a,5,7

 In numerous 

cases, mixed helices were predicted to be more stable than their unidirectional counterparts in 

the gas phase and in apolar media. A very impressive example from nature is the gramicidin 

A channel passing apolar membrane regions realized by mixed 20/22-helices of -peptides. 

The energetic advantages of mixed helices may disappear in polar environments. Since all 

local dipoles of unidirectional helices point into the same direction, their addition leads to 

higher total dipole moments than in the mixed helix alternatives with alternately changing H-

bond directions, where the local dipole moments compensate each other. Therefore, 

unidirectional helices could be preferred in polar media due to their better electrostatic 

interactions with polar solvent molecules. This is well confirmed by our recent results, 

demonstrating that 12/10-helices lose their stability in polar solvents and are even 

transformed into unfolded structures by introducing aromatic -amino acids.
8
 

Our quantum chemical calculations on the helix formation in achiral Aib/Aic-foldamers
3r

 of 

different sequence length showed that the unidirectional 12- and 15/17-helices are distinctly 

preferred over the mixed 12/10-helix even in the gas phase and in apolar media (Table 13). 

As expected, this effect is strengthened in polar solvents. Obviously, 12/10-helices cannot be 

realized in these backbones. We have repeated these calculations for Ala/Aic oligomers of 

different sequence length at the same B3LYP/6-31G* approximation level of ab initio MO 

theory and obtained different results (Table 13). In good agreement with the X-ray and NMR 

data, the mixed 12/10-helices are distinctly favored now over the unidirectional 12-helices in 

the gas phase. The right-handed 12/10-helix type is preferred over the left-handed 12/10-helix 

alternative. The values for the backbone torsion angles are given in Tables 2 and 3. The 

calculations provide longer hydrogen bonds in the 10-membered hydrogen-bonded rings than 

in the 12-membered pseudocycles, as was also found in the NMR and X-ray studies. 

Obviously, hydrogen bonds can better be realized in larger 12-rings than in smaller 10-rings 
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and are, therefore, more stable in 12-rings. The rough estimation of the influence of solvent 

CHCl3 on the helix stabilities based on the quantum chemical SMD continuum solvation 

model
9
 predicts comparable stability for both helix types (Table 13) with a slight preference 

of the 12/10-helix in shorter and a slight preference of the 12-helix in longer sequences. This 

agrees quite well with the NMR data, which still indicate the 12/10-helix in chloroform. 

 

Table 13. Energy differences between the 12/10- and 12-helices of Ala/Aic-hybrid and 

Aib/Aic-hybrid peptides of different sequence length calculated at the B3LYP/6-31G* level 

of ab initio MO theory in the gas phase and in solution. 

Oligomer  E
[a]

  

 Ala/Aic  Aib/Aic  

H
12

-H
12/10

[b]
  H

12
-H

12/10

[c]
  H

12
-H

12/10

[b]
  

n = 4  20.0  0.5  -4.6  

n = 5  26.2  0.3  -4.2  

n = 6  31.4  1.0  -11.3  

n = 7  34.9  0.0  -14.2  

n = 8  37.7  -0.8  -23.8  

n = 9  40.4  -1.0  -27.4  

n = 10  41.5  -2.1  -36.5  

n = 11  43.4  -3.0  -41.5  

 

 a 
In kJ/mol; data for blocked Ala/Aic- and Aib/Aic-oligomers in 1:1 alternation at the 

B3LYP/6-31G* level of ab initio MO theory; for total energies, see Supporting information 

and ref. 3r. 
[b] 

Gas phase. 
c
Solvent CHCl3 based on the SMD/B3LYP/6-31G* continuum 

model.
9
 

 

At first sight, it may be astonishing that relatively small structural modifications as the 

change from the -dimethyl substituted amino acids Aib and Ac6c to the -monosubstituted 

native amino acids Ala or Leu can so enormously influence the folding behavior. A very 

interesting observation by Martinek and Fülöp and their coworkers denoted as 

“stereochemical patterning” may be helpful for an explanation.
10

 These authors correlated in 

their work the H-bond directionality of foldamer helices with the signs of the backbone 
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torsion angles  and  of the constituents flanking the peptide bonds in the sequence. If all 

four , angles of the adjacent residues i and (i+1) have the same sign (all-plus or all-minus), 

structures with unidirectional hydrogen bonds should be formed. If the signs of the four 

torsion angles are alternating (residue i: ; residue (i+1):  or residue i: ; residue (i+1): 

+,+ and vice versa), the H-bond directionality alternately changes. Meanwhile, a rather 

complete overview on the helical folding alternatives and their structures was obtained for a 

wide variety of foldamer backbones (--------peptides) employing 

systematic quantum chemical calculations.
1n,2e,3a,5,7 

The backbone torsion angles from these 

studies convincingly confirm the hypothesis of Martinek and Fülöp and also the backbone 

torsion angles of the 12/10- and 12-helices in the present study fit into this concept.  

Of course, the stereochemical patterning concept can only a posteriori be confirmed 

for achiral or sterically unconstrained backbones and has no predictive power for a rational 

design of unidirectional helices or mixed helices for such backbones. However, this situation 

changes if stereochemically defined or backbone-constrained constituents with fixed or at 

least clearly preferred backbone torsion angles are employed in peptide design. Combination 

of such constituents following the rules of Martinek and Fülöp can lead then to a desired 

helix type. This was recently shown by Gellman and coworkers for -peptides consisting of 

the -amino acid Phe and -amino acid constituents with a stereochemically defined 

backbone.
3q

 It was demonstrated that a transition of a uniform 12-helix into a mixed 12/10-

helix occurs by only changing the configuration of the backbone -carbon atom in their -

amino acid constituents. This leads to a change of the sign of backbone torsion angle , 

excluding the formation of the 12-helix, when following Martinek and Fülöp´s hypothesis. 

Now, the formation of a 12/10-helix becomes possible, provided that the -amino acid 

constituents Phe follow the dictation of the -amino acid residues and adopt their torsion 

angles accordingly. This is obviously the case. 

An opposite situation seems to exist in the Ala/Aic-, Leu/Aic-, Aib/Aic, and 

Ac6c/Aic-hybrid peptides of our studies. Here, the -amino acid constituents determine the 

folding behavior of the -amino acid constituents, inducing 12-helices for Aib/Aic- and 

Ac6c/Aic-hybrid peptides, but 12/10-helices for Ala/Aic- and Leu/Aic-peptides. However, we 

have to consider that the - and -amino acid constituents can principally adopt both helix 

alternatives in our cases because there are neither essentially steric nor stereochemical 

backbone restrictions. Therefore, it is not a priori clear which constituents determine folding. 

It is well-known that -disubstituted amino acids like Aib or Ac6c distinctly prefer the 
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formation of 310-helices with minus signs of the backbone torsion angles.
11 

Obviously, this 

tendency is decisive and the unconstrained backbones of the -amino acid constituents also 

fold into a conformation with minus signs of the  and  backbone torsion angles, enabling 

the 12-helices in Aib/Aic- and Ac6c-hybrid peptides. The situation is not so clear for the 

native -amino acids Ala and Leu, above all when remembering the behavior of the native 

amino acid Phe in the examples discussed above, which adopts both 12/10- and 12-helix 

conformations, depending on the backbone stereochemistry of the -amino acid constituents. 

In the Ala/Aic- and Leu/Aic-peptides without essential backbone restrictions, both folding 

alternatives, i.e. both sign sequences according to the stereochemical patterning hypothesis, 

are principally possible and it remains open at first which of them will be realized. We know 

from very precise quantum chemical calculations on blocked -amino acid and dipeptide 

models in the gas phase and in solution, that the conformational range of the poly-proline 

helix (PII) and the right-handed - or 310-helices (R) are distinctly favored in solution over 

all other conformation alternatives
1n,12 

In apolar media, the PII conformation, required in 

mixed 12/10-helices, is more favored, in more polar solvents the stability changes in favor of 

- or 310-helical conformations. These general findings are well reflected by the experimental 

and theoretical results obtained for our hybrid peptides showing the preference of the 12/10-

helices with PII conformation of the -amino acid constituents in single crystals and in the 

solvent chloroform. As in the case of the 12-helix of the Aib/Aic- and Ac6c/Aic-hybrid 

peptides, the -amino acid constituents adopt the helix conformation dictated by the -amino 

acid constituents. However, the discussion of our results shows that the folding behavior is 

determined by a delicate balance of various structural and environmental effects.  

4.4 Conclusions 

The structural analysis of ,
4,4

-hybrid peptides composed of natural aliphatic -amino acids 

and the 4,4-dialkyl substituted -amino acid Aic revealed 12/10-helices with alternating H-

bond directionality. The helical structure is stabilized by 12-membered (i i+3) H-bonds in 

forward direction and 10-membered (i i-1) in backward direction. Both solution and X-ray 

structures suggest that the 10-membered H-bonds are weaker than the 12-membered H-

bonds. Alternately changing intramolecular H-bond directions occur seldom in natural 

peptides, but occur more frequently in foldamers of different type. Replacing the chiral 

aliphatic -amino acid constituents in the ,
4,4

-hybrid peptides by achiral dialkyl -amino 

acids leads to stable 12-helical conformations. Obviously, the various helix types in ,
4,4

-
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hybrid peptides are dictated by the nature of the -residues in the sequence. In contrast to the 

helix-promoting amino acid Aib, its doubly homologated analogue Aic is a highly flexible 

and can adopt 12/10-, 12-, and 15/17-helical conformations in ,
4,4

-hybrid peptides 

dependent on the nature of the -amino acid residues. The reported results open new 

possibilities to design different helix types by careful selection of the -amino acid 

components in ,-hybrid peptide foldamers. 

 

4.5 Experimental Section 

NMR spectroscopy  

All NMR studies were carried out by using either 400, 600, and 800 MHz spectrometers. 

Resonance assignments were obtained by TOCSY and ROESY analysis. All two-dimensional 

data were collected in phase-sensitive mode by using the time-proportional phase 

incrementation (TPPI) method. Sets of 1024 and 512 data points were used in the t2 and t1 

dimensions, respectively. For TOCSY and ROESY analysis, 32 and 72 transients were 

collected, respectively. A spectral width of 6007 Hz was used in both dimensions. Spin-lock 

times of 200 and 250 ms were used to obtain ROESY spectra. Zero-filling was carried out to 

finally yield a data set of 2 K × 1 K. A shifted square-sine-bell window was used before 

processing. 

NMR structure calculations  

Solution structures of P2 and P3 were derived by molecular modeling and subsequent 

restrained molecular dynamics simulations using Discover Studio/Insight II (Accelaries Int.). 

Initial conformations were generated from their fully extended structures by applying NOE 

and H-bond restraints. Minimizations were done first with steepest descent, followed by 

conjugate gradient methods for a maximum of 10000 iterations each or RMS deviation of 

0.001 kcal/mol, whichever was earlier. The cvff force field with default parameters was used 

throughout the simulations. A number of interatomic distance constraints obtained from 

NMR data was used as restraints in the minimization as well as MD runs. The energy-

minimized structures were then subjected to MD simulations. For MD runs, a temperature of 

300 K was selected. The molecules were initially equilibrated for 50 ps and subsequently 

subjected to an 1 ns dynamics with a step size of 1 fs, sampling the trajectory at equal 
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intervals of 10 ps. Within the trajectory 100 structures were generated and the best ten 

structures having lower energies and compatible NMR data were selected to superimpose.  

4.5.1 Crystal structure analysis of peptide P1, P2 and P6 

Crystal structure analysis of P1  

Crystals of peptide P1 were grown by slow evaporation from chloroform/n-heptane solution. 

