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ABSTRACT 

 

Gamma-amino-β-hydroxy acids (statines) have been extensively investigated for 

their biological activities, however, very little is known regarding their conformational 

behaviour. The natural occurrence and their excellent biological activities inspired us 

to investigate the conformational behavior of these amino acids in peptides. In this 

regard, various hybrid peptide helices and hybrid β-hairpins were designed and 

synthesized. The conformational properties of designed hybrid peptides were studied 

in both solution and in single crystals.   Results of these preliminary investigations 

reveal that statines can be incorporated into the helices irrespective of the 

stereochemistry of the β-hydroxyl group; however, the hydroxyl group with anti 

stereochemistry with respect to the side-chain may facilitate the helical folds through 

additional H-bond between the β-hydroxyl group and amide carbonyl groups. 

Further, statine residues at the facing position of anti-parallel β-strands also stabilize 

the overall β-hairpin conformation without much deviation from the overall β-hairpin 

conformation in solution. In addition to understanding the conformational properties 

of statines in the helix and β-hairpin structure mimetics, we have also designed a 

water soluble analogue of universal aspartic acid protease inhibitor pepstatin and 

studied its inhibitory activity against protease pepsin. Preliminary results suggest that 

soluble pepstatin inhibits the proteolytic activity of pepsin.  
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INTRODUCTION 

Designing protein secondary structure mimetic from the unnatural monomers is a very 

attractive field of interest. The folding properties of unnatural amino acid oligomers do 

not only give insight into the protein folding but also provide proteolytically stable protein 

structure mimetics. These properties of unnatural foldamers have made them very 

attractive from the perspective of medical and biological chemistry. Understanding of 

peptide secondary structures through de novo design has drastically expanded our 

knowledge towards the folding and functions of proteins.1 The success of this endeavor 

has been elegantly demonstrated in the synthetically derived oligomers of β- and -

amino acids as well as hybrid peptides composed of /β, / and β/-amino acids.2  The 

β-amino acids are homologated species of α-amino acids.  Depending on the position of 

the side chain, they are classified as β3- and β2-amino acids. Similarly, the double 

homologated -amino acids are classified as 2, 3 and 4-amino acids. The secondary 

structures displayed by the oligomers of β-amino acids can be further classified as 

helices, sheets and turns. The helices produced by the β-peptides are recognized as 

C14-, C12-, C10- and C8-helices. The helices from β-peptides have displayed different 

polarities with respect to their C and N-termini. The C8- and C12-helices have a 

hydrogen bond direction (C ←N), which is the same as that observed in α-peptides, 

whereas in the C10- and C14- structures the hydrogen bond directions (N ←C) are 

reversed. The stability of the helices increases upon progressing from α- to β- to γ-

peptides. The γ- peptides form a right handed C14-helix with 2.6 residues per turn. 

Comparatively, - and hybrid -peptides composed of 4-amino acids are less studied 

than the β- and other -peptide counterparts. Various ordered secondary structure 

mimetics have also been derived from the hybrid peptides composed of mixed /, /γ 

and /γ sequences. The advantage of hybrid peptides (heterooligomer) over the 

homooligomers is that various ordered helical structures can be designed by varying the 

position and sequence patterns of constituent amino acids.  These fascinating structural 

features of hybrid peptide foldamers with expanded H-bond psuedocycles have greatly 
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expanded the repertoire of the folded polypeptide structures.  Some of the secondary 

structure mimetics obtained from the /β hybrid peptides3 are shown in Figure 1.   

