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Abstract 

The emergence and spread of antibiotic resistant pathogens is one of the major health 

concerns of the 21
st
 century, giving rise to an urgent need to develop new antibiotics with 

different mode of action.  Peptides derived from non canonical amino acids such as β- and -

amino acids have attracted greater interest due to their proteolytic resistance and predictable 

folding properties. These fascinating features encouraged us to explore the anti-microbial 

properties of hybrid peptides composed of - and -amino acids. In this regard, we have 

designed two types of hybrid peptides, short lipopeptides and amphiphilic hybrid helices and 

investigated their antimicrobial properties. The short lipopeptides are composed of 1:1 -, 

and -amino acids with varied length of lipid tail and the helical peptides are composed of 

repeating units of  tripeptide segment.  These peptides were tested against various Gram 

positive, Gram negative bacteria as well as Fungi. In the first series, the designed lipopeptides 

displayed broad spectrum antimicrobial activity. The FITC uptake assay, β-galactosidase 

assay and AFM analysis reveal that peptides adopted different modes of action through 

membrane perturbation.  In contrast to the lipopeptides composed of alpha and E-vinylogous 

-amino acids, the second series of lipopeptides composed of 1:1 - and saturated γ-amino 

acids showed better antimicrobial properties with less haemolytic activity. In the third series, 

the amphiphilic helical peptides were designed based on the single crystal conformation of , 

, -hybrid peptide 10/12-helices to mimic the structural and functional properties of natural 

helical antibiotic magainin and LL37. As predicted, the 2D NMR (TOCSY and NOESY) 

experiments reveal that the ,,-hybrid peptides adopted 10/12-helical conformations of in 

SDS.  Similar to the lipopeptides, these ,,-helical peptides displayed potent broad 

spectrum antimicrobial activity across the panel of Gram positive, Gram negative bacteria 

including MRSA. The mode of action suggests that they not only inhibit the bacterial growth 

through membrane depolarisation but also showed their ability to bind DNA. These results 

suggest the dual mode of action of hybrid helical peptides.   Overall, this study underlines the 

potential of ,-hybrid peptides in the development of next generation antimicrobial 

therapeutics.  
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Chapter 1 

Antimicrobial peptides 
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1.1 Antibiotics 

          Twentieth century has seen the rise of antibiotics as an indispensable weapon 

in the battle against the microorganisms.  Antibiotics are medicines obtained from 

microorganisms that inhibit the growth of or destroy harmful microorganisms.
 1

 They 

have been useful tools to ward off deadly infections since 1940. The various classes 

of antibiotics are shown in Figure 1.1. Antibiotics have been instrumental not only in 

saving patients lives but also in achieving major advances in medicine and surgery.
2
 

They have successfully been used to treat various infections occurring in patients 

undergoing chemotherapy, patients having chronic diseases such as rheumatoid 

arthritis, kidney related diseases and diabetes.
3
  

Figure 1.1. Classes of antibiotics with examples. 

 Also, antibiotics have been used extensively during organ transplants, joint 

replacements or cardiac surgery to ward off microbial infections. Overall use of 

antibiotics has resulted in extension of expected life spans worldwide.
4
 



2 
 

         In developing countries, antibiotics have been crucial in improvement of the 

quality of the public health as antibiotics decrease the morbidity caused by food-

borne as well as water-borne diseases and helped in avoiding sanitation related 

pandemics.
3c

 Lately, the antibiotics have lost their efficacy due to rapid emergence 

in antimicrobial resistance. 

1.1.1 Antimicrobial  resistance 

        The bacteria once exposed to an antibiotic, start evolving through mutation. 

It changes the physiological pathways the antibiotic attacks. The mutation renders 

the evolved strain of bacteria resistant towards the antibiotics.
5
 It was first 

observed in the case of Penicillin in the year 1943. Since then, antibiotic 

resistance has been detected for almost all the antibiotics introduced. In the 

beginning, it used to take 10-15 years for bacteria to become resistant to an 

antibiotic, but if we look at the development after 1980, it is observed that the 

response time is drastically reduced to 1-1.5 years.
3b

 In some cases, the resistance 

was observed in the same year the antibiotic was introduced. The timeline of 

antibiotic resistance developments for various antibiotics is showed in Figure 1.2.  

 

 

 

 

 

 

Figure 1.2.Timeline showing the emergence of antibiotic resistance. 



3 
 

1.1.2 Strategy against the antibiotic resistance crisis 

           Antibiotic resistance is increasing at alarming rate. Hence, there is urgent need for 

development of new class of antibiotics which would offer better and more sustainable 

alternative. Most of the antibiotics in use are either derived from natural substances 

produced by bacteria or fungi or modified analogues of these natural substances which 

show amplified activity.
2a

 Antimicrobial peptides are constituents of the innate immunity 

system and are ubiquitously found in almost all life forms.
6
 

      As the need for alternatives for antibiotics become pressing, antimicrobial peptides 

(AMP) both natural and synthetic, have emerged as a sustainable alternative in the battle 

against antibiotic resistance. 

1.1.3 Antimicrobial peptides (AMP’s) 

      Antimicrobial peptides (AMP’s) are generally 10-50 amino acid long amphipathic 

peptides, carry a net positive charge more than 2 and have ~50% hydrophobic amino 

acids.
6
 AMP’s represent a highly conserved part of innate immune system and they are 

present widespread in all plant and animal kingdoms. They are also called as Host 

defence peptides (HDP). They are ubiquitous in nature and a variety of AMP’s are found 

in wide variety of living organisms such as bacteria, invertebrates, vertebrates and plants.
7
 

The AMP’s act through a different mechanism than that of antibiotics. They disrupt the 

microbial cellular membrane leading to the death of the microorganisms.
8
 The activity of 

the AMP’s is due to their amphipathic design and the diverse AMP’s can be classified on 

the basis of their secondary structure in various classes. 
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1.1.3.1 Classification of AMP’s 

          The rich diversity of the antimicrobial peptides makes it difficult to categories 

them. But the various AMP’s adapt different secondary structures and can be classified 

into different classes such as linear, helical, β-sheet, cyclic or mixed peptides.
9
 The 

classes of AMP’s based on secondary structure are described as below. 

1.1.3.1.1 Linear Peptides 

           The linear AMP’s do not fold into a regular secondary structure unless they come 

in contact with the hydrophobic bacterial membranes. The length of the peptide can vary 

from 6-40 residues and often contain high proportions of certain amino acids such as Arg, 

Trp or Pro. These are amphipathic peptides with balanced hydrophobicity and cationicity. 

They not only disrupt the membrane but also interact with intracellular proteins. 

Tryptophan rich Indolicidin obtained from cow,
10

 Proline-Arginine rich PR39 obtained 

from pig,
11

 Apidaecin from honeybee,
12

  Histatin 5 from humans
13

 fall into this category. 

They adopt α-helical secondary structure once they are exposed to the bacterial 

membrane.  

1.1.3.1.2 Helical peptides 

           Cationic amphipathic helical peptides constitute a large class of AMP’s which is 

extensively studied. The hydrophobic residues and cationic residues are evenly 

distributed along the axis of α-helix to attain amphipathicity. On the surface of the 

microbial membrane, the peptides form clusters around the Ca
2+

 binding sites and 

traverse through the microbial cellular membrane and eventually disrupts it. Silk moth’s 

cecropin
14

 and African clawed frog’s Magainin,
15

  Alamethicin,
16

 human AMP LL-37,
17

  

synthetic peptide pexiganan,
18

  Buforin II obtained from vertebrates
19

 fall into this 
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category. Zasloff et. al. have studied the magainins extensively.
20

 α-helical peptides serve 

as a template to design new synthetic antimicrobial peptides. 

1.1.3.1.3 β-Sheet peptides  

        This class of AMP’s consists of defence miniproteins and several β-hairpin peptides. 

They not only disrupt the bacterial cell membrane but also have been found to inhibit 

DNA, RNA and protein synthesis. The peptides disrupt the bacterial membranes by 

Toroidal pore formation. The β-sheet structures are stabilised by disulfide bridges (one, 

two or more) between the Cys residues.
21

 Human β-defensin-3 is a large 45 residues 

containing peptide containing three stranded antiparallel β-sheet. Human defensins,
22 

insect defensins
 23

 bovine lactoferricin,
24

 Protegrin I
25

 are β sheet AMP’s.  

1.1.3.1.4 Macrocyclic peptides 

      Circulin A and B are macrocyclic peptides (30 amino acid long) derived from plants 

of Rubiacease family which show potent antimicrobial activity.
26

 The cyclic backbone 

confers high rigidity to the structure of the peptides.  

1.1.3.1.5 Lipopeptides 

            Lipopeptides are produced only in bacteria and fungi during cultivation.
27

 They 

consist of a short linear or cyclic peptide sequence, to which a long chain fatty acid is 

covalently attached at the N-terminus. Lipopeptides display antibacterial as well as 

antifungal activity.
28

 They can be cationic (e.g. Polymyxin)
29

 as well as anionic (e.g. 

Daptomycin).
30

 Lipopeptides tend to self aggregate on the bacterial membrane surface 

and disrupt the membrane through carpet mechanism. Unfortunately, native lipopeptides 

are non cell selective and therefore toxic to mammalian cells as well. 