A single crystal (0.22 × 0.08 × 0.12 mm) was mounted on loop with a small amount of 

paraffin oil. The X-ray data were collected at 100 K on a Bruker APEX(II) DUO CCD 

diffractometer using CuKα radiation (λ = 1.54178 Ǻ), ω-scans (2θ = 135.358), for a total of  

10727 independent reflections. Space group P21, a = 11.3016(14), b = 16.4062(17), c = 

16.946(2), α = 90, β = 90.027(8),  = 90, V = 3142.1(7)Ǻ3
, monoclinic, Z = 2 for chemical 

formula C46H83N8O14, with two molecules in an asymmetric unit; ρcalcd = 1.028 gcm
-3

, μ = 

0.626 mm
-1

, F (000) = 1054. The structure was obtained by direct methods using SHELXS-

97.
[13] 

The final R value was 0.1038 (wR2 = 0.2252), 4341 observed reflections (F0 ≥ 4σ 

(|F0|)) and 633 variables, S = 0.918. The largest difference peak and hole were 0.283 and -

0.322eǺ
3
, respectively. CCDC No 1581664 

There is also some partially occupied solvent molecule present in the asymmetric unit. A 

significant amount of time was invested in identifying and refining the disordered molecule. 

Option SQUEEZE of program PLATON was used to correct the diffraction data for diffuse 

scattering effects and to identify the solvent molecule. PLATON calculated the upper limit of 

volume that can be occupied by the solvent to be 526.3 Å
3
 or 16.75% of the unit cell volume. 

The program calculated 154 electrons in the unit cell for the diffuse species. No data are 

given for the diffusely scattering species. Outputs of SQUEEZE report are appended in the 

CIF file P1. 

Crystal structure analysis of P2 

Crystals of peptide P2 were grown by slow evaporation from mixture chloroform/n-heptane 

solution. A single crystal (0.30 × 0.06 × 0.14 mm) was mounted on loop with a small amount 

of paraffin oil. The X-ray data were collected at 100 K on a Bruker APEX(II) DUO CCD 

diffractometer using CuKα radiation (λ = 1.54178 Ǻ), ω-scans (2θ = 135.358), for a total of 

7397 independent reflections. Space group P21, a = 13.932(10), b = 16.950(3), c = 19.208(3), 

α = 90, β = 105.824(9),  = 90,V = 3633.9(9) Ǻ
3
, triclinic, Z = 2 for chemical formula 

C62H115N8O14 with two molecules in an asymmetric unit; ρcalcd = 1.094gcm
-3

, μ = 0.621mm
-1

, 

F (000) = 1606. The structure was obtained by direct methods using SHELXS-97.
17 

The final 
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R value was 0.0941 (wR2 = 0.2065), 7397 observed reflections (F0 ≥ 4σ (|F0|)) and 789 

variables, S = 1.114. The largest difference peak and hole were 0.501 and - 0.373 Ǻ
3
, 

respectively. CCDC No 1581665 

 The investigated single crystal was small-sized and poorly diffracting. Numerous data sets 

were collected on single crystals from different batches and that of highest quality is reported 

here.  

Crystal structure analysis of P6  

Crystals of peptide P6 were grown by slow evaporation from a solution of aqueous methanol. 

A single crystal (0.33 × 0.08 × 0.14 mm) was mounted on loop with a small amount of 

paraffin oil. The X-ray data were collected at 100 K on a Bruker APEX(II) DUO CCD 

diffractometer using MoKα radiation (λ = 0.71073 Ǻ), ω-scans (2θ = 56.674), for a total of 

17192 independent reflections. Space group P b c a, a = 21.016(2), b = 15.6295(14), c = 

42.166(4), α = 90, β = 90,  = 90, V = 13850(2)Ǻ
3
, triclinic, Z = 8 for chemical formula 

C65H112N10O11, with two molecules in an asymmetric unit; ρcalcd = 1.160 gcm
-3

, μ = 0.079 

mm
-1

, F (000) = 6094. The structure was obtained by direct methods using SHELXS-97.
17 

The final R value was 0.0741 (wR2 = 0.1870), 9934 observed reflections (F0 ≥ 4σ (|F0|)) and 

787 variables, S = 1.241. The largest difference peak and hole were 0.417 and -0.409Ǻ
3
, 

respectively. CCDC No 1581666 

4.5.2. Quantum chemical calculations 

Complete geometry optimizations were performed on the right-handed and left-handed 

12/10- and 12-helices for oligomers of Ala/Aic peptides in 1:1 alternation beginning with 

tetrapeptides and going until the undecapeptides. The influence of the solvent chloroform was 

estimated employing the SMD solvation model
[S2]

 as it is implemented in the Gaussian09 

program package.
[S3] 

The geometries were also optimized in the SMD calculations. The right-

handed helices are distinctly more stable than the left-handed helices. Therefore, only the 

data for the right-handed helices are given here. 
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Table 14: Total energies for the right-handed 12/10-helices of Ala/Aic oligomers in the gas 

phase and in the solvent chloroform at the B3LYP/6-31G* and SMD/B3LYP/6-31G* levels 

of ab initio MO theory 

 

[a] 
Gas phase data  for blocked Ala/Aic-oligomers in 1:1 alternation. 

[b] 
Data for solvent 

CHCl3 based on the SMD/B3LYP/6-31G* continuum model.
[S2]

 

Table 15:  Hydrogen bond distances DHA in Å for the Ala/Aic-heptapeptide 

H-Brücke
[a]

  Ring size  Distance  

1  12  1.931  

2  10  2.041  

3  12  1.926  

4  10  2.017  

5  12  1.937  

6  10  2.021  

 

 

Oligomer  ET
[a]

  ET
[b]

  

n = 4  -1666.908130  -1666.938326  

n = 5  -1914.245801  -1914.278600  

n = 6  -2279.519498  -2279.557185  

n = 7  -2526.856993  -2526.897279  

n = 8  -2892.130636  -2892.175680  

n = 9  -3139.468343  -3139.516123  

n = 10  -3504.741736  -3504.794499  

n = 11  -3752.079525  -3752.134841  
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4.5.3 General procedure for the syntheses of peptides P1-P5 

The γ-amino acid Aic (4-aminoisocaproic acid) was synthesized by previously described 

procedures.
[S1]

 Peptide synthesis was carried out using conventional solution-phase 

procedures. The tert-butyloxycarbonyl (Boc) group was used for the N terminal protection 

and the C terminus was protected using a methyl/ethyl ester groups. Protecting groups were 

removed with trifluoroacetic acid and saponification for the N- and C-termini, respectively. 

Couplings were carried out by using N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and 1-hydroxybenzotriazole(HOBt). The dipeptides were synthesized 

by a condensation strategy involving Boc-Leu-OH or Boc-Ala-OH and NH2-Aic-OEt, 

employing EDC/HOBt as coupling reagents and DMF as solvent. The obtained dipeptides 

were used further without purification. The tetra-, hepta- and nonapeptides were synthesized 

using a similar protocol. Finally, all peptides were purified by RP-HPLC using MeOH/H2O 

system. 

4.5.6 NMR details for peptides P1-P5 

Peptide P1 

 

1
H NMR (400 MHz, DMSO-d6) δ 12.03 (s, 1H), 7.74  (d, J = 8 Hz,  1H), 7.31 (s,  1H), 6.65 –  

(d, J = 8 Hz,  1H), 4.22 – 4.11 (m, 1H), 3.89 – 3.84 (m, 1H), 2.11 – 2.0 (m, 4H),  1.85 – 1.77 

(m, 4H),  1.33 (bs, 12H), 1.15-1.08 (m,  24H), MALDI TOF/TOF- m/z calcd. for C23H42N4O7 

[M+Na]
+
 509.29, obsvd. 509.30 

Peptide P2 

 

 

1
H NMR (600 MHz, Chloroform-d) δ 7.26 (d, J = 6 Hz, 1H), 6.91 (s, 1H), 6.09 (s, 1H), 5.02 

(d, J = 6 Hz, 1H), 4.36-4.32 (m, 1H), 4.14 (q, J = 7.1 Hz, 2H), 4.11 – 4.07 (m, 1H), 2.09 – 

1.96 (m, 3H), 1.70 (m, J = 13.3, 6.7 Hz, 2H), 1.66 – 1.57 (m, 2H), 1.45 (s, 12H), 1.37 (s, 3H), 
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1.33 (d, J = 4.8 Hz, 6H), 1.27 (t, J = 7.1 Hz, 4H), 1.18 (s, 3H), 1.02 – 0.92 (m, 15H), MALDI 

TOF/TOF- m/z calcd. for C35H55N4O7 [M+Na]
+
 621.42, obsvd. 621.44 

 

Peptide P3 

 

 

1
H NMR (600 MHz, Chloroform-d) δ 7.53 (m, 1H), 7.37 (m, 1H), 7.18 (s, 1H), 6.98 (s, 1H), 

6.82 (s, 1H), 6.63 (s, 1H), 5.11 (d, J = 6 Hz, 1H), 4.30-4.25 (m, 2H), 4.08 – 4.02 (m, 1H), 

3.73 (s, 3H), 2.25  2.21 (m, 7H), 2.08  2.01 (m, 4H), 1.97  1.92 (m, 4H), 1.77  1.72 (m, 

4H),  1.54 (s, 3H), 1.51 (s, 3H), 1.46 (s, 9H), 1.36 (d, J = 4.6 Hz, 6H), 1.32 (s, 3H), 1.29 (s, 

3H), 1.26 (d, J = 8.7 Hz, 7H), 0.98 (d, J = 6.6 Hz, 4H), 0.96-0.91 (m, 15H), MALDI 

TOF/TOF- m/z calcd. for C46H85N7O10 [M+Na]
+
 918.62, obsvd. 918.68 

 

Peptide P4 

 

 

1
H NMR (700 MHz, Chloroform-d) δ 7.35 (d, J = 7Hz, 1H), 7.31 (d, J = 7Hz, 1H), 7.24 (d, J 

= 7Hz, 1H), 6. 81(s, 1H), 6.73 (s, 1H), 6.70 (s, 1H), 5.28 (d, J = 7Hz, 1H), 4.60  4.54 (m, 

1H), 4.31 – 4.27 (m, 2H), 4.05 (m, 1H), 2.21  2.02 (m, 12H), 1.43 (s, 9H), 1.39  1.23 (m, 

40H), MALDI TOF/TOF- m/z calcd. for C36H65N7O10 [M+Na]
+
 778.46, obsvd. 778.49 
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Peptide P5 

 

1
H NMR (600 MHz, Chloroform-d) δ 7.72 (d, J = 6 Hz, 1H), 7.61  (d, J = 6 Hz,  1H), 7.46  

(d, J = 4 Hz,  1H), 7.23 (s, 1H), 7.05 (s, 1H), 7.02 (s, 1H), 6.92 (s, 1H), 6.59 (s, 1H), 5.13 (d, 

J = 6 Hz, 1H), 4.21 (m, 3H), 4.02 (m, 1H), 3.70 (s, 3H), 2.20 – 1.86 (m, 20H), 1.75 – 1.63 

(m, 6H), 1.55 (m, 7H), 1.43 (s, 10H), 1.34 – 1.18 (m, 49H), 0.97 – 0.80 (m, 58H), MALDI 

TOF/TOF- m/z calcd. for C58H107N9O12 [M+Na]
+
 1144.79, obsvd. 1144.96 
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4.7 Appendix I: Mass spectra and 
1
H NMR spectra for the peptides P1 to P5 
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Chapter 5 