                               

 

Figure 1: strucutres based on β2 and β3 amino aicds 

 

The conformational analysis of - and hybrid -peptides with various types of  -

amino acids, 4-amino acids,4 3, 3-dialkyl -amino acids,5  cyclic -amino acids,6  and 2, 

3, 4-alkyl substituted -amino acids7 revealed their preference towards helical 

organization. However, peptides with , β-unsaturated -amino acids8  and 4,4-dimethyl 

substituted -amino acids9 preferred to adopt extended sheet type of structures. We 

have been interested in the conformational analysis of various - and ,-hybrid 

peptides and sought to investigate the conformational behaviour of  naturally occurring 

biologically important  non-ribosomal β-hydroxy -amino acids (statines) and hybrid 

peptides composed of these statine amino acids.  

Gamma-amino-β-hydroxy acids (statines) are naturally occurring non-ribosomal 

-amino acids widely present in many peptide natural products.  Peptides constituted 

with statines have been used as inhibitors for aspartic acid proteases. For example, 

pepstatin,10 a naturally occurring peptide has shown broad inhibitory activities against 
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various aspartic acid proteases11 such as, pepsin, cathespin D and E,  rennin,  HIV-1 

protease, β-secretase, plasmepsin I  and II of malarial parasite Plasmodium falciparum 

etc,. In addition, several natural peptides containing statines or modified statines, such 

as didemnins,12 dolastatins,13 hapolosin,14 Tamandarins,15  etc displayed promising anti-

cancer properties. Some of the representative examples of biologically active peptide 

natural products containing statine amino acids are shown in Figure 2.  

         

         

  

       

               

 

Figure 2:  structure of naturally occurring statine based peptides   

 

 

Inspired by the remarkable biological applications of these peptide natural 

products, various synthetic strategies have also been developed for the synthesis of 

statines.16 Though the peptides containing statines have been extensively studied for 

their biological properties, however, very little is known regarding their conformational 

properties. The natural occurrence and their excellent biological activities inspired us to 

investigate the conformational behavior of these amino acids in designed hybrid helices 

and β-hairpins. In addtion, we also sought to investigate whether the  highly insoluble 
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universal aspartic acid protease inhibitor pepstatin can be converted to water soluble 

analogue without affecting its biological activity. 

 
RESULTS AND DISCUSSIONS 

���›�•�–�Š�‡�•�‹�•���‘�ˆ���>-hydroxy -amino acids:  
 

We have chosen to use β-keto--amino esters as starting materials to synthesize β-

hydroxy--amino esters. The main reason is that the mild reduction of β-keto-esters 

gives both the diastereoisomers of statine residues and both the statine 

diastereoisomers can be exploited in the design of hybrid peptide foldamers.  We 

recently reported the tin(II)chloride mediated synthesis of β-keto--amino esters starting 

from -amino aldehyde  and ethyl diazoacetate.  We utilize the same strategy for the 

synthesis of β-keto--amino esters. The amino aldehydes were synthesized from the 

oxidation of corresponding amino alcohols using IBX.  The amino alcohols were 

synthesized through the mild NaBH4 reduction of mixed anhydrides generated from the 

reaction between protected amino acids and IBC-Cl in the presence of a weak base 

DIEA.  After obtaining β-keto--amino esters through the modified Roskamp protocol17, 

we   subjected them to mild reduction using NaBH4 reported by Rich et al.18 The 

schematic representation of the reaction is shown in Scheme 1.  To understand the 

compatibility and the stereochemical output, we initially subjected β-keto--amino esters 

to the NaBH4 reduction in dry THF at -78 °C. The mild reduction of β-keto--amino 

esters gave anti (the β-hydroxyl group is anti with respect to the amino acid side-chain) 

is a major product and syn (β-hydroxyl group is syn with respect to amino acid side-

chain) product as minor isomer.19 The syn and anti diastereoisomers were separated 

using column chromatography. The list of statine amino acid diastereoisomers 

synthesized using this protocol is given in the Table 1.  These were further used for the 

solution phase synthesis of peptides after the selective deprotection Boc- and ester 

groups.  Solid phase compatible Fmoc-amino acids were synthesized from the N- and 

C-terminal free statine amino acids obtained from the ester hydrolysis and subsequent 






















































