6 
 

          Although the antimicrobial peptides show rich diversity in structure, they have been 

found to act through the common mechanism of action i.e. disruption of cellular 

membrane. 

1.1.3.2 Mechanism of action of AMP’s 

        The AMP’s carry out irreversible damage to the bacterial membrane by disturbing it. 

This can be achieved in various ways. Also, they are found to enter the microbial cell and 

disturb various intracellular functions leading to cell death. Hence, the antimicrobial 

peptides show dual mechanism of action. They act on membrane of the bacteria as well as 

on the intracellular targets. AMP’s take advantage of their amphipathic design for 

interaction with the membrane. It is discussed in details below. 

1.1.3.2.1 Membrane disruption      

          The antimicrobial peptides selectively target the bacterial cell membrane in contrast 

to the membranes of cells of plants and animals due to the difference in the membrane 

design.
31

 The interaction of antimicrobial peptide with the membrane of erythrocyte and 

bacterial cell membrane is shown in Figure 1.3. The outer layer of the bacterial cell 

membrane is heavily populated with negatively charged phospholipids. Hence, the 

cationic AMP’s strongly interact with the bacterial membrane. Whereas, the outer 

membrane of plant and animal cells is neutral as the negatively charged head groups are 

projected inside the bilayer and not exposed on the surface. Also, the cholesterol present 

in animal cells stabilises the lipid bilayer and reduces the activity of antimicrobial 

peptide.
32

 The electrostatic interaction between the cationic residue of the antimicrobial 

peptide and the negative phospholipids in the bacterial outer membrane facilitate the 

action of AMP. Many hypotheses have been presented for the mechanism of killing of 

microbes by AMP, which include: depolarisation of normally energised membrane 
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leading to death of microbe,
33

 the leaking of cellular contents due to disruption of 

membrane,
34

 the damaging of intracellular targets by peptide after internalization,
35

 

induction of hydrolases leading to destruction of cell wall,
36

 the change in lipid 

orientation in the membrane resulting in disturbance in normal membrane function.
32

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Specificity in action of AMP’s against membrane of animal cells versus bacterial 

cells. 

           Different AMP’s have different mode of action of membrane disruption. Various 

models of the mechanism of action of AMP are discussed as follows. 

1.1.3.2.1.1 Barrel stave model 

        The α-helical antimicrobial peptides align themselves on the bacterial membrane 

perpendicularly. Peptide helices come together to form bundles which then get inserted 

into the membrane by forming a pore.  
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Figure 1.4. Barrel stave model of action of AMP. 

The pore looks like a barrel made up of helical peptides which act as staves. The 

hydrophobic residues of the peptide align with the lipid core region of the membrane and 

the cationic residues are projected towards the interior of the pore.
37

 Alamethicin acts 

through barrel stave model. 3-11 helices of Alamethicin come together to form the 

transmembrane pore.
38

 Barrel formation leads to disturbance of membrane potential 

leading to collapse of membrane as well as initiates leakage of the intracellular contents 

resulting in cell death. The process is depicted in Figure 1.4. 

1.1.3.2.1.2 Carpet model 

        In the carpet model, the peptides accumulate on the membrane surface and orient 

themselves parallel to the surface. The cationic residues of the peptides facilitate the 

interaction of the peptide with the negative phospholipid headgroups through electrostatic 
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attraction. The peptides interact at the numerous sites on the membrane and cover the 

membrane in a carpet like manner.  

 

 

 

 

 

 

 

 

 

Figure 1.5.  Carpet model of AMP action. 

   A threshold concentration of peptide is reached on the surface after which the surface 

oriented peptides are thought to act on the lipid bilayer of the membrane in a detergent 

like manner resulting in its disruption.
39 

Finally, the membrane disintegrates and forms 

micelles leading to the collapse of the bilayer curvature.  Lipopeptides act through the 

carpet mechanism. The process is shown in Figure 1.5.  

1.1.3.2.1.3 Toroidal pore model 

         In this mode of action, the antimicrobial helical peptides aggregate on the outer 

surface and induce the lipid monolayers of the membrane to bend continuously through 

the pore. Due to this bending of lipid monolayer, the water core is lined by both the 

inserted peptides and lipid headgroups.  
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Figure 1.6. Toroidal pore model of AMP action. 

           The Toroidal pore model differs from the barrel stave model as the peptides are 

always associated with the lipid headgroups even when the peptides are perpendicularly 

inserted into the membrane. The cellular contents leak out the pore leading to the death of 

the microbe.
40 

Magainins, protegrins and mellitin act on the membrane through Toroidal 

pore formation.
41

 The mechanism of Toroidal pore formation is shown in Figure 1.6. 

Apart from disrupting the membrane, some AMP’s also bind to the intracellular targets 

leading to the death of microorganism. 

1.1.3.2.2 Intracellular targets of antimicrobial peptides  

        Although the membrane disruption eventually leads to the lysis of the microbial 

cells, other mechanisms of action of AMP have also been speculated. AMP’s have been 

found to act on various intracellular targets which are summarised in Figure 1.7. Non 

membrane external targets such as autolysins are activated by antimicrobial peptides.
42
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Figure 1.7. Intracellular targets of antimicrobial peptides.  

Mersadicin inhibits the cell wall synthesis by combining with lipid II.
43

 Histatins enter the 

cytoplasm and induce the non lytic loss of ATP from actively respiring cells resulting in 

disruption of the cell cycle.
44

 Pyrrhocoricin, Apidaecin have been found to bind 

specifically to DnaK, a heat shock protein.
45 

PR-39 induces filamentation of S. 

typhimurium resulting in elongation of cells due to which the cells are unable to undergo 

cell division.
46

 It also stops protein synthesis and induces degradation of some proteins 

required for DNA replication. Buforin II
47

  and tachyplesin
48

  bind to the DNA and RNA 

and alter the protein synthesis.
 
Due to dual mode of action, AMP’s are able to kill various 

bacteria in very short amount of time. For last two decades, large numbers of peptides 

have been explored for their ability as therapeutics against microbial infections. 

1.1.4 AMP’s as therapeutics 

     Antimicrobial peptides are in early stage of development as potential drug candidates 

and few AMP’s have entered clinical trials, fewer have been approved as drug 

candidates.
49

 Vancomycin and Teicoplanin are glycopeptides antibiotics which are used 
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as injectables.
50

 The lipopeptides Polymyxin B and colistin have been extensively used 

for topical therapy but they are found to be cytotoxic. Hence, they can’t be used as 

injectables.
51

 Although, colistin is used with Gentamycin and tobramycin in the form of 

aerosol to treat P. aeruginosa lung infections in patients suffering from cystic fibrosis. 

Nisin has entered early clinical trials and it can be administered orally to treat the 

gastrointestinal infections caused by Helicobacter pylori. Also, Telavancin, Dalbavancin 

and Oritavancin are new glycopeptides approved by FDA for treatment of skin and soft 

tissue infections.
52 

        Although, the number of antimicrobial peptides entering the antibiotic research 

pipeline is increasing, very few have been approved so far for clinical use. This is because 

of the inherent limitations of peptides such as poor bioavailability, protease instability.  

1.1.5 Drawbacks of AMP’s 

        Although the antimicrobial peptides have proved useful to treat microbial infections, 

they suffer from major drawbacks such as lack of selectivity, proteolytic instability and 

poor bioavailability. Various proteases attack the amide backbone of the peptides and 

cleave them into smaller pieces which no longer retain the activity. Hence, the AMP’s 

have low serum stability. Backbone modification has been found out to be excellent 

strategy to increase the stability of peptides against proteases and several attempts have 

been documented in the literature in this regard.
52

   

1.2 Antimicrobial peptidomimetics 

       Naturally occurring antimicrobial peptides are susceptible to proteolytic degradation 

resulting in low bioavailability. In this regard, peptidomimetics offer better alternatives in 
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terms of activity and stability. Various attempts have been reported in the literature to 

mimic the antimicrobial peptides.
53

 They are discussed as follows. 

1.2.1 Foldamers 

     Significant attention has been paid over the past several decades on polypeptides 

composed of α-amino acids, with natural proteins and the use of stereochemically 

constrained amino acids and templates in the design of folded polypeptides. The success 

of this endeavor has also been applied to the design of well-defined secondary structures 

from the oligomers of non-biological amino acids such as β- and -amino acid 

templates.
54

 The term “foldamers” was first introduced by Prof. Samuel H. Gellman, he 

propose that foldamer is “any polymer with strong tendency to adopt a specific compact 

conformation”.
54c 

 A variety of foldamers that mimic the protein secondary structures 

have been designed using various organic templates and non-natural amino acids and 

their antimicrobial properties are studied. A few of them are discussed as follows.   

1.2.1.1 β-peptides 

β-Amino acid containing peptides are known to fold into turns, helices and sheet-like 

structures, similar to secondary structures of proteins. 

 

Figure 1.8. Amphipathic β-peptide helices. (A)
55

 (B) 
56a 

(C) 
56c  
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Also, the unnatural β-peptide backbone makes them protease resistant as compared to the 

α-amino acidbackbone.
54j

 β-peptides have been tested against various microorganisms 

and they have shown potent activity.  DeGrado et al. demonstrated the design of 

amphipathic β-peptide helices which showed potent activity against Escherichia coli.
55

 

(Figure 1.8 A)   

Besides their enormous contribution the to design of various foldamers composed of 

different types of β-and -amino acids,   Gellman et.al.
56

 have extensively studied the 

antimicrobial activity of β-peptides and α/ β- mixed peptides. In continuation, Schweizer 

et al.
57

 studied cationic lipo β-peptides for their antibacterial activity and found that they 

work better than lipo α-peptides. 