Exploring structural features of folded peptide 

architectures in the construction of 

nanomaterials 
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5.1 Introduction 

Supramolecular self-assembly of peptides and proteins have gained interest in recent years 

due to their utility in the design and fabrication of nano-structures with tunable physical and 

chemical properties.
1
 The biomaterials derived from -peptides have been finding 

applications in various fields
 
including tissue engineering, drug delivery, biomineralization, 

regenerative medicine, wound healing and molecular electronics. In comparison to the α-

peptides, backbone bone homologated β- and γ-peptide which are well known to form well 

defined secondary structures
2
 have been less explored towards the design of self-assembled 

biomaterials. Moreover, the influence of structure on the supramolecular assembly of 

peptides is not fully understood. Nevertheless, in their pioneering work Gellman and 

colleagues reported the ordered self-assembly of 14-helical β-peptides.
3
 Further, Schepartz 

and coworkers
4
 reported the tetrameric bundles and octameric bundles through the lateral 

assembly of β-peptides 14 helices. In continuation, Gellman’s group reported the formation 

of protein like parallel helical quaternary bundles from α/β-peptides in aqueous solution.
5
 

Ghadiri and coworkers reported tubular channel like architectures from the supramolecular 

assembly of cyclic β-peptides. The channel-forming ability of these cyclic peptides in lipid 

bilayer is examined in liposome-based proton transport assay and single-channel conductance 

experiments.
6
 The non-covalent interactions such as hydrophobic, ionic, and dipolar forces 

have been further exploited in the generation of peptide materials through supramolecular 

assemblies. In their initial attempt, Fülöp and colleagues reported the ribbon-like fibrils and 

vesicles through ordered supra molecular assembly of β-hexapeptide 10/12-helices comprised 

of cis-ACPC and cis-ACHC residues.
7
 In another interesting study, Ortuno et al.

8 
reported the 

supramolecular gels from  -peptides comprised of cis-ACBC.    In continuation, Gellman 

and co-workers showed the formation of liquid crystals from the ordered assembly of a series 

of β-peptide 14-helices.
9
  Further, Lee and colleagues reported various ordered 

supramolecular assemblies from the helical β-peptides, Boc-(ACPC)4-OBn, Boc-(ACPC)6-

OBn and Boc-(ACPC)7-OBn in an aqueous environment.
10

 Additionally, Perlmutter et al. 

reported self-assembled fibers with the length ranging from nanometers to centimetres using 

N-acetylated β-tri- and hexapeptides.
11

 Very recently, our group reported the spontaneous 

self-aggregation of short homo-oligomers composed of 4-amino-isocaproic acid (Aic) into 

nanofibers and their ability to form thermoreversible gels in various organic solvents.
12

 As 
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described in the Chapters 3 and 4, Aic has shown very peculiar properties compared any 

other γ-amino acids in the literature.  The short homooligomers of Aic have shown to adopt 

extended sheet type conformations and these extended sheets spontaneously self-assembled 

into ordered nanofibers.  Further, the α,γ-hybrid peptides with 1:1 alternating Aic and 

sterically constrained Aib  have shown to adopt novel 12-helices in short sequences and 

displayed remarkable structural dimorphism  in longer sequences by adopting both 12 helix 

and 15/17 helices.
13

  In Chapter 4 we  have shown the transformation of 12- or 15/17-helices 

into 12/10-helices with alternately changing H-bond directionality by replacing sterically 

constrained Aib residues with natural -amino acids in α,γ-hybrid peptides containing Aic 

residues.
14

 Further, we have shown the fragility of 12/10 mixed helices in polar solvents. 

Motivated by the diverse structural properties of hybrid peptides composed of Aic residues, 

we sought to investigate whether the conformationally biased Aic can explored to design 

smart biomaterials with alternating aromatic α-amino acids. In this chapter, we are 

demonstrating the conformational analysis of two isomorphic α,γ-hybrid peptides composed 

of Phe and Aic and their supramolecular assemblies in aqueous environment. Further, to 

understand the influence of structure on the supramolecular assembly a known isomorphic 

α,γ-hybrid peptide 12-helix was also examined along with the hybrid peptides composed of 

conformationally biased Aic residues.  

5.2 Aim and rationale of the present work 

The stereochemically constrained ,-dimethyl substituted -amino acid (Aib) has been 

widely used to design helices in -peptides.
15

 The steric repulsions of gem-methyl groups 

forced Aib to occupy confined ,  space and promote the onset of helices. In a sharp 

contrast to the helical structures of Aib monopeptides, we have recently reported the extended 

conformations of Aic (double backbone homologated Aib, Scheme 1) monopeptides. 

Instructively, these Aic -peptide oligomers spontaneously self-assembled into nanofibers 

and displayed remarkable thermoreversible gelation properties in various organic solvents.
12

. 

We anticipate that the remarkable self-assembling properties of conformationally biased Aic 

peptides can be exploited to design smart nanostructures through the insertion of alternating 

aromatic -amino acids. In this context, we have designed three isomorphic peptides and 

studied their conformations and ordered supramolecular assemblies. The sequences of 

peptides are shown in the Scheme 1.  
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5.3 Results and Discussion 

5.3.1 Design and synthesis 

As a part of our investigation and to test our hypothesis, we have designed two hybrid 

peptides composed of -Phe and Aic, P1 (,), P2 (,) and a control peptide P3 which is 

known to adopt C12-helix are shown in Scheme 1.  The -amino acid (Aic) and 
4
-

Phenylalanine were synthesized using Wittig reaction followed by catalytic hydrogenation as 

reported earlier.
12

 All peptides were synthesized by solid phase method using standard Fmoc-

chemistry and purified through reverse phase HPLC using C18 columns. 

 

Scheme 1 Chemical structures of peptide P1, P2 and P3 

5.3.2 Solution conformation of peptide P1 and P2 

 After purification through reverse phases HPLC, we subjected peptides P1 and P2 to 2D 

NMR analysis in order to understand their solution conformations. Unambiguous peak 

assignments were performed using TOCSY, COSY and ROESY spectra. The chemical shifts 

along with 
3
JNHC


H scalar couplings and amide temperature coefficients (d/dT) for peptides 

P1 and P2 are tabulated in the Table 1 and Table 2, respectively.  Partial ROESY spectra 
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depicting the NH↔NH and C

HNH NOEs of peptides P1 and P2 are shown in Figure 1 

and Figure 2, respectively. The very weak  NHNH and no long range NHCH NOEs 

were observed in both the peptides, however, a strong C

HNH  NOEs  were observed 

between i to i+1 residues suggesting the extended type of planar structures.   Further, to 

understand the intramolecular nature of H-bonding in P1 and P2, the temperature dependent 

1
H NMR experiment was undertaken. The solution of P1 and P2 in CD3OH was gradually 

heated from 5 °C to 35 °C and chemical shifts for all NHs were acquired after each 10 °C 

interval. Results of the experiments are shown in Figure 3. It has been observed a clear 

upfield shift of NHs with increasing temperature suggesting the involvement of amide NHs in 

intermolecular H-bonding. Based on the NOE constraints, computer molecular models were 

built and energy minimized structures of P1 and P2 are shown in Figure 4.   To get clear 

clarity of the solution conformation of P1 and P2 we are showing single structures than the 

superimposed models. Both peptides adopted extended type structures in solution.  

Table 1 Tabulation of chemical shifts along with 
3
JNHC


H scalar couplings and amide 

temperature coefficients (d/dT) for peptide P1. 

Residue Chemical shifts (ppm) 

 

3
JNHC


H 

(Hz) 

d/dT 

(ppb) 
 NH C


H C


H C


H  

C

H 

Others 

Acetyl      

 

1.86(CH3)   

Aic(

U1) 7.63 2.18 1.94   1.25 

 

 

/1.22 

  6.6 

Phe (F2) 8.22 4.46 2.95/2.91 - - Aromatics 

7.26-7.18 

7.0 8.6 

Aic(

U3) 7.59 2.05 1.94/1.72   

 

1.17/1.05 - - 7.3 

Phe (F4) 8.23 4.47 

 

2.96/2.90 

 

- - Aromatics 

7.26-7.18 

7.2 8.8 

Aic(

U5) 7.56 2.04  1.98/1.73  

 

1.16/1.02 - - 7.0 

Phe (F6) 8.20 4.43 2.96/2.88 - - Aromatics 

7.26-7.18 

7.2 8.7 

Aic(

U7) 7.64 2.09 2.04/1.78 - 

 

1.23/1.12 - - 7.3 

C-ter. NH2 7.61/6.89 - - - 

 

- - - 6.8 
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Figure 1 Partial ROESY spectra of P1. (A) Amide/aromatic region, (B) Amide/Aromatic-

Aliphatic region.  dNN and dN with differential  intensities are boxed.  So also Aromatics 

N Es to Aic methyl’s.   ost of these N Es were considered in making a computer energy 

minimized model of the peptide molecule.  
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Table 2:  Tabulation of chemical shifts along with 
3
JNHC


H scalar couplings and amide 

temperature coefficients (d/dT) for peptide (P2) : Ac-[Phe-Aic]3-Phe-NH2. 

Residue Chemical shifts (ppm) 

 

3
JNHC


H 

(Hz) 

d/dT 

(ppb) 

 NH C

H C


H C


H C


H Others 

Acetyl      1.92(CH3)   

Phe (F1) 8.30 4.45 2.92 - - Aromatics 

7.24-7.18 

7.0 8.3 

Aic(

U2) 7.57 2.04 1.96/1.71 - 1.16/1.02 - - 7.3 

Phe (F3) 8.17 4.46 

 

2.94/2.89 

 

- - Aromatics 

7.24-7.18 

7.4 8.3 

Aic(

U4) 7.56 2.05 1.97/1.72 - 1.17/1.04 - - 7.3 

Phe (F5) 8.19 4.41 2.95/2.88 - - Aromatics 

7.24-7.18 

7.3 8.6 

Aic(

U6) 7.55 

 

2.01 1.86/1.63 - 1.16/1.04 - - 7.2 

Phe (F7) 8.15 4.59 3.12/2.83 - - Aromatics 

7.24-7.18 

8.3 8.1 

C-ter. 

NH2 

7.76/7.19 - - - - - - 7.2 

 

 



164 
 

Figure 2: Partial ROESY spectra of P2. (A) Amide/aromatic region, (B) Amide/Aromatic-

Aliphatic region.  dNN and dN with differential  intensities are boxed.  So also Aromatics 

N Es to Aic methyl’s.   ost of these N Es were considered in making a computer energy 

minimized model of the peptide molecule.  

 

 

Figure 3 Up field chemical shifts of all amide protons with increasing temperature from 278 

K to 308 K. a) Temperature dependent 
1
H NMR spectra of peptide P1. b) Temperature 

dependent 
1
H NMR spectra of peptide P1. Spectra were recorded in 700 MHz spectrometer 

in CD3OH. 
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Figure 4 Energy minimized structures of P1 and P2 deduced from the NOEs in 2D NMR.   