1.2.1.2 Nylon-3 polymers 

         In addition to the β- and ,β-hybrid peptide foldamers, Gellman et al.
58 

also 

investigated the action of nylon-3 polymers (hybrid β-peptide polymers) active against 

the drug resistant Candida albicans biofilms. The antifungal nylon-3 polymers contain the 

cationic subunit βNM and the hydrophobic subunit CH in varying proportions. (Figure 

1.9) 

 

 

Figure 1.9 Structures of nylon-3 βNM:CH copolymers
58 

 



15 
 

1.2.1.3
 
Cyclic peptides 

      Alternative strategy to synthesize antimicrobial peptides involves cyclization. Cyclic 

peptides are stable against proteases. Daptomycin is a naturally occulting 

lipodepsipeptide recently approved by the Food and Drug Administration for use. It is 

used for the treatment of complicated skin and skin structure infections caused by several 

gram-positive bacteria. It acts through a calcium ion dependent pathway that helps to 

interact with phosphotidylglyerol (PG) of the bacterial membrane resulting in disruption 

of membrane.
59

  

 

Figure 1.10 Structure of Daptomycin. 

                 Various attempts have been reported to prepare cyclic peptides composed of 

alternating D and L α-amino acids. Gadhiri and co-workers have prepared a library of 

cyclic hexa and octapeptides and tested them against S. aureus and other gram positive 

strains.
60 

Their study indicated that the cyclic cationic peptides show promising activity in 

vitro as well as in vivo and they can be considered as promising candidates for systemic 

administration and treatment of otherwise antibiotic resistant infections. Shai et. al.
61 

have 

reported that substitution of L-amino acid with D-amino acid in short  antimicrobial 

lipopeptides which results in controlled enzymatic degradation.  
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1.2.1.4 Peptoids 

             Another strategy to stabilise the peptide structure involve methylation of 

backbone amide leading to formation of peptoids. Various peptoid building blocks 

are shown in Figure 1.11. Barron et. al. have reported broad spectrum 

antimicrobial activity of short alkylated peptoid mimics of antimicrobial 

peptides.
62

 They have also reported the helical “ampetoids” (antimicrobial peptoid 

oligomers) with micro molar antimicrobial activity.
63

 

 

 

Figure 1.11 Various peptoid monomers used for antimicrobial peptoid construction.  

Haldar et al. have investigated the small molecular antibacterial peptoids mimics 

which exhibit high potency against various Gram positive, Gram negative and 

drug resistant bacteria.
64 

1.2.1.5 α-AA peptides 

Cai et al.  have extensively studied the α-AA peptides for their antimicrobial 

properties.
65

 They tested linear, lipidated and cyclic α-AA peptides for antimicrobial 

activity. Short lipidated α-AA peptides showed broad spectrum activity against the 

Gram positive, Gram negative bacteria and fungi. Their activity was found to be 

comparable with the synthetic peptide pexiganan. 
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Figure 1.12  α-AA antimicrobial peptides. 

1.2.1.6 γ-amino acid containing peptidomimetics 

         Our lab is involved in the synthesis of various gamma amino acids and their 

utility for building new functional peptidomimetics. We have demonstrated the 

successful incorporation of various γ-amino acids in secondary structural 

peptidomimetics such as α-helix, β-sheet, β-hairpin.
66

 (Figure 1.13) Also, the 

preliminary protease studies suggested that the γ-amino acids containing peptides 

are more stable against proteases as compared to natural peptides. γ-amino acids 

have not been utilised in the design of antimicrobial peptidomimetics due to 

difficulty in obtaining stereochemically pure building block. Our group has 

established a convenient synthetic strategy to obtain γ--amino acids.
 
In this regard, 

we designed two classes of antimicrobial peptidomimetics- lipopeptides and 

helical peptides and evaluated their antimicrobial activity. We also established the 

mechanism of action of the γ-amino acid containing antimicrobial 

peptidomimetics. 
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Figure 1.13: X-ray structures of helices and stranded β-sheets designed from the hybrid 

peptides composed of various types of -amino acids.  
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Chapter 2 

Design, Synthesis and Broad Spectrum Antimicrobial 

Properties of Short Hybrid E-Vinylogous Lipopeptides 
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2.1 Introduction 

As a consequence of evolution, a large number of bacterial and fungal strains have 

developed resistance towards the conventional antibiotics, creating an urgent need for the 

design of new antibiotics with different mode of action.  Indeed an overwhelming body of 

literature over the past several years demonstrated that naturally occurring antimicrobial 

peptides (AMPs) are evolutionary conserved components of the innate immune response 

capable of targeting wide range of “multidrug resistant” strains.
1
 However, potential 

therapeutic applications of AMPs have been suffering with several inherent problems 

including selectivity, toxicity and bioavailability. In this regard, various approaches have 

been adopted to mimic the cationic and amphiphilic nature of natural AMPs including 

synthetic peptides,
2
 β-peptides,

 3
 peptoids,

4, 5
 polypyridines,

6
 polynorboranes,

7
 

polysaccharides,
8 

 peptidopolysaccharides,
9 

and so on. Lipopeptides are a recently 

emerged class of AMPs and the broad spectrum of natural lipopeptides has paved way for 

the development of new class of synthetic analogues.
10

 Most of the native lipopeptides 

isolated from bacteria and fungi are non-specific and highly toxic. However, after the 

approval of drug daptomycin as a potential chemotherapeutic agent for the treatment of 

skin infections, these lipopeptides have attracted considerable attention of medicinal 

chemists.
11

 Previous studies of many natural and synthetic hybrid lipopeptides revealed 

that the antimicrobial activity of lipopeptides mainly depends on the sequence of 

peptides, length of fatty acid chain and overall hydrophobicity of the peptides.
12

 These 

lipopeptides permeate rapidly and disintegrate the membrane morphology of pathogens.
13 

In addition to this, many N-terminal fatty acid acylated amphiphilic peptides are self-

assembled into cylindrical nanofibers with diameters ranging from nanometers to 

micrometers, lead to the formation of hydrogels, nanotubes, nanobelts and nanoribbons.
14, 

15
 Various strategies have been employed in the designing of peptides that can undergo 
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self-assembly in response to environmental and chemical stimuli, including ionic 

strength, temperature, pH, and also by enzymes.            

 

Figure 2.1: Peptide natural products containing E-vinylogous amino acids.  

               

 

Figure 2.2. Synthetic peptides contained E-vinylogous amino acid residues used for various 

protease inhibitors. 
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The applications of self-assembled nanostructures of  amphiphilic peptide based materials 

have been found in various fields like bone regeneration and enamel formation.
16

  

, β-Unsaturated -amino acids (E-vinylogous amino acids) are important components of 

many biologically active peptides 
17

 and also have been used as potential candidates for 

design of inhibitors of serine and cysteine protease.
18

 Some of the naturally occurring 

antibiotics containing E-vinylogous amino acids as well as biologically active synthetic 

peptides containing E-vinylogous amino acids are shown in the Figure 2.1 and 2.2. 

Natural products Cyclotheonamide (A, B, C, D, E) have been shown act as inhibitors for 

serine proteases.
19 

Gallinamide A  has shown a potent anti-malarial activity.
20 

Miraziridine A is a natural cyclic peptide that  inhibits variety of proteases like trypsine-

like protease, papain-like cysteine protease and pepsin-like aspartyl protease.
21

  

 

Figure 2.3: X-ray structures of (A) β-Hairpin, (B) Three-stranded β-sheet and (C) miniature β-

meander from hybrid peptides composed of E-vinylogous residues.  

 Both syringolins and glidobactins  have shown 20s proteosome inhibition activity.
22

 

These excellent biological activity and natural occurrence of vinylogous amino acid 
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residues motivated many synthetic chemists to design peptide inhibitors against serine 

and cysteine proteases.
23

    

              In their preliminary work, Schneider and colleagues demonstrated the extended 

conformations of E-vinylogous dipeptides.
24

  Using extensive ab initio theoretical 

calculations Hofmann and colleagues predicted a variety of helical conformations from E-

vinylogous amino acid oligomers.
25

 In addition, Chakraborty et al. demonstrated the 

utility of E-vinylogous amino acids as β-turn inducers.
26

  We have been interested in the 

synthesis and conformational analysis of hybrid peptides containing E-vinylogous amino 

acids.
 
The structural analysis of the E-vinylogous amino acids in hybrid peptides reveal 

that due to the geometrical constraints of the double bonds they prefer to adopt extended 

β-sheet type of structures.
27, 28

 By exploiting the geometrical constraints of E-vinylogous 

amino acid residues we have designed β-hairpins,
29

 three-stranded β-sheets
30

 and 

miniature β-meander 
31 

type supersecondary structure mimetics and studied their 

conformations in single crystals. Some of these X-ray structures are shown in the Figure 

2.3. Besides using E-vinylogous amino acids as β-sheet inducing templates, we also 

explored them as Michael acceptors to derive β-substituted -amino acids and their utility 

in the foldamers design.
32-34

  

2.2 Aim and rational of the present work  

As E-vinylogous amino acids promote β-sheet type structures, we sought to 

explore the antimicrobial properties of short hybrid lipopeptides containing geometrically 

constrained E-vinylogous amino acids.  In this Chapter, we are reporting the design, 

antimicrobial activities, self-assembling properties and the mode of action of short 1:1 

alternating alpha and E-vinyologus hybrid lipopeptides. Systematic investigation of the 

mode of action reveals that the nature of the self-assemblies of these hybrid lipopeptides 
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plays a crucial role in their antimicrobial activities and the mechanism of action. The self-

assembly properties associated with the mode of action can be controlled by tuning the 

hydrophobic threshold of lipopeptides. 

2.3 Results and Discussion 

2.3.1 Synthesis of monomers 

Synthesis of ethyl ester of Boc-protected α, β-unsaturated γ- amino acids:  

We have synthesized (E)-α, β-unsaturated γ-amino esters through Wittig reaction starting 

from α-amino aldehydes  as reported earlier.
28

 The schematic representation of the 

synthesis of E-vinylogous amino esters is shown in Scheme 2.1.  

 

R = -CH3 -CH(CH3)2 -CH2-CH(CH3)2 -CH2-C6H5 -CH2-C6H4-

OBu
t 

 

dg amino 

acid 

dgAla dgVal dgLeu dgPhe dgTyr(OBu
t
) 

Scheme 2.1: Schematic representation of the synthesis of Fmoc-α, β-unsaturated γ- amino acids  

The Boc-amino aldehyde was synthesized from the LAH (Lithium aluminium hydride) 

reduction of the corresponding Weinreb amide
 
and subjected immediately to the Wittig 

reaction. The Wittig products were isolated in excellent yields after column purification. 

To obtain solid phase compatible Fmoc- protected E-vinylogous amino acids, ethyl ester 



31 
 

of the Boc-protected amino acids were subjected to saponification using 1N NaOH in 

ethanol and Boc- group was deprotected using 50% TFA in DCM. The free amino acid 

was finally protected with Fmoc- group, purified through column chromatography and 

used for solid phase synthesis.     

2.3.2 Design, synthesis and purification of lipopeptides 

In order to understand their antimicrobial activity, we designed two series of short hybrid 

E-vinylogous lipopeptides containing C12 and C8 fatty acids. The schematic 

representation of the short hybrid lipopeptides is shown in Table 2.1.  

The design is based on the analysis of the natural lipopeptides which generally constitute 

equal proportions of hydrophobic and hydrophilic residues. The -amino acids were 

chosen to be hydrophilic residues (Lysine, Arginine) while E-vinylogous amino acids as 

hydrophobic residues in short tetrapeptide sequences. All E-vinylogous amino acids were 

synthesized using Wittig reaction as reported earlier.
27, 28

 All peptides were synthesized 

by solid phase method on Knorr amide resin and purified through reverse phase HPLC on 

C18 column. Based on the reverse phase HPLC retention time the order of hydrophobicity 

of the lipopeptides was found to be S7> S1>S11> S3> S10>S8> S5> S2> S6> S4> S9.   
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Table 2.1: List of ,-hybrid vinylogous lipopeptides  

                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Antimicrobial activity 

All E-vinylogous hybrid peptides with N-terminal C12 fatty acid (S1, S3, S5, and S7) and 

C8 fatty acid (S2, S4, S6, S8, S9, S10) along with -peptide control S11 were subjected to 

Peptide   X AA1 AA2 AA3 AA4    tR (min) 

S1 C11H23 dgAla Lys dgAla Lys 41.14 

S2 C7H15 dgAla Lys dgAla Lys 31.96 

S3 C11H23 dgTyr Lys dgTyr Lys 38.61 

S4 C7H15 dgTyr Lys dgTyr Lys 30.65 

S5 C11H23 dgAla Arg dgAla Arg 33.30 

S6 C7H15 dgAla Arg dgAla Arg 31.63 

S7 C11H23 dgPhe Lys dgPhe Lys 48.19 

S8 C7H15 dgPhe Lys dgPhe Lys 35.60 

S9 C7H15 dgLeu Lys dgVal Lys 37.50 

S10 CH3 dgPhe Lys dgPhe Lys 25.25 

S11 C7H15 Leu Lys Val Lys 39.22 
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antimicrobial studies. Instructively, except S7, all peptides with C12 fatty acids, displayed 

potent antimicrobial activity with various gram-negative and gram-positive bacterial 

strains as well as various fungal strains.  

Table 2.2: MICs of vinylogous hybrid lipopeptides (µg/mL) 

 

Among all lipopeptides in the series of C8 fatty acid containing hybrid peptides, S8 

displayed potent activity against all bacterial and fungal strains while moderate activities 

were observed for S4 and S9.  The MIC values of all the peptides are given in the Table 

2.2. Similar MIC values of the individual peptides against Gram-positive, Gram-negative 

Microorganisms S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 

Escherichia coli 6.25 >100 6.25 25 12.5 >100 25 1.56 12.5 >100 >100 

Escherichia coli 

K12 
6.25 >100 6.25 25 12.5 >100 25 1.56 - >100 >100 

Klebsiella 

pneumoniae 
3.12 >100 3.12 50 6.25 >100 25 3.12 25 >100 >100 

Pseudomonas 

aeruginosa 
6.25 >100 3.12 50 3.12 >100 25 3.12 50 >100 >100 

Staphylococcus 

aureus 
6.25 >100 3.12 50 6.25 >100 25 3.12 50 >100 >100 

Salmonella 

typhimurium 
6.25 >100 3.12 50 3.12 >100 25 3.12 50 >100 >100 

Candida albicans 3.12 >100 1.56 12.5 3.12 >100 3.12 3.12 25 >100 >100 

Candida glabrata 6.25 50 3.12 25 6.25 >100 6.25 3.12 50 >100 >100 

Cryptococcus 

neoformans 
6.25 >100 6.25 25 12.5 >100 6.25 3.12 6.25 >100 >100 

Saccharomyces 

cerevisiae 
3.12 >100 3.12 12.5 3.12 >100 6.25 3.12 50 >100 >100 

Hemolytic HD10 48 58 2.5 54 22 52 <1.56 16 Nil- -Nil- -Nil- 
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and fungal strains suggest the unique mode of action of these lipopeptides. Peptides 

which showed strong inhibitory action against bacteria also displayed the strong 

inhibitory action against fungi (S1, S3, S5 and S8). In comparison with S7, S3 containing 

phenolic –OH groups displayed excellent antimicrobial activity.  Interestingly, S8 showed 

more potent activity than S7, while S4 showed lower potency than that of the C12 

analogue S3. In order to understand the role of basic residues, we replaced Lys with Arg 

in the peptides S5 and S6.  Results reveal that the peptides containing Arg also displayed 

similar antimicrobial activities.  Further the control peptides, protected with acetyl group 

(S10) and the -peptide with C8 fatty acid (S11) showed no activity even at higher 

concentration. These results suggest that E-vinylogous hybrid peptides can be used as 

potential antimicrobial candidates compared to that of -peptide counterparts.  In 

addition, the antimicrobial activity further depends on the side-chains of amino acids as 

well as length of the fatty acids.  The disparity in the antimicrobial activity of these 

hybrid lipopeptides can be directly correlated with their hydrophobicity.  All active 

peptides showing similar MIC values promoted us to probe the plausible mechanism of 

action of these lipopeptides. 

2.3.4 Hemolytic activity 

 The encouraging results of the antimicrobial activities of these peptides inspired 

us to subject them for hemolytic activity. Results of the hemolytic activities are shown in 

Figure 2.4. Out of all the peptides tested, S7 and S3 (both highly hydrophobic) showed 

the highest hemolytic activity followed by S8. In contrast the highly potent antimicrobial 

peptide S1 displayed comparatively lesser hemolytic activity. Other peptides which show 

poor activity against the bacteria and fungi have shown lesser hemolytic activity. 
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Analysis of these results reveals that peptides containing aromatic side chains have shown 

greater hemolytic activity  

 

Figure 2.4. Comparison of MIC and hemolytic activity of hybrid lipopeptides S1, S3 and S8.  

than those containing aliphatic side chain amino acids. Even though S1 is more 

hydrophobic than S8, it displayed lower hemolytic activity. Except S3 and S7 all other 

peptides which showed antimicrobial activities are non-hemolytic at their MICs. The 

specificity of the peptides S1, S3 and S8 is shown in Figure 2.4. 