5.3.3 FT-IR supports extended structures in P1and P2 

We further probed the characteristic signature of NH---O=C of P1 and P2 to understand the 

H-bond mediated aggregation using FT-IR. The IR spectra of P1and P2 in MeOH are shown 

in experimental section.  Peptides P1 and P2 displayed a sharp NH stretching vibration (νNH) 

at 3285 cm
-1

 and 3283 cm
-1

, respectively. These results support the involvement of amide 

NHs in the intermolecular H-bonding.  Further, the amide I and amide II bands, which are 

directly related to the backbone conformations, were found to be 1637 cm
-1

  and 1546  cm
-1

, 

respectively in P1 (Figure15).  Similarly, P2 also displayed amide I and amide II bands at 

1642 cm
-1

 and 1547 cm
-1

, respectively (Figure 16). The FT-IR values observed for P1 and P2 

are in close agreement with the values observed in the poly(Ala) infinite β-sheets.
16

 All these 

experimental evidences support the extended conformations of the two peptide.  
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5.3.4 Single crystal analysis of peptide P3 

The X-ray structure of the control peptide P3 was previously reported from our group
17b

 is 

shown in the Figure 5.  The peptide adopted right-handed helical conformations with 

consecutive 12-membered H-bonds [C=O (i)⋯H–N (i+3), 12-atom ring H-bonds. The 12-

helical conformation of peptide P3 is stabilized by six consecutive 1←4 [C=  (i)⋯H–N 

(i+3)] intramolecular H-bonds. Both C-terminal amide and N-terminal Ac-group are involved 

in the intramolecular H-bonds. Additionally, the crystal packing revealed that each helical 

peptide is interconnected with the other helical peptides in a head-to-tail fashion through four 

intermolecular H-bonds. Inspection of the crystal structure of P3 reveals that Aib residues 

adopted right handed helical conformations by having average ϕ and ψ values −58 ± 3° and 

−40 ± 5°, respectively. The dihedral angles of γ
4
-Phe residues were measured by introducing 

two additional variables θ1 (N–C
γ
–C

β
–C

α
) and θ2 (C

γ
–C

β
–C

α
–C). In contrast to the Aic 

residues, the stereochemical analysis of γ
4
-Phe residues in P3 reveals that they adopted 

gauche
+
, gauche

+ 
(g

+
, g

+
, θ1 ≈ θ2 ≈ 60°) local conformations about the C

β
–C

γ 
and C

α
–C

β
 

bonds. 

 

Figure 5 a) Single crystal structure of peptide P3. b) Top view of the peptide P3. c) 

Hydrogen bonding pattern observed of peptide in the crystal structure. 

 



167 
 

5.3.5 Hierarchical Self-Assembly of Peptides P1, P2 and P3  

The presence of multiple interactions such as CH-, - and H-bonds between the extended 

-sheet structures motivated us to investigate their hierarchical self-assemblies employing 

scanning electron microscopy (SEM). The SEM samples were prepared by dissolving 

peptides in methanol/water combination and drop-casted onto a SiO2/Si substrate, dried at 

room temperature. Remarkable monodispersed capsules were obtained in all methanol/water 

combinations, however, we found that 60:40 methanol/water best combination to get 

monodispersed assembled capsules. SEM analysis reveals the remarkable monodispersed 

vesicles of the peptides as shown in Figure 6a and 7a. Both P1 and P2 displayed hollow 

spheres with the diameter 100-600 nm (Figure 6a and 7a). These results demonstrate that 

both the peptides, irrespective of the sequential placement of amino acids, spontaneously self-

assembled into vesicles. To validate whether the observed vesicles are unique to P1 and P2, 

we subjected their constitutional isomer ,-hybrid peptide12-helix composed of Aib and 

Phe (P3) to the SEM analysis under identical conditions. The 12-helices displayed various 

three-dimensional marvelous polyhedrons (Figure 9) as a signature of its crystalline nature.
18

  

 To gain more information on vesicle superstructures the transmission electron microscopy 

(TEM) measurements were undertaken. The drop-casted solution of peptides on copper grids 

was slowly evaporated at room temperature and subjected to TEM analysis. The TEM images 

of P1 and P2 are shown Figure 6c and 7c.  The existence of the spherical entities with an 

average diameter of ~450 nm observed in the TEM are in good agreement with SEM images. 

It was found that the spherical structures showed a clear contrast between the interior and 

periphery, which is consistent with the typical characteristic of vesicular structures. The 

thickness of the vesicle structure was found to be around 66 nm. TEM images of the control 

P3 is shown in Figure 9d. We hypothesized that the multiple aromatic-aromatic and 

intermolecular hydrogen bonding existed between the extended -sheets are responsible for 

the formation of multilayer and subsequently this multilayer may transformed into vesicle 

like nanostructures. Further, we sought to investigate the morphology of the nanostructures of 

P1 and P2 using AFM (atomic force microscopy). The AFM studies reveal that the observed 

spherical structures of self-assembled peptides (Figure 6d and 7d) are consistent with the 

structures observed in SEM and TEM analysis.   To gain the further insight into the elemental 

composition of these vesicles, energy dispersive X-ray spectroscope (EDAX) was performed 
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(Figure 15). Elemental composition of carbon, nitrogen and oxygen found from the vesicles 

supported that the nanostructures are generated only from the hybrid peptides.  

In order to understand the self-aggregation behaviour and the size of the self-aggregate in 

solution, we carried out DLS (dynamic light scattering) analysis (Figure 8a and 8b). The DLS 

(1mg/mL) studies reveal that these peptides self-aggregates in solution with size distribution 

around 200-600 nm which is consistent with the SEM, TEM and AFM studies.   

 

 

Figure 6 a) SEM, images of vesicles from the hybrid peptides P1 (b,c) TEM images of 

peptide vesicles P1 d) AFM images of peptide vesicles P1. 
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Figure 7: a) SEM, images of vesicles from the hybrid peptides P2 (b and c) TEM images of 

peptide vesicles P1 d) AFM images of peptide vesicles P2. 

 

Figure 8  a) DLS data of self-assembled vesicles generated from peptide P1 b) DLS data of  

self-assembled vesicles generated from peptide P2 
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Figure 9  SEM images depicting the polyhedrons of the control ,-hybrid peptide 12-helix 

(a-c). d) TEM images depicting the polyhedrons of the control ,-hybrid peptide 12-helix. 

5.3.6 Effect of externals stimuli on capsular structure 

As both P1 and P2 displayed the remarkable monodispersed vesicles, we studied their 

stability against temperature, acidic and basic pH conditions as well as proteinase K. At 

acidic conditions (~pH 4) these nanostructures displayed bowl type morphology and at basic 

condition (~pH 9) these vesicles transformed to disc like morphology (Figure 10). To gain 

the knowledge regarding their stability against temperature, we drop casted the peptide 

solution on silicon substrate and heated up to 150 °C and recorded SEM images after cooling 

it to room temperature.  Instructively, SEM analysis reveals that there is no change in the 

gross morphology of the vesicles, suggesting that they are stable up to 150 °C (Figure 10). In 

addition, thermogravimetric analysis (TGA) reveals that there is no weight loss of the 

peptides up to 250 °C (Figure 14).   Additionally, we have also studied stability of vesicles 

against proteinase K, which is used to rupture the Phe-Phe nanotubes.
19

  The SEM results 

reveal that no change in the morphology of vesicles suggesting that they are stable against the 

protease (Figure 10).   
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Figure 10 SEM images of peptide vesicles of peptide P2 with different stimuli. a) At acidic 

condition;  b) Basic condition; c) After heating 100 
o
C;   d) After heating 150 

o
C;  e)  After 

treating with Proteinase K;  f) After treating with 6 equivalent of  Bu4NBr. 

 5.3.7 Encapsulation and Control release of small molecules  

As hybrid peptides P1 and P2 are composed of aromatic amino acids, we envisioned that the 

capsules formed by the P1 and P2 can be disrupted using cationic peptides. It is known that 

cation- interactions play a significant role in the protein-folding as well as protein-ligand 

(protein, peptide, small molecules etc.,) interactions.
20

 Instructively, we realized complete 

disruption of capsules after the interaction with cationic dipeptide Cbz-Lys-Lys-OMe, 

suggesting that cationic peptides can be used as a stimuli.  In addition, these capsules are also 

susceptible to Bu4NBr similar to the other vesicles.
21

 Stimuli-responsive self-assembled 
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nanostructures have been attracted considerable attention recently due to their promising 

applications including as drug delivery agents, biosensors, catalysts, etc.
7,8

 We envisioned 

that the cationic peptide mediated disruption of vesicles may be utilized to encapsulate and  

delivery of drugs, active substances  and small molecules. In this regard, we selected 

fluorescent carboxyfluorescein as a small molecule model for the investigation. The dye 

loaded capsules were prepared by mixing 0.1 mM carboxyfluorescein to freshly prepared 

solution of peptide capsules. After keeping it overnight, the solution was dialyzed. After the 

dialysis, the solution displayed no green fluorescence, which suggest the absence of free dye 

in the solution. The laser scanning confocal microscope (LSCM) reveal the green 

fluorescence emission from the nanostructures suggesting the encapsulation of dye 

molecules. The confocal microscape (LSCM) image of carboxyfluorescein encapsulated 

peptide P2 vesicles is shown in Figure 11a.  Further, The SEM (Fig 11b), DLS (Figure 11c) 

and TEM (Figure 11d) analysis showed that uniform size and morphology of the dye 

encapsulated peptide capsules.  

 

 

Figure 11 a) Confocal b) SEM, c) DLS data and d) TEM images of carboxyfluorescein 

encapsulated hybrid peptide P2 vesicles. 
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After confirming encapsulation of the fluorescent dye, we subjected capsules for the 

control release experiment using cationic dipeptide as an external trigger. The controlled 

release of dye upon addition of the peptide trigger was monitored using increase in the  

 

 

Figure 12 a) Gradual increase in the fluorescent intensity of the solution outside dialysis tube 

upon addition of 5 equiv of Cbz-Lys-Lys-OMe. b) Change in the emission intensity with 

increasing time along with the control without peptide stimuli. c) SEM and d) TEM images 

depicting the drastic change in gross morphology of vesicles after the addition of peptide 

trigger. e) Schematic representation of the formation of vesicles and cationic peptide 

triggered control release of fluorescent molecules. 
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fluorescence of the solution outside the dialysis tube. The control experiment was performed 

without addition of peptide stimuli. Results are shown in Figure 12a and 12b.  Peptide 

triggered controlled release of fluorescent dye was steadily continued up to 30 hr. Overall, 

these studies suggested that hybrid peptide vesicles can be used to encapsulate and control 

release of small molecules. To understand the morphology of vesicles after the release of 

encapsulated fluorescent molecules through external triggers, we subjected them for SEM 

and TEM analysis. The SEM and TEM images are shown in Figure 12c and Figure 12d, 

respectively.   The SEM and TEM analysis indicates the complete rupture of vesicles by 

cationic peptides. The schematic representation of the formation of vesicles and cationic 

peptide triggered control release of fluorescent molecules is shown in Figure 12e.  