2.3.5 β-Galactosidase leakage assay 

Further, to understand the mechanism of the action of these peptides on the inner cell 

membrane, we studied the enzyme β-galactosidase leakage assay 
35

 using peptides S1, S3 

and S8 on E.coli (pUC19 plasmid transformed Top10 (Invitrogen) competent cells). The 

leakage of β-galactosidase (MW116kDa) from E.coli was used as an indicator of the 

disruption of the cytoplasmic membrane.  β-Galactosidase release was measured using the 

initial velocity of the reaction by standard fluorogenic substrate. Results reveal very 
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intriguing information regarding the action of lipopeptides (Figure 2.5).  No reaction of β-

galactosidase with the                       

 

 

 

 

 

 

 

Figure 2.5. Peptide induced leakage of β-galactosidase from Escherichia coli Top10 (Invitrogen) 

cells. The graph represents relative amount of β-galactosidase present in the medium after treating 

with the peptides. Error bars are based on triplicate experiments for each peptide. 

substrate observed in the case S1 suggests that the peptide probably disrupts the outer cell 

membrane by binding through the negatively charged lipopolysaccharides. In contrast, S3 

and S8 displayed equal amount of fluorescence intensity indicating the release of β-

galactosidase upon the treatment of lipopeptides. This experiment suggests that these 

lipopeptides act on the cytoplasmic membrane and facilitate the release of β-

galactosidase.  Though the peptides S1, S3 and S8 display nearly similar MIC values, 

these results suggest their different mode of action. 
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2.3.6 Membrane deformation study 

We further examine the membrane disruption of these peptides using atomic force 

microscopy (AFM). The images of Escherichia coli (E. coli) and fungus Candida 

albicans  

                                                                     

Figure 2.6 A) Atomic Force Microscopy images of Escherichia coli K12 (i) and Candida 

albicans (ii) before the treatment of lipopeptides, iii and iv after the treatment lipopeptide S1, 

respectively. B) Fluorescence images (FITC) of E.coli without peptides (a) and (b). Fluorescence 

images (FITC) of the E. coli after the treatment of S3 (c and d) and S8 (e and f) lipopeptides 

(Scale bar 10 µm). 

(C. albicans) before and after the treatment of S1 lipopeptide obtained from AFM are 

shown in Figure 2.6A. The change in the morphology of both the organisms clearly 

indicates that the possible action of these peptides is through the disruption of cell 

membrane.  
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2.3.7 FITC uptake assay 

Though the cell wall components are different for bacteria and fungi, the mode of action 

of these peptides indeed appears to be the perturbation of the cell membrane. We further 

validate the ability of cell membrane disruption by the lipopeptides using FITC (MW 

389.4 Da) uptake assay using E.coli.
36

 Since the entry of FITC requires significant 

membrane damage, the collapse of the transmembrane was studied using S3 and S8. The 

fluorescent image of E.coli before and after the treatment of the lipopeptides is shown in 

Figure 2.6B. No fluorescence was observed in E.coli cells in the absence of hybrid 

peptides. The observed fluorescence behaviour of the cells suggests that lipopeptides 

render E. coli cells permeable to FITC. 

2.3.8 Dynamic light scattering studies 

The disparity in the antimicrobial activities upon addition or truncation of N-

terminal fatty acid between S7 and S8, also the different mode of action between S1, S3 

and S8 promoted us to speculate the role of self-organization of these lipopeptides. To 

address this possibility and gain further knowledge regarding their mode of action we 

analyzed the self-assembly patterns of lipopeptides in both solution and on the surface.  

Dynamic light scattering experiments confirm that all lipopeptides undergo a 

spontaneous self-association to give nano-assemblies in solution. Mono dispersed self- 

assemblies of peptides shown in Figure 2.7. Intriguingly, the size of the mono dispersed 

self- assemblies are ranging from 124 to 950 nm. Lipopeptides S1, S3, S7 and S8 

displayed 
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Figure 2.7: DLS histogram of S1, S2, S3, S4, S5, S6, S7 and S8 lipopeptides. 
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average size of the nano-assemblies 164±12, 220±8, 615±20 and 950±22 nm, 

respectively.  Interestingly, the zeta-potential values of these self-assembled lipopeptides 

were found to be +57±5, +56±5, +43±4 and +48±7 respectively. The peptides with 

aromatic residues showed larger sized self-assemblies, while peptides with aliphatic 

amino acids displayed smaller sized nano-assemblies. Irrespective to the size of assembly, 

these peptides showed excellent surface potential charges. 

2.3.9 Field emission scanning electron microscope analysis:   

In order to understand the pattern of self-association, we subjected them to FE-

SEM (Field Emission Scanning Electron Microscope) analysis. The FE-SEM images of 

S1, S3, S5, and S8 are shown in Figure 2.8. Peptides S1 and S5 containing dehydro 

alanine (dgA) adopted nanofibers type of morphology similar to the amyloid fibrils.
37

 

Peptide S3 and S8 with aromatic amino acid side chains underwent diffusion limited 

aggregation, however, with a different morphology. Peptide S3 was found to be 

composed of fractals with a needle shaped nano-structures. Ironically, S8 displayed 

spectacular fractal trees similar to the polyelectrolyte complexes and peptide containing 

aromatic amino acids.
38-40

 Peptide S7 display fractals different than that of S8.  Though 

the higher concentrations are required for the SEM analysis, however, the different 

morphologies observed in the self-assembly of these hybrid lipopeptides partially 

explains the disparity in their biological activity. Even though electric potential of self-

assemblies are very similar, substantial change in the self-assembly pattern is observed 

between the peptides S1 and S3. The robust growth of fractals and needle shaped nano-

structures from S3 and S8 may be influencing their antimicrobial and high hemolytic 

activities. As S7 showed poor antimicrobial activity, we anticipate that this peptide might 

have adopted different mechanism from that of S3 and S8. The low hydrophobicity and 
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low surface charges of S2, S4 and S6 is reflected in their poor antimicrobial and lower 

hemolytic activity values.   

 

Figure 2.8: FE-SEM images of S1 (A), S5 (B), S3 (C, D) and S8 (E, F) hybrid lipopeptides.  

2.4 Conclusion  

We demonstrated the broad spectrum antimicrobial properties of short hybrid lipopeptides 

composed - and E-vinylogous amino acids. Due to their geometrical restriction of the 
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backbone double bonds, these short hybrid peptides showed highly potent antimicrobial 

activity compared to that of their -peptide counterparts. In addition, hybrid peptides with 

C12 and C8 N-terminal fatty acids displayed better activity than the - as well as β-

lipopeptides containing C16 fatty acid at the N-terminal.
12c, 12d

   The hybrid peptides with 

moderate hydrophobicity and high electrical potential of self-assemblies showed high 

antimicrobial and low hemolytic activities. These peptides may possibly bind to the 

negatively charged outer membrane of the microorganisms and affecting the 

transmembrane electric potential. The antimicrobial activity, the mode of action and the 

self-assembly  patterns of  these short E-vinylogous  hybrid lipopeptides, particularly S1 

and S8 provide unique opportunity to further design potent antimicrobial candidates as 

well as  to explore their utility as smart biomaterials. 

2.5 Experimental section 

2.5.1 General experimental procedure  

All amino acids, DCC, PPh3 were purchased from Aldrich. The solvents THF, DCM, 

Toluene were purchased from Merck. Ethyl bromoacetate, di-tert-butyl dicarbonate , 

Fmoc-OSu were purchased from Spectrochem and used without further purification. 

Column chromatography was performed on Merck silica gel (100-200 mesh). Peptides 

were filtered and purified through reverse phase HPLC on C18 column using MeOH/H2O 

gradient
. 1

H NMR spectra were recorded on Jeol 400 MHz and 
13

C NMR on 100 MHz 

spectrometer using residual solvent as internal standard (DMSO-d6 δH, 2.5 ppm, δc 39.51 

ppm) The chemical shifts (δ) were reported in ppm and coupling constant (Ј) in Hz. Mass 

spectra were obtained from  the MALDI-TOF/TOF.  
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2.5.2 General procedure for the synthesis of Fmoc-α, β-unsaturated γ- amino acids 

The Boc-amino aldehyde (10 mmol) and ylide (15 mmol, 5.22 g) were dissolved 

in 30 mL of dry THF at room temperature and stirred for about 5 h. Completion of 

reaction was monitored by TLC. The reaction mixture was concentrated under reduced 

pressure to give crude product, which was purified with silica gel column 

chromatography using EtOAc/ petroleum ether (1:5) to afford the pure ethyl ester of the 

Boc-protected α,β-unsaturated γ-amino acid. To a solution of the ethyl ester of the Boc-

α,β-unsaturated γ-amino acid (2 mmol) in 5 mL of ethanol was added 5 mL of 1 N NaOH 

dropwise. After completion of the reaction (∼30 min), ethanol was evaporated and the 

residue was acidified using 10 mL of 5% HCl (5% volume in water) under cold 

conditions. The product was extracted with ethyl acetate (3× 40 mL). The combined 

organic layer was washed with brine (30 mL) and dried over anhydrous Na2SO4. The 

solvent was concentrated under reduced pressure to give the Boc-α,β-unsaturated γ-amino 

acid as a gummy product in quantitative yield. The Boc-α,β-unsaturated γ-amino acid (1 

mmol) was dissolved in 5 mL of DCM and cooled to 0 °C in an ice bath followed by 

addition of 5 mL of neat TFA to the reaction mixture. After 30 min, TFA was removed 

from the reaction mixture under vacuum. The residue was dissolved in 15 mL of water 

(15 mL), and the pH was adjusted to ∼9-10 by the slow addition of solid Na2CO3. A 

solution of Fmoc-OSu (1 mmol) in 10 mL of THF was added slowly to the reaction 

mixture and stirred overnight at room temperature. After completion of the reaction, the 

reaction mixture was acidified with 20 mL of 20% HCl (20% volume in water) under 

cold conditions. The product was extracted with ethyl acetate (3× 50 mL). The combined 

organic layer was washed with brine (30 mL) and dried over anhydrous Na2SO4. The 

solvent was concentrated under reduced pressure to give a gummy product, which was 
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recrystallized using EtOAc/petroleum ether. The pure solid Fmoc-α,β-unsaturated γ-

amino acid was used for solid-phase peptide synthesis. 

Characterisation of N-Fmoc-protected , β-unsaturated - amino acids 

(S,E)-4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)pent-2-enoic acid): White 

solid; yield (0.30 g, 89%)  
1
H

 
NMR (400 MHz, DMSO-d6) δ 12.27 (s, 1H) , 7.89(d, J = 8 

Hz,2H),7.71 (d, J = 8 Hz,2H), 7.60 (d, , J = 8 Hz,1H, NH),7.41 (t,  J = 8 Hz,2H), 7.33 (t, 

J = 8 Hz,2H), 6.76 (dd, J =16 Hz,8 Hz,1H vinylic β proton),5.77 (d, , J =16Hz,1H, 

vinylic α proton), 4.33-4.28 (br, 2H), 4.26-4.21 ( br, 2H), 1.22-1.15 (m, 3H, CH3).
13

C 

NMR (100 MHz, DMSO-d6) δ 167.6, 155.9, 150.1, 144.4, 141.2, 128.1 127.5, 125.6, 

120.7, 65.9, 47.6, 47.2, 20.3; m/z  value for C20H18O4 [M+Na]
+
. 360.1212 (calcd) , 

360.1242(observed). 

 

FmocHN

O

OH

 

Fmoc-(S, E)-dgAla-OH 

(S,E)-4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-phenylpent-2-enoic acid): 

White solid; yield (0.38 g, 92%) 
1
H

 
NMR (400 MHz, DMSO-d6) δ 12.29 (s, 1H , OH) 

,7.83 (d, J = 8 Hz,2H), 7.63(d, J = 8 Hz,1H, NH),7.59  (t, J = 8 Hz,2H), 7.37-7.34 (m, 

2H), 7.29-7.21 (m, 7H), 6.79-6.74(dd, J = 8 Hz,16Hz,1H vinylic β proton), 5.73(d, J = 16 

Hz,1H, vinylic α proton), 4.34 (br, 1H), 4.19-4.17 (br, 2H), 4.12-4.11 (m, 1H, CH), 2.84 

(dd, J = 8Hz, 4Hz, 1H), 2.72-2.66 (m, 1H).
13

C NMR (100 MHz, DMSO-d6) δ 167.5, 

156.0, 148.6, 144.3, 141.2, 138.5, 129.7, 128.6, 128.1, 127.5, 126.8, 125.7, 121.5, 120.6, 
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65.9, 53.7, 47.1, 31.2 ; m/z  value for C26H22O4 [M+Na]
+
.  436.1497 (calcd), 

436.1521(observed). 

                                                    

FmocHN

O

OH

  

                                                     Fmoc-(S, E)-dgPhe-OH 

 

 (S,E)-4-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-5-(4-hydroxyphenyl)pent-2-

enoic acid): White solid; yield(0.42 g, 90%)  
1
H

 
NMR (400 MHz, DMSO-d6) δ 12.25 (s, 

1H), 9.16(s, 1H),7.84 (d, J = 8 Hz,2H),7.62-7.57 (m, 3H), 7.38-7.34 (m,2H), 7.30-7.24 

(m, 2H), 6.98 (d, J = 8 Hz,2H),6.74 (dd, J =16 Hz, 8 Hz, 1H vinylic β proton), 6.61 (d, J 

= 8 Hz, 2H), 5.71( d, J = 16 Hz, 1H, vinylic α proton ), 4.25-4233 (br, 1H), 4.20-4.11 (br, 

3H), 2.71 (dd, J = 12 hz,8Hz, 1H), 2.58 (dd, J = 12Hz,8 Hz,1H)  

13
C NMR (100 MHz, DMSO-d6) δ 167.5, 156.2, 155.9, 148.8, 1443, 144.2, 141.2, 130.6, 

128.5, 128.1, 127.5, 125.7, 1256, 121.4, 120.6, 155.4, 65.9, 54.0, 47.1 m/z  value for 

C26H22O5 [M+Na]
+
.  -486.2279(calcd.), 486.2268(observed). 

FmocHN

O

OH

OH

 

Fmoc-(S, E)-dgTyr-OH 
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(S,E)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-methylhex-2-enoic acid: 

White solid; yield (0.33 g, 90%); 
1
H

 
NMR (400 MHz, DMSO-d6) δ 12.31 (s, 1H),7.84 (d, 

J= 8 Hz, 2H), 7.67 (d, J= 8 Hz, 2H), 7.28 (t, J= 8 Hz, 2H), 6.69(dd, J= 8 Hz,16Hz, 2H), 

5.79 (d, J= 8 Hz, 1H), 4.32-4.18 (m, 3H), 3.95-3.93(m, 1H), 1.76-1.74(m, 1H), 0.80(d, J= 

8 Hz, 6H); 
13

C NMR (100 MHz, DMSO-d6) δ 167.4, 156.3, 147.7, 144.3, 141.2, 128.1, 

127.5, 125.7, 122.4, 120.6, 65.9, 57.8, 47.2, 32.1, 19.5, 19.0; m/z  value for C22H23NO4 

[M+Na]
+
.388.1525(calcd.), 388.1483(observed). 

 

Fmoc-(S, E)-dgVal-OH 

 

(S,E)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-methylhept-2-enoic acid: 

White solid; yield (0.35 g, 92%);  
1
H

 
NMR (400 MHz, DMSO-d6) δ 12.27 (s, 1H),7.86-

7.26 (m, 10H), 6.65 (dd, J= 8 Hz,16Hz, 1H), 5.72(d, J= 8 Hz, 1H),4.34-4.14(m, 4H), 

1.56-1.50(m, 1H), 1.39-1.19 (m, 2H), 0.82(t, J= 8 Hz, 6H); 
13

C NMR (100 MHz, DMSO-

d6) δ167.5, 156.1, 149.6, 144.3, 141.2, 128.1, 127.5, 125.6, 121.0, 120.6, 65.7, 50.2, 47.3, 

42.9, 24.8, 23.3 22.1; m/z  value for C23H25NO4 [M+Na]
+
.402.1681(calcd.), 

402.1712(observed). 

 

Fmoc-(S, E)-dgLeu-OH 
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2.5.3 Solid phase peptide synthesis and purification 

. Peptides were synthesized on a 0.25 mmol scale on Knorr amide resin using standard 

Fmoc-chemistry. The combination of HBTU/HOBt (1:1) was used as coupling reagents. 

The coupling reactions were monitored by the Kaiser test. After completion of the 

synthesis, peptides were cleaved from the resin using a cocktail mixture of 

TFA:water:thioanisole (98:1:1). After cleavage, the resin was filtered and washed with 

TFA. The cleavage mixture was then evaporated under reduced pressure to give a gummy 

product and purified through reverse phase HPLC on a C18 column using a MeOH/H2O 

gradient. The purity of the peptides was further confirmed by an analytical C18 column 

with the same gradient system 

2.5.4 Procedure for testing antibacterial activity 

The bacteria used in these experiments were collected from National Collection of 

Industrial Microorganisms (NCIM) Escherichia coli (NCIM 2065), Escherichia coli K12 

(NCIM2563), Klebsiella pneumoniae (NCIM 2957), Pseudomonas aeruginosa (NCIM 

5029), Salmonella typhimurium (NCIM 2501), and Staphylococcus aureus (NCIM 5021).  

The antibacterial activities of lipopeptides were carried out in 96-well microtiter 

plate using broth dilution method. The bacterial cultures were grown over night at 37 °C 

and serially diluted to a concentration of 10
6
 colony forming units/mL with sterile MHB 

(Muller-Hinton broth) medium. Two-fold serial dilutions with MHB medium were 

performed triplicate for each lipopeptide in a sterile 96-well plate to a final volume of 50 

μL in each well. The final volume was made to 100 μL by adding an aliquot of 50 μL 

bacterial suspension to each well, and the plate was incubated at 37 °C for 18-20 h. 

Controls were done without peptide and the MIC of peptide was defined as the lowest 

concentration of the peptide required for the complete inhibition or killing the bacterial 
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inoculum. the growth inhibition was monitored by measuring the absorbance at 492 nm. 

The MIC values reported were reproducible between three independent triplicates. 

2.5.5 Procedure for testing antifungal activity 

The antifungal activity of lipopeptides was performed using 96 well plate methods (TPP 

brand) as follows: The 50 μL of water containing peptide was serially two fold diluted in 

PDB (Potato dextrose broth, Hi-Media) medium. The final volume was adjusted to 100 

μL by adding 50 μL of yeast suspension containing a concentration of 2×10
3
 colony 

forming units/ml. A culture without peptide was also grown parallel as a control. 

Inoculated plates were incubated at 25 °C for 48-72 h and the growth inhibition was 

determined by measuring the absorbance at 620 nm. The yeasts used were Candida 

albicans (NCIM 3471), Candida glabrata (NCIM 3237), Cryptococcus neoformans 

(NCIM 3542), and Saccharomyces cerevisiae (NCIM 3454). Experiments were carried 

out in triplicate. The MIC was determined as the lowest concentration of peptide required 

for the complete growth inhibition of each organism after 48-72 h incubation. 