5.4 Conclusion   

   In conclusion, in a sharp contrast to the 12-helical organization adopted by the ,-hybrid 

peptides, ,-hybrid peptides composed of alternating Aic and -Phe displayed extended 

structures. These conformationally biased ,-hybrid peptides spontaneously self-assembled 

into remarkable capsules due the presences multiple CH-, - and H-bonds between the 

extended structures. As revealed by the SEM, TEM, AFM and DLS analysis, these peptide 

vesicles were found to be monodispersed in shape and size. Under identical conditions, 

analogous ,-hybrid peptide 12-helix displayed polyhedron hierarchical assemblies.  Thus, 

the structure, orientation of side-chains play significant role in the supramolecular 

assemblies. These nanovesicles were found to be susceptible to cationic peptides, organic and 

inorganic salts. As a proof of concept, we showed the control release of encapsulated 

fluorescent molecules from peptides capsules using cationic peptide as trigger.  The 

hierarchical assembly of hybrid peptides into monodispersed capsules, their proteolytic and 

thermal stability, smooth encapsulation of small molecules and the control release reported 

here may pave way for the generation of new biomaterials for realistic applications. 
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5.5 Experimental Section 

Peptide Synthesis 

 The N-acetylated peptides were synthesized on a MBHA Knorr amide resin at 0.25 mmol 

scale by manual synthesis method. The peptide couplings were carried out in NMP by 

standard Fmoc protocol using HBTU/HOBt as coupling reagents. Fmoc deprotection was 

accomplished by a solution of 20% piperidine in DMF. N-acetylation of peptides was carried 

out using acetic anhydride/pyridine (1:9). Peptide cleavage from the resin was achieved by 

treatment of the resin with a mixture of trifluoroacetic acid (TFA)/ triisopropylsilane/water 

(90:5:5) for 2 h. The resin was filtered with additional TFA (5 mL) and concentrated. The 

crude peptide was then precipitated by cold diethyl ether (30 mL) and isolated by 

centrifugation. The precipitate was re-dissolved in 5 mL of 1:1 mixture of MeOH/H2O and 

then lyophilized to give a fine white solid. Then crude peptides were purified by reversed-

phase HPLC using C18 column (5 µm, 10 X 250 mm). The gradient applied was from 95% A 

to 95% B in 30 min; where A was water and B was methanol, at a flow rate of 2 mL/min. 

Pure fractions of peptide were collected by monitoring UV-Vis at 254 nm. Further, peptides 

were characterized by MALDI-TOF/TOF. 

Circular Dichroism (CD) Spectroscopy 

CD spectra were recorded using a JASCO J-815 spectropolarimeter fitted with a Peltier 

temperature controller. CD spectra were measured by dissolving peptide 1mg/mL in MeOH 

and then successively diluted to 0.5 mg/mL and 0.25 mg/mL at 20 °C. Temperature 

dependent experiments were performed from 20 to 80 °C at the rate of 1 °C /min for every 10 

°C interval.  

Size distribution analysis of peptide vesicles using DLS 

Mean diameter of the peptide vesicles in aqueous methanol solution was measured by 

dynamic light scattering (DLS) experiment using 90° scattering angle. Samples were 

prepared by dissolving 1mg/mL of peptide in 6:4 MeOH / H2O.  

SEM, TEM, AFM study SEM  

sample were prepared by deposing peptide solution (4µL, 1mg/mL in 6:4 MeOH / water) on 

SiO2/Si substrate, dried at room temperature and imaged it. Before each and every 
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experiment, fresh solutions have been made (for P3 immediately drop casted the solution 

onto a SiO2/Si substrate to avoid the aggregation).  

Similarly TEM sample were prepared by deposing peptide solution (4µL, 1mg/mL in 6:4 

MeOH/water) on cupper grid, dried at room temperature and imaged it. For AFM, samples 

were drop casted on mica, dried at room temperature and imaged. 

Effect of physical, chemical and enzyme stability on vesicle morhology 

To test pH sensitivity of the vesicles, we made vesicle solution acidic and basic by adding 

TFA and conc NaOH, respectively and imaged it. For thermal stability we drop casted vesicle 

solution onto a SiO2/Si substrate and kept it in the oven at different temperatures and imaged 

it.  The resistance to enzymatic proteolysis of vesicles was investigated by treating them with 

proteinase K.  Proteinase K solution was prepared by dissolving 0.4 mg enzyme in 1 mL 60% 

methnol/ water and added to the vesicle  solution. In order to maintain the proteolytic activity 

of proteinase K, the solution was incubated for 24 hours at 37 °C. For thermogravimetric 

analysis (TGA), vesicles solution was lypholized and TGA was carried out on a Perkin Elmer 

STA 6000 simultaneous thermal analyzer. The sample was heated in an alumina crucible at a 

rate of 5 °C min
–1

. 

Carboxyfluorescein encapsulation study  

1.3 mM carboxyfluorescein solution was added to the peptide vesicles solution to make the 

final concentration 0.1 mM and then kept it over night and dialyzed . 

Procedure for fluorescent leakage study  

Peptide vesicles (200 µL) loaded with carboxyfluorescein was sealed in dialysis membrane 

and then 200µL of 5 mM solution of cationic dipeptide in water was added. This dialysis bag 

was suspended in agitating methanol /water solution.  Further, 300µL aliquot of suspension 

medium was timely collected and quantification of released carboxyfluorescein was carried 

out. 

Fluorescence measurement  

Fluorescent measurement experiments were carried out using FluoroMax-4 HORIBA 

fluorimeter, with 492 nm excitation and 500-650 nm emission range using 2/2 slit and 1 nm 
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data interval. The 300 µL aliquots obtained from leakage assay were diluted to 200 µL with 

methanol.  

Laser Scanning Confocal Microscopy Experiments.  

Carboxyfluorescein entrapped vesicles solution was drop casted on a glass slide, dried and 

then imaged using OLYMPUS ZX81 laser scanning microscopy. 

 NMR  

NMR spectra were recorded on 700 MHz spectrometer in CD3OH solvent.  Nearly  3mM 

peptide concentrations were used.  Temperature were maintained at 278K to move away 

residual water signal away from C

 proton signals and the water suppression power had 

minimal effect on nearby peptide resonances.  Resonance assignments were carried by using 

TOCSY
1
 and ROESY

2
 spectra.  All 2D spectral widths were 12 ppm with 2048 x 512 time 

domain points in t2 and t1 domains respectively. Data set was zero filled to 4K x 2K before 

Fourier transformation. A mixing time of 100ms and 250ms were used for TOCSY and 

ROESY spectrum respectively. All NMR data were processed offline using TOPSPIN 

version 2.1 software.  Scalar coupling (J) values were directly measured from high resolution 

1D recording. Amide proton temperature coefficients (d/dT) were measured by recording 

1D experiment at definite intervals of 10 degrees (K) in the temperature range of 278-318K.   

Conc dependent NMR spectra were recorded on 500 MHz spectrometer in CD3OH solvent. 

Modeling   

A computer model was generated using discover studio version 3.5 software based on NMR 

data.  The dihedral angles  and were maintained at near extended values based on 
3
JNHC


H 

values and observation of weak dNN and relatively strong dN NOEs.  The 1 and 2 dihedrals 

for the Aic residues were fixed at gauche (g) and trans (t) values so that it agree with the 

observed NOE pattern. The resultant structure was energy minimized with Powell-Reeves 

Conjugate Gradient (PRCG) method (Macro Model 10.3) using OPLS2005 force-field. The 

final structure matched with all NMR parameters. 
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5.5.1 CD spectra of the peptides P1, P2 and P3 

 

 

Figure 13: CD signature of peptides P1, P2 and P3 in methanol.  
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 5.5.2 TGA curve of the peptide P1 and P2 

Figure 14 (A,B) Thermogravimetric thermograms of peptide P1  and P2 showing high 

thermal stability. 
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  5.5.3 EDAX analysis of peptides P1, P2 and P3 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 A) EDAX analysis of peptide P1; B) EDAX analysis of peptide P2; C) EDAX 

analysis of peptide P3. 
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5.5.4 FT-IR spectrum of peptides P1 and P2 

 

 

Figure 15 FT-IR spectrum of peptide P1 recorded using 1 mg/mL in methanol water mixture 

(6:4)  
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Figure 16. FT-IR spectrum of peptide P2 recorded using 1 mg/mL in methanol water mixture 

(6:4)  
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5.7 Appendix I: Mass spectra and 
1
H NMR for the peptides P1 and P2 
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Chapter 6 

Ambidextrous α,-Hybrid Peptide Foldamers 

with Reversal of Helix Directionality 
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6.1 Introduction 

Helicity is the most common structural feature associated with many kinds of molecules 

including biopolymers.
1 

As proteins are exclusively built from L-amino acids, this 

stereochemical bias is reflected in their strong preference to right-handed (P) helices over the 

left-handed (M) helices. Nevertheless, a recent systematic survey of protein crystal structures 

revealed the presence of short left-handed helices.
2
 Along with helices from chiral amino 

acids, significant efforts have been made in the literature to build helices completely from 

achiral amino acids such as Aib and its higher dialkyl substituted analogues.
3,4

   Due to their 

intrinsic conformational restriction, Aib residues ( ~ 60 and  ~  30) invariably 

promote helical conformations. This helix nucleating property of Aib has been widely 

explored to design - and 310-helices. The helices constructed entirely from achiral Aib 

residues have shown to adopt both (P)-and (M)-helices. Experimentally characterized -

helix, 310-helix and racemic right- and left-helices containing Aib residues are shown in 

Figure 1. 
 

 

Figure 1 Examples of experimentally characterized helical α-peptide sequence incorporated 

with Aib amino acid a) 310 helix Boc-(Leu-Aib-Ala)2-Phe-Aib-OMe,
3p

 b) α-helix initiated 

with 310 helix Boc-Aib-Trp-(Leu-Aib-Ala)-Phe-Aib-OMe.
3p

 c) Poly Aib peptide, Cbz-Aib6-

N(Me)Ph.
3q
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Compared to the limited set of -peptide helices, foldamers composed of unnatural β- and -

peptides uncovered various helical types with the distinct intramolecular H-bonding 

pattern.
5,6

 Instructively, the majority of β- and -peptides foldamers showed H-bonding 

between 14 residues, similar to the 310-helices. Moreover, foldamers composed of 

complete achiral β- and -amino acids have not been scrutinized as that of corresponding 

chiral amino acids. Nonetheless, Seebach and colleagues demonstrated a stair-like 8-helices
7
 

and uncommon extended sheets from the oligomers of ,-dialkyl β- amino acids.
8
  In 

continuation, Balaram and colleagues showed 9-helical (13, H-bonds) conformations from 

the oligomers of achiral 3,3-dialkyl substituted -amino acid gabapentin (gpn),
9
 and 12- 

helices (14, H-bonds) from achiral hybrid peptides composed of Aib and gabapentin ( 

Figure 2a).
10 

 

   

Figure 2 a) The crystal structures of 12-helix for the octapeptides Boc-Gpn-Aib-Gpn-Aib-

Gpn-Aib-Gpn-Aib-OMe.
7i

 b) The crystal structures of 12-helix of Boc-Aib-Aic-Aib-Aic-Aib-

Aic-Aib-OMe.
12

 c) The crystal structures of 15/17-helix of Boc-Aib-Aic-Aib-Aic-Aib-Aic-

Aib-Aic-Aib-NHMe
12

 

  In a sharp contrast to the 310-helices of Aib oligomers, the double homologated Aib (4,4-

dimethyl substituted -amino acid, Aic, ) oligomers have shown to adopt extended sheet type 
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conformations and spontaneously self-aggregates into fibers.
11

 In the Chapter 3 and 4  we 

showed the different types of helical structures available to the α,γ-hybrid peptides consisting 

of Aic residues.  The 1:1 combination of Aic with helix inducing Aib in 1:1 alternating ,-

hybrid peptides showed the co-existence of 15/17-helices (15 H-bonds) and 12-

helices(14 H-bonds) in single crystals,
12

  analogous to the - helix (15 H-bonds) and 310-

helices(14 H-bonds)  of -peptides (Figure2c, 2b). In addition, we have shown the mixed 

helices and extended sheet types structures in α,γ-hybird peptides composed natural α-amino 

acids and Aic residues in the Chapters 4 and 5, respectively. The unique structural features of 

α,γ-hybrid peptides containing 4,4-gem-dimentyl substituted γ-amino acids motived us 

examine the structural features of 3,3-gem-dimethyl substituted γ-amino acids in α,γ-hybrid 

peptides. 