2.5.6 Procedure for hemolysis assay 

Fresh hRBCs (Human Red Blood Cells) were collected with EDTA. The hRBCs were 

washed with Tris buffered saline (10 mM Tris, 150 mM NaCl, and pH 7.2) four times and 

diluted to a final concentration of 4% v/v. The assay was performed in sterile 96-well 

plate in a final volume of 100 µL as follows: aliquot of 50 µL of hRBC suspension were 

added to 50 µL (100 µg/mL) of two-fold serial diluted lipopeptide in Tris buffer. The 

plate was incubated at 37 ºC for 1 h and then centrifuged for 15 min at 3000 rpm. The 

supernatant (50 µL) from each well was transferred to a fresh 96-well plate containing 50 

µL of water and release of haemoglobin was monitored by measuring the absorbance at 

540 nm. The experiments were performed in duplicate and the hRBCs suspensions with 
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Tris buffer and 1% Triton-X was consisted as negative and positive controls. Percentage 

of hemolysis was defined as (A-AN)/ (AP-AN) × 100, where A is the absorbance of test 

well, AN  is the absorbance of the negative control and AP  is the absorbance of the positive 

control (100% hemolysis). 

2.5.7 Procedure for atomic force microscopy imaging 

A culture of E. coli K12 (NCIM 2563) were grown in MHB medium and Candida 

albicans (NCIM 3471) were grown in potato dextrose broth. The cells were centrifuged 

and resuspended in deionized distilled water. The bacteria were incubated with 50 μM of 

S1 and S8 lipopeptide at 37 °C for 1 h. After incubation, 50 μL droplets of each sample 

were applied onto Poly-L-Lysine (PLL) pretreated glass slides and allowed to dry for 30 

min at 25 °C. For control, cells without peptide were similarly prepared and imaged 

within 2 h of being resuspended in distilled water.  

For AFM analysis of peptides the samples were applied on the freshly cleaved mica 

surface and dried for 10 min at 25 °C. The AFM images were acquired using a JPK Nano 

Wizard (Berlin, Germany) mounted on a Zeiss Axiovert 200 inverted microscope. 

Measurements were carried out in Intermittent contact (IC) mode using Tap 300 E-G 

(Cr/Pt Conductive coating) cantilevers from silicon AFM probes (Spring constant, k = 40 

N/m, Resonance Frequency around 300 KHz, Radius <10 nm). Height and size 

information were acquired using JPK data processing software. 

2.5.8 Procedure for FITC uptake assay 

To analyze the membrane permeabilization of lipopeptides, impermeable fluorescent 

probe Fluorescein isothiocyanate (FITC) was used. Culture of E.coli K12 (NCIM 2563) 

were grown to absorbance OD 0.6 in MHB medium. The bacteria were washed and 
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suspended (2×10
7 

cfu /mL) in 10 mM sodium phosphate buffer (pH 7.4). The bacterial 

suspension was incubated with 50 μM of S1, S3 and S8 lipopeptides at 37 °C for 60 min. 

The microorganisms were immobilized on Poly-L-Lysine (PLL) coated glass slide for 50 

min at 30 °C, followed by addition of 100 µL FITC (10 µg/mL) suspended in the same 

buffer. The slides were washed with 10 mM sodium phosphate buffer (pH 7.4) and 

viewed under Zeiss Axiovert apotome microscope equipped with an AxioCam camera. 

The images were processed with Axiovision 4.7 software. The samples with peptide 

solvents were taken as a control. 

2.5.9 Procedure for β-galactosidase leakage assay 

The PUC19 plasmid containing LacZ reporter gene was transformed in to the chemically 

competent Escherichia coli (TOP10, Invitrogen) cells. E.coli cells were grown in Luria 

Bertani broth with 100 µg/mL of ampicillin at 37 °C to an absorbance 0.6 at 660 nm. The 

cells were centrifuged and washed with fresh medium for three times to remove 

extracellular β-galactosidase. The 10 µL of water containing peptide of stock solution 

(200 µg/mL) were added in a sterile 96-well plate. The final volume was adjusted to 100 

µL by adding an aliquot of 90 µL bacterial suspensions to each well, and the plate was 

incubated at 37 °C for 1 h. After 1 h, the plate was centrifuged at 4000 rpm for 10 min to 

remove cell debris and 80 µL of supernatant was removed and separated in a fresh well. 

An aliquot 20 µL (0.4 mg/mL) of fluorescent indicator 4-methylumbelliferyl-β-

galactosidase (MUG, Sigma) was added to the well and β-galactosidase release was 

monitored for 1 h. Initial velocities of enzyme reaction were taken from the linear plot of 

fluorescence versus time. The samples with water were taken as a blank. 
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2.5.10 Procedure for dynamic light scattering experiment 

For DLS measurements, lipopeptides of concentration 1mg/mL were dissolved in water 

and by using poly propylene glass cuvette measurements were performed in Zeta sizer 

(Malvern Instrument). The average count rate at each time point was recorded. 

2.5.11 Scanning electron microscopy imaging: 

The peptides were dissolved in water of concentration (50 µg/mL) was spotted on silicon 

wafers and air dried for 45 min. The samples were sputter coated with gold and observed 

in Zeiss FE-SEM. The sample was spotted on silicon wafers and recorded on FE-SEM. 

The images were converted to binary file and fractal dimension were analyzed by using 

fractal box count of Image J software. 
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2.7 Appendix I. Characterisation data of synthesized compounds and 

peptides 

Designation Description Page No. 

Fmoc-(S,E)-dgAla-OH 
1
H and 

13
C spectra 58 

Fmoc-(S,E)-dgPhe-OH 
1
H and 

13
C spectra 59 

Fmoc-(S,E)-dgTyr-OH 
1
H and 

13
C spectra 60 

Fmoc-(S,E)-dgLeu-OH 
1
H and 

13
C spectra 61 

Fmoc-(S,E)-dgVal-OH 
1
H and 

13
C spectra 62 

S1 HPLC trace and Mass spectrum 63 

S2 HPLC trace and Mass spectrum 63 

S3 HPLC trace and Mass spectrum 64 

S4 HPLC trace and Mass spectrum 64 

S5 HPLC trace and Mass spectrum 65 

S6 HPLC trace and Mass spectrum 65 

S7 HPLC trace and Mass spectrum 66 

S8 HPLC trace and Mass spectrum 66 

S9 HPLC trace and Mass spectrum 67 

S10 HPLC trace and Mass spectrum 67 

S11 HPLC trace and Mass spectrum 68 
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Chapter 3a 

Potent Antimicrobial Activity of Lipidated Short , -

Hybrid Peptides 
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3a.1 Introduction 

In chapter 2, we have demonstrated the design and broad spectrum antimicrobial activities of 

,-hybrid peptides containing 1:1 alternating - and E-vinylogous -amino acids. The E-

vinylogous amino acids have been used as starting materials for the synthesis of -amino acids.
1
 

In addition, we have recently demonstrated utility of the esters of E-vinylogous -amino acids as 

Michael acceptors to derive β-substituted -amino acids. Using nitromethane Michael donor, we 

have synthesized a variety of β-nitromethyl substituted -amino acids
2
 and demonstrated their 

utility in design of hybrid peptide  

 

Figure 3a.1: A) 14-Helix from the tetrapeptide of β-nitromethyl substituted -Val homooligomer. B) 12-

Helix conformation of a tetrapeptide composed of 1:1 alternating  -amino acid, Aib and β-nitromethyl 

substituted -Phe. C) Utilization of β-sulfhydryl γ-Val in the design of stable β-hairpin mimetics.  

foldamers (Figure 3a.1A).
3
 In addition to the nitromethyl substituted -amino acids, our group 

also demonstrated the synthesis of β-sulfhydryl γ-amino acids and their utility in the design of β-

hairpin mimetics.
4
 Nevertheless, antimicrobial activities of - and ,-hybrid peptides have not 

been systematically investigated. 
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  As discussed in the previous chapter, the cationic host-defence antimicrobial peptides 

(AMPs) and native lipopeptides have attracted considerable attention due to their broad spectrum 

antimicrobial activity.
5
 Nevertheless, their inherent limitations such as higher haemolytic 

activity, poor selectivity and bioavailability and high toxicity of natural AMPs and native 

lipopeptides have hindered their potential therapeutic values. To improve their activity and 

selectivity, Shai and colleagues
6
 and others

7
 have designed a variety of short lipopeptides and 

examined their potential antimicrobial properties. In addition to the lipopeptides consisting of 

completely L-amino acids as well as alternating L- and D-amino acids,
8
 Schweizer and 

colleagues demonstrated the antimicrobial activity of short lipo-β-peptides.
9
 Besides the utility of 

β-peptides to mimic protein secondary structures,
10

 they have also been explored to design potent 

antimicrobial candidates.
11

 In addition to the β-peptides, potential of -peptides built from -

amino acids have been examined to derive protein secondary structure mimetics.
12

 In contrast to 

β-peptides, the antimicrobial activity of -peptides have not been systematically investigated. 

The advantage of β- and -peptides compared to the -peptides is that they are proteolytically 

and metabolically stable.
13

 We hypothesize that the conformationally flexible - and hybrid -

peptides can be explored to design potent antimicrobial candidates.  