6.2 Aim and rationale of the work 

The remarkable structural features of hybrid peptides composed of 4,4-dimethyl -amino 

acid, motivated us to examine the impact of dimethyl substitutions at the β-position on -

residues (4-amino-3,3-dimethyl butanoic acid, Adb) and their folding behavior in ,-hybrid 

peptides. In this chapter, we have designed, synthesized and studied the conformational 

properties of various α,γ-hybrid peptides composed of sterically constrained α-amino acids 

and Adb.  

6.3 Result and discussion 

6.3.1 Peptide design and synthesis 

The sequences of achiral ,-hybrid peptides (P1-P4) under investigation is shown Scheme 1.  
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Scheme 1 Sequences of ,-hybrid peptides  

The 3,3-dimethyl -amino acid was synthesized in excellent yield through the Michel 

addition of nitromethane
13

 to 2,2-dimethyl ethyl acrylate, and subsequent transformation of 

nitro into amine by catalytic hydrogenation.  The schematic representation of the Adb 

synthesis is shown in the Scheme 2. Synthetic details and characterization of Boc-Adb are 

given in the experiment section. 

 

Scheme 2: Synthesis of N- Boc protected 3,3-dimethylbutanoic acid (Adb) 

All hybrid peptides were synthesized in solution phase chemistry using EDC/HOBt as 

coupling agents and purified through reverse phase HPLC. As crystal structures provide 
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unambiguous conformational behaviour of peptides, we subjected all peptides in the Scheme 

1 to crystallization.  Initially, the octapeptide P1 was designed to understand whether this 

peptide can adopt 12- or 15/17- helix similar to its Aib/Aic analogues.
12

 To facilitate the 

crystallization, we used pentafluorobenzyl ester of Adb at the C-terminus. Based on the 

structural properties of P1 other peptides were designed and synthesized. The structural 

details of P1 in single crystals are given below.  

6.3.2 Crystal structure analysis of peptide P1  

Single crystals of P1 obtained in aqueous MeOH solution yield an interesting structure shown 

in Figure 3a. The local conformation of Adb residues is described by the backbone torsion 

angles (N-C

), θ1(C


-C

β
), 2(C

β
-C


) and (C


-C=O). The torsion angles of Aib and Adb 

residues are given in the Table 1. Notably, P1 adopted an uncommon helix conformation with 

the co-existence of left- and right-handed helical screw sense, along with a remarkable 

reversal of helix directionality at the C-terminus. The structure adopted by the peptide P1 

representing a phenomenon observed in macroscopic “tendril perversion”.
14

 This type of 

opposite screw sense is a subject of interest, and the co-existence of left- and right-handed 

helical screw sense is rather unusual in peptide foldamers. Recently, Clayden and colleagues 

trapped tendril perversion in molecular level by introducing opposite chiral amino acids at the 

N- and C-terminus of a helix composed of achiral Aib oligomers.
15

 The crystal structure 

analysis of P1 reveals three interesting features; the two N-terminus residues adopted a left-

handed helix screw sense, while middle five residues adopted a right-handed helix screw 

sense, and finally, the C-terminal Adb ester adopted a left-handed conformation with reversal 

helix directionality. 
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Figure 3 X-ray structure of peptides a) P1 and b) P2. The left- and right-handed helical 

conformations are highlighted in yellow and cyan, respectively. The helix terminating C-

terminal Adb esters are highlighted in green.   Top view of P1 and P2 are shown in c) and d), 

respectively.  The top views provided a clear distinction of left and right handed helical 

conformations; e) Chemical structure of P1 depicting left- and right-handed helical screw 

sense, and Schellman motif signature along with the intramolecular H-bonds.  
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Table 1 Torsional Angle Parameters of P1 

α, γ - 

hybrids 

ϕ θ
1
 θ

2
 ψ ω 

Aib 1 56 - - 36 174 

Adb 2 114 -56 -76 90 -174 

Aib 3 -59 - - -35 -175 

Adb 4 -126 57 55 -111 -170 

Aib 5 -56 - - -41 -172 

Adb6 -126 52 63 112 -173 

Aib 7 -59 - - -44 -167 

Adb 99 59 176 169  

 

Table 2 Hydrogen Bond Parameters of P1 

                                                     Intramolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….  

(deg) 

N3 O3 2.83 2.11 141 

N3 O2 3.87 3.19 137 

N5 O4 2.82 2.13 161 

N6 O5 2.89 2.06 160 

N7 O6 2.83 2.10 163 

N8 O7 2.85 2.04 159 

                                    

 Intermolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A         

(Å) 

 NH….  

(deg) 
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N1 O8 3.03 2.21 160 

N2 O9 3.08 2.23 170 

 

The hydrogen bond parameters of P1 are tabulated in the Table 2. The N-terminus left-

handed helix is stabilized by a weak 12-membered H-bond between Boc CO and Aib3NH 

(i i+3 ) as well as a nine membered H-bond between the Aib 1CO and Aib3 NH (ii+2). 

Interestingly, Adb4 NH does not participate in the canonical H-bonding, and this type of non 

H-bonding partners have been observed at the junction of left- and right-handed helical 

fusion.
15,16

 The right-handed helix observed from the residues Aib3 to Aib7 is stabilized by 

12-membered H-bonds (12-helix) between the residues i and i+3, which is the most stable 

helix conformation observed in the ,-hybrid peptides composed of 
4
-amino acids.

17
 In 

contrast to the gauche (g)  and extended (t) conformations along C

-C

β
 and C

β
-C


 bonds 

adopted by the Aic residues in a 12-helix,
12

 the Adb residues have adopted g, g 

conformations similar to 
4
-residues.

16
 The C-terminal Adb ester adopted a left-handed helix 

conformation with reversal of helix direction. Instructively, the torsion variables 2 and  

(C
β
-C


-C( )’-O] adopted extended conformation. In addition, the C-terminal twist is 

stabilized by a 15 membered C-H···O H-bond between Aib6 CO and C

H of Adb8 [C-H···O 

dist. 2.43Å and  C-H···O is 125]. The C-terminal helix reversal of P1 is representing a 

Schellman motif observed in protein structures.
18

 Schellman noted that helices in proteins are 

often terminated at the C-terminal residue by adopting a left-handed conformation.  It is 

pertinent to note that the helix terminating residue is invariably achiral Gly and less 

frequently Asn. Similar type of helix termination is often observed in synthetic -peptide 

helices containing C-terminal Aib esters.
19

 We speculated that the C-H···O H-bond observed 

at the C-terminus of P1 and the intermolecular head-to-tail H-bonds between the helices in 

the crystal packing may be responsible for the helix termination. The unusual structural 

information obtained from the peptide P1 motivated us to synthesize peptide P2 with n-

heptanol ester at the C-terminus.  The structural analysis of P2 is given below.  

6.3.3 Crystal structure analysis of peptide P2  

The unusual left- and right-handed helical screw sense along with the Schellman motif type 

helix reversal motivated us to design peptide P2 and examine whether the observed structure 
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is unique to P1 or it can persist across other , -hybrid peptides of achiral Aib and Adb.  In 

P2, we chose to incorporate n-heptanol ester of Adb to understand the helix reversal is not 

due to the aromatic -staking as well as to verify whether the n-alkane can also fold back 

towards the helix. Single crystals of P2 grown in aqueous methanol solution yield the 

structure shown in Figure 3b. Similar to P1, P2 adopted a rare helical conformation 

associated with left- and right-handed helix screw sense. The first two residues adopted the 

left-handed helix conformation, stabilized a weak 12-membered H-bond between Boc CO 

and Aib3 NH and a strong nine membered H-bond between Aib 1 CO and Aib 3 NH. As 

observed earlier, Adb4NH does not participate in the canonical intramolecular H-bonding. 

The torsional angles and H-bond parameters are tabulated in the Table 3 and Table 4. 

Residues from Aib 3 to Aib7 adopted a right-handed 12-helix conformation with similar 

torsion variables as observed in P1 (Table 3). As anticipated, the C-terminal Adb ester 

displayed a Schellman motif type helix terminating property. Interestingly, the n-heptane 

chain fold back towards N-terminus of the helix. In addition, the C-terminal helix reversal is 

stabilized by a 15 membered C-H···O H-bond between Aib6 CO and C

H of Adb8 [C-H···O 

dist. 2.49 Å and C-H···O is 149]. The conformational analysis of n-heptanol ester reveals 

that except C1-C2, other C-C bonds assumed antiperiplanar conformation. The C1-C2 and 

ester C-O bonds adopted gauche and anticlinal conformations, respectively.  

Table 3 Torsion Angle (in degree) Parameters of P2  

α, γ - 

hybrids 

ϕ θ
1
 θ

2
 ψ ω 

Aib 1 57 - - 37 177 

Adb 2 125 -56 -66 97 -167 

Aib 3 -60 - - -39 -177 

Adb 4 -125 59 55 -115 -160 

Aib 5 -56 - - -39 -171 

Adb 6 -133 54 59 -106 -176 

Aib 7 -56 - - -47 -178 

Adb 106 65 -177 109  
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Table 4: Hydrogen Bond Parameters of P2  

Intramolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….  

(deg) 

N3 O3 2.99 2.59 110 

N3 O2 3.29 2.48 157 

N5 O4 2.91 2.07 167 

N7 O6 2.97 2.13 166 

N8 O7 2.85 2.01 169 

 

Intermolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A         

(Å) 

 NH….  

(deg) 

N1 O8 2.87 2.18 164 

N2 O8 2.90 2.09 158 

 

6.3.4 Solution NMR structure of peptide P1 

 Inspired by the unusual conformation behaviour of the two peptides in single crystal, we 

thought to investigate the solution structure of peptide P1 employing 2D NMR (TOCSY and 

ROESY) technique to understand whether similar type of conformation exists in solution or 

not. The well dispersed 
1
H NMR spectrum of peptide P1 in CDCl3 suggested an ordered 

structure in solution. The TOCSY spectrum of P1 is shown in Figure 4.  The analysis of the 

ROESY spectrum revealed that strong NHNH NOEs between Aib-NH(i) and -NH(i+1) 

and weak NOEs between -NH(i) and -NH(i+1). Along with the sequential NHNH, 
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strong NOEs between

CH2(i-1) and Aib-NH(i) were also found (Figure 5-8)). Furthermore, 

DMSO titration experiments revealed that all amide NHs (except the N-terminal BocNH) 

displayed negligible changes in their chemical shifts, thus suggesting their involvement in the 

intramolecular H-bonding (Figure 9). Using NOEs constrained and H-bonding restrains, the 

solution structure of peptide P1 was generated and the superposition of ten lowest energy 

structures is shown in the Figure 10.  Being achiral, peptide P1 adopted both right and left 

handed conformations in solution. The average torsion angles measured  using solution 

strcutres of P1 are tabulated in the Tables 5 and 6.  

 

 

Figure 4 TOCSY spectrum of peptide P1 (5 mM) in CDCl3. 
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Figure 5 Partial ROESY spectrum of P1 (5 mM) in CDCl3 showing NH↔NH N Es. 

 

Figure 6 Partial ROESY spectrum of P1 (5 mM) in CDCl3 showing NH↔NH N Es. 
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Figure 7 Partial ROESY spectrum of P1 (5 mM) in CDCl3 showing NH↔NH N Es. 

 

 

Figure 8 Partial ROESY spectrum of P1 (5 mM) in CDCl3 showing AibNH↔

CH2 NOEs. 
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Figure 9 Solvent dependence of  NH chemical shifts of peptide P1 at varying concentrations 

of (CD3)2SO. 

 

Figure 10 Solution conformations of peptides P1, a) right-handed conformation, b) left-

handed conformation 
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Table 5 Dihedral angles (in degrees) measured from the minimized lowest energy 

conformation of Right handed helix sampled from simulation 

Residue φ θ1 θ2 ψ 

Aib(1) -57   -42 

Adp(2) -128 59 52 -112 

Aib(3) -52   -49 

Adp(4) -123 53 57 -116 

Aib(5) -56   -41 

Adp(6) -129 51.4 62.9 -103 

Aib(7) -57   -42 

Adp(8) 150 -51.9 -63.9 75.6 

 

Table 6 Dihedral angles (in degrees) measured from the minimized lowest energy 

conformation of Left handed helix sampled from simulation 

Residue φ θ1 θ2 ψ 

Aib(1) 54   49 

Adp(2) 122 -60 -53 116 

Aib(3) 55   47 

Adp(4) 124 -51 -60 113 

Aib(5) 52   48 

Adp(6) 131 -54 -60 113 

Aib(7) 63   27. 
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6.3.5 Solution NMR structure of peptide P3 

Inspired by the co-existence of opposite helix screw sense and helix terminating property, we 

sought to investigate whether this property can be explored to design Schellman loops. The 

helix-Schellman loop-helix structures are often found in proteins.
18

 We hypothesize that 

instead of alkyl or aryl esters, if the C-terminal Adb is esterified with peptide alcohols it may 

be possible to design Schellman loops. In this context,  peptide P3 was designed (Scheme 1). 

We chose Boc-Val-Val-ol (dipeptide alcohol) for the C-terminal esterification. As peptide P3 

did not yield X-ray quality single crystals, we subjected the peptide to 2D NMR analysis in 

CDCl3. The analysis of ROESY spectrum of P3 revealed strong NHNH NOEs between 

Aib1Adb2, Aib5Adb6, Aib7Adb8 and Val9Val10, and weak NHNH NOEs 

between Aib2Adb3 and Adb4Aib5. In addition, medium NOEs between 

Aib3NHC

HAdb2, Aib5NHC


HAdb4, Aib7NHC


HAdb6, and strong 

Aib3NHC

HAdb2, Aib5NHC


HAdb4, Aib7NHC


HAdb6, and Val9NHC


H 

Val10, and a weak NOE between Val 9NHC

HAdb 8 were also observed (Figure11 and 

Figure12). Further, the DMSO titration studies suggested that except the N-terminus Aib1 

and Adb 2 NHs, no pronounced chemical shift variation is observed in other amide NHs9 

(Figure13). It is fairly surprising that the amide NHs of Val-Val residues are also not exposed 

to solvent, indicating their involvement in the intramolecular H-bonding. Using unambiguous 

NHNH and other NOEs, the solution structure of P3 was generated and the superposition 

of ten lowest energy minimized structures is shown in Figure 14. Instructively, the peptide 

adopted a continuous right-handed 12-helix conformation up to Aib 7. The C-terminal Adb 

adopted a left-handed helical conformation. Intriguingly, the Val9 and Val10 NHs are 

involved in the bifurcated H-bonds with Aib7CO. The average torsion values of NMR 

derived structures are given in the Table 7. Overall, the structure of P3 resembling a helix-

Schellman loop conformation observed in the protein structures.
17 
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Figure 11 Partial ROESY spectrum of P3 (5 mM) in CDCl3 showing NH↔NH N Es. 

 

Figure 12 Partial ROESY (overlay with TOCSY, cayn ) spectrum of P3 (5 mM) in CDCl3 

showing NH↔

CH2 NOEs of Adp and  NH↔

α
CH NOEs of valine. 
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Figure 13 Solvent dependence of NH chemical shifts of the peptide, P3, at varying 

concentrations of (CD3)2SO. 

 

Figure 14: Solution NMR structures of peptide P3, a) 10 assembled structure and b) Low 

energy minimized structure.  
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Table 7 Backbone torsion angles (in degree) from the minimized lowest energy conformation 

of peptide P3 sampled from simulation  

Residue φ θ1 θ2 ψ 

Aib(1) -57.63   -39.90 

Adp(2) -125.24 60.54 51.26 -113.98 

Aib(3) -53.90   -47.68 

Adp(4) -125.19 52.67 59.35 -113.52 

Aib(5) -53.44   -50.89 

Adp(6) -125.61 52.69 60.80 -120.88 

Aib(7) -65.11   -37.87 

Adp(8) 96.33 -179.02 57.74 68.98 

Reduced Val(9) 65.11   58.83 

Val(10) -80.51   -18.40 

 

6.3.6 Crystal structure of peptide P4 

To realize the helix-Schellman loop type conformation of ,-hybrid peptides in single 

crystals and to support the solution structure of P3, we synthesized several ,-hybrid 

peptides from hexa to octapeptides composed of achiral amino acids with Boc-Val-Val-ol 

ester of C-terminal Adb. Among all the peptides synthesized, the hexapeptide P4 (Scheme 1) 

composed of alternating Ac6c and Adb yield X-ray quality crystals in aprotic CHCl3. The X-

ray structure of P4 is shown in Figure 15. First three residues of P4 adopted a left-handed 12-

helix conformation, while the C-terminal Adb4 adopted a right-handed helical conformation. 

The torsion angles of Ac6C and Adb residues are given in the Table 8. The H-bond parameters 

are tabulated in the Table 9. Structural analyses reveal that the C-terminus Boc-Val-Val 

dipeptide ester adopted a semi-extended type conformation. Notably, the carbonyl of Ac6c3 

participates in three-center H-bonds with amide NHs of Val5 (24) and Val6 (14) 
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involving 12 and 15 membered pseudocycles, respectively. Interestingly, the concavity 

induced at the site of bifurcated H-bonds is occupied by the solvent CHCl3. The crystal 

structure of P4 is mimicking helix-Schellman loops in protein structures, and in complete 

agreement with the solution structure of P3. Moreover, the helix terminating property of Adb 

esters was  found to be persistent across the Aib/Adb hybrid peptide foldamers. 

 

Figure 15 X-ray structure of peptide a) P1 and b) Top view of P1 

Table 8: Torsion Angle Parameters of P4 (in degree) 

α, γ - hybrids ϕ θ1 θ2 ψ ω 

Ac6 1 53 - - 46 175 

Adb 2 120 -57 -62 120 172 

Ac6 3 61 - - 40 176 

Adb 4 -106 63 80 -44 - 

Val 5 -61 - - -102 169 

Val 6 -47 - - -74 178 
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Table 9: Hydrogen Bond Parameters of P4 

Intramolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A 

(Å) 

NH….  

(deg) 

N3 O2 2.96 2.11 169 

N4 O3 2.80 1.97 163 

N6 O5 2.88 2.26 129 

N5 O5 3.11 2.28 163 

 

Intermolecular H-bonds 

Donor 

(D) 

Acceptor 

(A) 

D….A 

(Å) 

DH….A          

(Å) 

 NH….  

(deg) 

N1 O9 2.96 2.12 162 

N2 O8 2.94 2.11 160 

 

6.4 Conclusion  

In summary, we have demonstrated the unique folding properties of achiral ,-hybrid 

peptides composed of Aib and Adb. The two octapeptides (P1 and P2) have shown to adopt 

helical conformations with opposite chirality, along with the helix terminating property at the 

C-terminal Adb esters. Accommodation of three different structural features in a single 

peptide foldamer is unprecedented. The Schellman motif type helix reversal is consistent 

across the hybrid peptides studied. The stabilization of the Val-Val dipeptide through three 

center H-bonds resembling the Schellman loops in protein structures. The study further 

reveals that the position of dialkyl substitutions on -amino acids has a major impact on the 

folding properties of -peptide foldamers and also induces fragility into the 12-helix 
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conformations of ,-hybrid peptides. More importantly, the role of protic solvents in the 

induction of opposite chirality within the helix cannot be ruled out. Overall, the simple 

chemistry of amino acid synthesis and the unique structural properties of ,-hybrid peptides 

presented here can be further explored to design novel foldamers.   

6.5 Experimental section 

General details 

 All amino acids, Ethyl 3,3-dimethylacrylate, nitro methane, Pd/C, TFA, EDC, HOBt, 

DIEPA, were commercially available. DCM, DMF, ethyl acetate and pet-ether (60-80 °C) 

were distilled prior to use. Column chromatography was performed on silica gel (120-200 

mesh). Final peptides were purified on reverse phase HPLC (C18 column, MeOH/H2O 70:30-

95:5 as gradient with flow rate 2.5 mL/min). 
1
H NMR and 

13
C NMR spectra were recorded 

on 400 MHz and on 100 MHz respectively, using residual solvent signal as internal standards 

(CDCl3). Chemical shifts (δ) reported in parts per million (ppm) and coupling constants (J) 

reported in Hz. Mass spectra were recorded using MALDITOF/TOF and HRMS Electron 

Spray Ionization (ESI). 

NMR spectroscopy 

 All NMR studies were carried out by using either 400 or 600 MHz spectrometers.  

Resonance assignments were obtained by TOCSY and ROESY analysis. All two-dimensional 

data were collected in phase-sensitive mode by using the time-proportional phase 

incrementation (TPPI) method. Sets of 1024 and 512 data points were used in the t2 and t1 

dimensions, respectively. For TOCSY and ROESY analysis, 32 and 72 transients were 

collected, respectively. A spectral width of 6007 Hz was used in both dimensions. A spin-

lock time of 200 and 250 ms were used to obtain ROESY spectra. Zero-filling was carried 

out to finally yield a data set of 2 K × 1 K. A shifted square-sine-bell window was used 

before processing. 

Molecular Dynamics (MD)  

Structure calculation was done using a simulated annealing protocol in vacuum using 

DESMOND and OPLS 2005 force field with NOE and dihedral constraints. A fully extended 

peptide molecule (all backbone dihedral angles were kept to be 180˚) was kept in 

orthorhombic simulation cell of dimensions 40.96*66.43*32.40 Å. The upper limit for 
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distance was kept at 3 Å and 4 Å for strong and medium NOEs. All the lower distance limits 

were taken to be 1.8 Å. 1 Kcal/Mol force constant was used for all the constraints. NOE 

potentials (appropriate for treating ambiguous NOE assignments) used are having the 

following form, 

ENOE = fc * (lower - d)
2
, if d < lower; 

ENOE = 0, if lower <= d <= upper; 

ENOE = fc * (upper - d)
2
, if upper < d <= upper + sigma; 

ENOE = fc * (a + beta * (d - upper) + c / (d - upper)), if d > upper + sigma; 

where d is the distance and fc is the force constant. 

  Values of sigma and beta used in the calculation are 0.5 and 1.5 respectively. The values a 

and c are determined automatically such that potential is continuous and differential 

everywhere. 

Before production run simulation, a default NVT relaxation was done as implemented in 

DESMOND. NVT ensemble was used for the production run simulation. Berendsen 

thermostat with a relaxation time of 1 ps was used.  A RESPA integrator was used in which 

for all the bonded interactions and near nonbonded interactions a time step of 1 fs was used 

and far nonbonded interaction time step of 3 fs was used. A cutoff of 9 Å was used for short 

range electrostatic interactions. A smooth particle mesh ewald method was used for treating 

long range electrostatic interactions. Simulated annealing was done in 6 stages. First stage 

consist simulation for 30 ps at 10 K. In the second stage, temperature was linearly increased 

to 100 K till 100 ps. In the third stage, temperature was linearly increased to 300 K till 200 

ps. In the fourth stage, temperature was linearly increased to 400 K till 300 ps. In the fifth 

stage, temperature was maintained at 400 k till 500 ps. In the sixth stage, temperature was 

linearly decreased to 300 K till 1000 ps and maintained at 300 k till 1200 ps. 20 minimum 

energy structures were taken from the trajectory between 1000 ps and 1200 ps. The lowest 

energy structure from the trajectory between 1000 ps and 1200 ps was taken and minimized 

using a steepest descent method using a convergence gradient threshold of 0.05 kcal/mol/Å. 

6.5.1 Crystal structure information 

Crystal structure analysis of P1 
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 Crystals of peptide were grown by slow evaporation from a solution of aqueous methanol. A 

single crystal (0.24 × 0.09 × 0.12 mm) was mounted on loop with a small amount of the 

paraffin oil. The X-ray data were collected at 100K temperature on a Bruker APEX(II) DUO 

CCD diffractometer using Mo Kα radiation (λ = 0.71073 Ǻ), ω-scans (2θ = 56.804), for a 

total of 15327 independent reflections. Space group P-1, a = 12.4211(17), b = 14.978(2), c = 

18.010(2), α = 86.938(3), β = 72.999(3),  = 73.465(3),V = 3070.1(7)Ǻ3
, triclinic, Z = 2 for 

chemical formula C53 H86 F5 N8 O12, with one molecule in asymmetric unit; ρcalcd = 1.214 g 

cm
-3

, μ = 0.096 mm
-1

, F (000) = 1280, The structure was obtained by direct methods using 

SHELXS-97.
1 

The final R value was 0.0611 (wR2 = 0.1421) 4923 observed reflections (F0 ≥ 

4σ (|F0|)) and 558 variables, S = 0.895.The largest difference peak and hole were 0.474 and -

0.506eǺ
3
, respectively.CCDC No 1535091 

Crystal structure analysis of P2  

Crystals of peptide were grown by slow evaporation from a solution of aqueous methanol. A 

single crystal (0.34 × 0.06 × 0.18 mm) was mounted on loop with a small amount of the 

paraffin oil. The X-ray data were collected at 100K temperature on a Bruker APEX(II) DUO 

CCD diffractometer using Mo Kα radiation (λ = 0.71073 Ǻ), ω-scans (2θ = 57.728), for a 

total of 16084 independent reflections. Space group P-1, a = 13.932(10), b = 14.137(10), c = 

17.651(14), α = 103.854(18), β = 100.946(19),  = 108.442(17),V = 3066(4)Ǻ3
, triclinic, Z = 

2 for chemical formula C53 H93 N8 O12, with one molecule in asymmetric unit; ρcalcd = 1.120 

g cm
-3

, μ = 0.079 mm
-1

, F (000) = 1342, The structure was obtained by direct methods using 

SHELXS-97.
1 

The final R value was 0.1173 (wR2 = 0. 0.2192) 5639 observed reflections (F0 

≥ 4σ (|F0|)) and 679 variables, S = 1.128.The largest difference peak and hole were 0.295 and  

-0.445 Ǻ
3
, respectively. CCDC No 1535092 

Crystal structure analysis of P4  

Crystals of peptide were grown by slow evaporation from a solution of chloroform. A single 

crystal (0.31 × 0.04 × 0.20 mm) was mounted on loop with a small amount of the paraffin oil. 

The X-ray data were collected at 100K temperature on a Bruker APEX(II) DUO CCD 

diffractometer using Mo Kα radiation (λ = 0.71073 Ǻ), ω-scans (2θ = 57.14), for a total of 

15677 independent reflections. Space group P 21, a = 11.261(3), b = 20.461(5), c = 

14.368(4),  = 108.903(6),V = 3132.1(14)Ǻ3
, monoclinic, Z = 2 for chemical formula C47 H85 

Cl3 N6 O13, with one molecule in asymmetric unit; ρcalcd = 1.112gcm
-3

, μ = 0.202mm
-1

, F 
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(000) = 4599, The structure was obtained by direct methods using SHELXS-97.
1 

The final R 

value was 0.1173 (wR2 = 0. 0.2310) 6854 observed reflections (F0 ≥ 4σ (|F0|)) and 

637variables, S = 1.212.The largest difference peak and hole were 0.846 and  -0.436 Ǻ
3
, 

respectively. CCDC No 1535094 

6.5.2 Synthesis of -amino acid (Adb) and peptides 

Synthesis of N- Boc protected 3,3-dimethylbutanoic acid (Adb) 

Ethyl 3,3-dimethylacrylate (6.4 g, 50 mmol) was dissolved in neat nitro methane (13.5 mL, 

250 mmol, 5 quivalents) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 11.2 mL, 75 mmol, 

1.5 quivalents) were added. The mixture was heated at 60 °C overnight, and the nitromethane 

was evaporated under reduced pressure. Ethyl acetate (300 mL) and 1M HCl (2x100 mL) 

were added to the resulting residue, and the organic phase was separated. The acidic aqueous 

layer was washed twice with ethyl acetate, the combined organic phase was dried over 

Na2SO4, and the solvent was evaporated under reduced pressure. The product, 3, 3-dimethyl-

4-nitro-butyric acid ethyl ester was collected (7.56 g, 80 % yield) as colorless oil. The 

suspension of activated Pd/C (20% by weight) and 3,3-dimethyl-4-nitro-butyric acid ethyl 

ester (3.78 g, 20 mmol) in MeOH (40 mL) and acetic  acid (5 mL) was stirred at room 

temperature in the presence of hydrogen. After completion of the reaction (TLC, ~36 hrs), 

Pd/C was filtered through the bed of celite and the filtrate was evaporated to dryness under 

vacuum to get gummy 4,4-dimethyl-2-pyrrolidinone (2.14 g, 95 % yield,) as oil. The amide 

NH  group of 4,4-dimethyl-2-pyrrolidinone was further protected  with Boc group and then 

hydrolyzed using NaOH (2.0 M) in MeOH  to get final product N-Boc protected 3,3-

dimethylbutanoic acid (3.21 g, 80 % yield in two step). 

Synthesis of peptide P1-P4 

Synthesis of all the peptides were carried out by conventional solution phase methods using 

racemization free fragment condensation strategy. The Boc group was used for the N-

terminal protection and the C-terminus was protected as a benzyl ester. Couplings were 

carried out using N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

and 1-hydroxybenzotriazole (HOBt). N-terminal protecting groups was removed with 

trifluoroacetic acid C-terminal benzyl group was deprotected by catalytic hydrogenation. 

Then (Aib-Adp)4–COOH was further reacted with pentafluorobenzyl bromide and heptyl 

bromide  in presence of  potsium carbonate  and DMF as solvent to obtain compound P1 and 
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P2. For compound P3 (Aib-Adp)4–COOH was reacted with Boc-Val-Valol in presence of 

DCC and DMAP. Finally, all the peptides were purified by RP-HPLC using MeOH/H2O 

system.    

Structural data of the -amino acid (Adb) and peptides: 

3,3-dimethylbutanoic acid (Adb)  

 

 
1
H NMR (400 MHz, DMSO-d6) δ 11.94 (s, 1H), 6.86 – 6.55 (t, 1H), 2.86 (d, J = 6.4 Hz, 2H), 

2.06 (s, 2H), 1.37 (s, J = 1.2 Hz, 9H), 0.89 (s, 6H). 
13

C NMR (101 MHz, DMSO) δ 173.53, 

156.54, 77.89, 50.55, 44.05, 34.82, 28.70, 25.07. HR-MS m/z calculated value for C11H21NO4 

is [M+Na]
+
 254.1368 and observed 254.1370. 

PeptideP1 

1
H NMR (600 MHz, Chloroform-d) δ 8.17 (s, 1H), 8.03 (s, 1H), 7.80 (t, J = 6.5 Hz, 1H), 7.71 

(s, 1H), 7.61 (t, J = 6.5 Hz, 1H), 7.59 – 7.49 (m, 1H), 6.55 (t, J = 6.2 Hz, 1H), 5.16 (s, 2H), 

4.98 (s, 1H), 3.27 – 3.04 (m, 8H), 2.33 (s, 2H), 2.06 (d, J = 11.3 Hz, 6H), 1.56 – 1.36 (m, 

33H), 1.11 – 0.92 (m, 24H). MALDI TOF/TOF- m/z calcd. for C52H83F5N8O11 [M+Na]
+
 

1113.59, obsrvd. 1113.76. 

PeptideP2 

1
H NMR (400 MHz, Chloroform-d) δ 8.15 (s, 1H), 8.06 (s, 1H), 7.76 – 7.68 (m, 2H), 7.63 (t, 

J = 6.5 Hz, 1H), 7.53 (d, J = 7.7 Hz, 1H), 6.59 (t, J = 6.1 Hz, 1H), 5.06 (s, 1H), 4.03 (t, J = 

6.8 Hz, 2H), 3.25 – 3.08 (m, 8H), 2.28 (s, 2H), 2.11 – 2.00 (m, 6H), 1.69 (s, 5H), 1.50 – 1.43 
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(m, 27H), 1.35 – 1.21 (m, 9H), 1.04 (dd, J = 12.3, 6.5 Hz, 24H), 0.90 – 0.83 (m, 3H). MALDI 

TOF/TOF- m/z calcd. for C52H96N8O11 [M+Na]
+
 1031.70, obsrvd. 1031.85. 

PeptideP3 

 

1
H NMR (600 MHz, Chloroform-d) δ 8.21 (d, J = 9.8 Hz, 2H), 7.90 (t, J = 6.5 Hz, 1H), 7.75 

(s, 1H), 7.70 (t, J = 6.6 Hz, 1H), 7.59 (s, 1H), 7.54 (d, J = 9.3 Hz, 1H), 6.59 (t, J = 6.4 Hz, 

1H), 5.53 (d, J = 9.2 Hz, 1H), 5.06 (d, J = 15.7 Hz, 1H), 4.19 (d, J = 2.8 Hz, 2H), 4.03 – 3.96 

(m, 1H), 3.90 (tt, J = 9.2, 3.2 Hz, 1H), 3.29 – 3.09 (m, 10H), 2.15 – 2.05 (m, 9H), 1.57 – 1.41 

(m, 57H), 1.11 – 0.99 (m, 32H), 0.98 – 0.90 (m, 15H). MALDI TOF/TOF- m/z calcd. for 

C60H110N10O14 [M+Na]
+
 1217.81, obsrvd. 1217.99. 

Peptide P4  

 

1
H NMR (400 MHz, Chloroform-d) δ 7.68 (s, 1H), 7.49 (d, J = 9.0 Hz, 2H), 6.87 (d, J = 7.7 

Hz, 1H), 5.38 (d, J = 9.2 Hz, 1H), 4.87 (s, 1H), 4.25 (d, J = 10.7 Hz, 1H), 4.11 (d, J = 7.4 Hz, 

1H), 3.98 (t, J = 8.2 Hz, 1H), 3.87 (td, J = 9.2, 4.8 Hz, 1H), 3.54 – 3.41 (m, 1H), 3.27 – 3.06 

(m, 2H), 3.01 (d, J = 14.2 Hz, 1H), 2.30 (dd, J = 31.5, 14.5 Hz, 2H), 2.20 – 2.00 (m, 4H), 

1.99 – 1.72 (m, 9H), 1.72 – 1.54 (m, 7H), 1.50 – 1.20 (m, 22H), 1.11 – 0.84 (m, 25H). 

MALDI TOF/TOF- m/z calcd. for C46H82N6O10 [M+Na]
+
 901.75, obsrvd. 901.7. 
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6.7 Appendix I Mass spectra and 
1
H NMR spectra for the monomer Adb and peptides 

P1 to P4 
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1H NMR 
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1H NMR P1 
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P3 1H NMR 
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