3a.2 Aim and rational of the present work 

In the previous chapter, we have studied the antimicrobial activities of the short 

lipopeptides composed of - and E-vinylogous residues.  In this chapter, we sought to 

investigate the antimicrobial activities of short ,-hybrid peptides composed saturated -amino 

acids.  Here in, we are reporting the design, synthesis and antimicrobial activity of various 

short,-hybrid lipopeptides composed of saturated -amino acids. In addition to their 
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antibacterial activity, we also investigated their mechanism of action and hemolytic activity. In 

comparison with -peptide counterparts, these short ,-hybrid lipopeptides showed potent 

antimicrobial activity against various bacterial strains and lower hemolytic activity. Additionally, 

the time kill kinetics assay was performed to assess the amount of time required for complete 

killing of bacteria. 

3a.3 Results and Discussion  

3a.3.1 Design and synthesis of peptides 

To examine the antimicrobial activity of short ,-hybrid lipopeptides, we have designed nine 

,-hybrid peptides (P1-P9) and an -peptide P10. The sequences of these lipopeptides are 

shown in the Scheme 3a.1.  We have utilized both octanoic acid and dodecanoic acid to 

understand the importance of lipids in antimicrobial activity. Required -amino acids (-Ala, -

Leu, -Tyr and -Phe) were synthesized starting from , β-unsaturated -amino esters through 

catalytic hydrogenation.
14 

  The N-Boc protected -amino esters were subsequently hydrolyzed to 

corresponding free carboxylic acids.  Finally, the Boc- group was deprotected using TFA and the 

free amine was protected again with solid phase compatible Fmoc- group. Schematic 

representation of the synthesis of -amino acids is shown in Scheme 3a.2. Using solid phase 

synthesis, we have synthesized all peptides on Knorr amide resin. All ,-hybrid peptides and 

the control -peptide were purified using reverse phase-HPLC on a C18 column. The ,-

lipopeptides and the control -peptide were subjected to antimicrobial and haemolytic activity. 
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Scheme 3a.1.  Sequences of ,-hybrid lipopeptides (P1-P9) and control -lipopeptide (P10).  

 

      R=  -CH3 (a, Ala); -CH2-Ph (b, Phe); -CH2-C6H4-OH (c, Tyr); -CH2-CH(CH3)2(d, Leu) 

Scheme 3a.2: Schematic representation of the synthesis of solid phase compatible Fmoc-
4
-amino acids. 
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3a.3.2 MIC determination 

We examined the antibacterial activity of short lipopeptides, P1-P10 against Gram negative 

bacteria Escherichia coli (NCIM 2065), Escherichia coli K12 (NCIM2563), Klebsiella 

pneumoniae (NCIM 2957), Pseudomonas aeruginosa (NCIM 5029), Salmonella typhimurium 

(NCIM 2501) and Gram positive Staphylococcus aureus (NCIM 5021). The antibacterial activity 

of all peptides were carried out using microbroth dilution method in a 96-well microtiter plate. 

The minimum inhibitory concentration (MIC) was measured in triplicate and average values are 

given in the Table 3a.1. Among all ,-hybrid lipopeptides, peptides coupled with dodecanoic 

acid showed better antimicrobial activity than the peptides coupled with octanoic acid. Among 

the dodecanoic acid coupled ,-hybrid peptides (P2, P3, P6, P7 and P9), peptide P9 with -Leu 

residues was found to be the best antimicrobial candidate. They inhibit various Gram negative 

and Gram Positive bacteria with low MIC (6 μg/mL) value. The excellent activity of P9 among 

all the hybrid peptides motivated us to design -peptide analogue P10. More interestingly, the -

peptide counterpart displayed much higher MIC value under identical conditions. Replacing 

dodecanoic acid by octanoic acid (P8) leads to drastic decrease in the antimicrobial activity of 

the peptide.  Among the C8-fatty acid containing peptides, P8 was found to be the best. The -

peptide counterpart of P9, peptide P10 showed poor antimicrobial activity under identical 

conditions. It is worth mentioning that both amino acids side-chains and fatty acids play crucial 

role in the antimicrobial activity.   
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Table 3a.1. Minimum inhibitory concentration* of ,-hybrid lipopeptides in µg/mL  

 

*The experiments were performed in triplicates and the least concentration of peptide required 

for complete killing of bacteria is reported as minimum inhibitory concentration (MIC). 

3a.3.3 Hemolytic activity of lipopeptides 

The encouraging antimicrobial activity of short ,-hybrid lipopeptides motivated us to 

investigate their haemolytic activity. We subjected all lipopeptides including control -peptide 

P10 for the haemolytic assay. Results of haemolytic activity of all lipopeptides are shown in 

Figure 3a.2. The HD10 values are given in the Table 1. Among the active peptides, peptide P7 

with -Tyr residues and P3 with -Ala and -Phe were found to most haemolytic in the series. 

Highly active peptide P9 showed comparatively less haemolytic activity.  

 

Bacteria P1  P2  P3  P4  P5      P6  P7  P8  P9  P10  

E. coli  >250  163 32  250 >250  13 26  170  6  >250 

E. coli K12  >250  163  32 250  >250 26  26  85  12  >250  

K. pneumoniae  >250 81  16 125 97 6 3.3 85 3 >250 

P. aeruginosa  >250 163 16 62  97  13  13 42 6 >250 

S. aureus  >250 81 16 125 195 13 13  85  6 >250  

S. typhimurium  >250 81  8  62  195  13 6 42  6  >250  

Hemolysis 

HD10  

>250 135 93  >250  >250 136  26 >250 183  >250  
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The active peptide P6 with -Phe was found to be relatively less haemolytic than P7.  More 

importantly, at their MICs these peptides are not haemolytic. Further, the peptides which 

displayed weak antimicrobial activity (P1, P4, P5 and P8) were also found to be less haemolytic.  

 

 

 

 

 

 

 

 

 

Figure 3a.2.  Hemolytic activity of short lipopeptides  
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3a.3.4 Membrane deformation study 

As ,-hybrid lipopeptides P6 and P9 inhibit the growth of Gram positive and Gram negative 

bacteria with comparable MIC values across the panel motivated us to examine their mode of 

action. In order to understand whether these peptides act through membrane disruption similar to 

other native antimicrobial peptides,
5
 we undertook Field-emission scanning electron microscopy 

analysis (FE-SEM). Figure 3a.3 depicts the FE-SEM images of the bacteria before and after the 

treatment of peptides P6 and P9.   

 

Figure3a.3 FE-SEM images of bacteria E. coli K12 (i) and S. aureus (iv) without lipopeptides.  Images 

of E. coli after the treatment with lipopeptides P6 (ii) and P9 (iii).  Images of S. aureus after the treatment 

with lipopeptides P6 (v) and  P9 (vi). 
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The FE-SEM images clearly suggested the change in morphology of the microorganisms after 

the treatment of ,-hybrid lipopeptides. These results indeed indicate that the ,-hybrid 

lipopeptides disrupt the bacterial membrane. 

3a.3.5 β-galactosidase leakage assay 

In order to authenticate whether these peptides really disrupt the bacterial membrane, β-

galactosidase leakage experiment was performed using E. coli containing LacZ reporter gene.
15

 

The β-galactosidase is expected to leak out from the E-coli upon disruption of the bacterial cell 

wall. The peptides P6 and P9 were incubated with E. coli (TOP 10) and the release of  β-

galactosidase was measured using standard fluorogenic substrate, 4-methylumbelliferyl-β-

galactosidase.  The results are shown in the Figure 3a.4. 

  

Figure 3a.4 Peptide mediated β-galactosidase leakage. The height of the graphs indicates the relative 

amount of β-galactosidase present in the medium after the treatment of peptides.  
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Increased fluorescence intensity indicating the release of β-galactosidase upon the treatment of 

lipopeptides. In contrast, no β-galactosidase release was observed in the control experiment 

without lipopeptides.  The enzyme leakage assay suggested that these lipopeptides bind and 

disrupt the bacterial cell membrane.  

3a.3.6 Time kill kinetics assay 

The potent antibacterial activity of lipopeptide P9 inspired us to further evaluate its activity 

through time kill kinetics assay. This experiment gives the information about the rate at which 

the lipopeptide is acting on the bacteria  

  

Figure 3a.5. Time−kill kinetics of peptide P9 (2 × MIC) against K. pneumoniae (asterisks correspond to 

<50 CFU/mL). (The experiments were performed in triplicates and the average CFU values are reported.) 
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.  We selected K. pneumoniae for time kill kinetics experiment as the peptide displayed better 

MIC values against this microorganism. The peptide was incubated with the bacterial solution at 

2 × MIC (6 μg/mL) and 20 μL of the peptide treated  bacterial solution was drawn with 

increasing time intervals and diluted to ten times using  0.9% saline and plated again on Mueller 

Hinton agar plates.  After incubating for about 24 h, the bacterial colonies were counted. These 

results were represented in CFU/mL scale. Results of time kill kinetics assay are shown in Figure 

3a.4. These results clearly suggested that the lipopeptide P9 completely eradicate the bacteria 

within 20 min.   

3a.4 Conclusion:  

In conclusion, we have shown the potent antibacterial activity and the mechanism of 

action of short ,-hybrid lipopeptides. The hybrid peptides coupled with dodecanoic acids 

showed better activity compared to the octanoic acid coupled hybrid peptides.  Among the active 

lipopeptides, peptides composed of aromatic residues showed higher haemolytic activity 

compared to peptides with aliphatic residues. The mechanism of action suggested that these 

cationic lipopeptides bind and disrupt the bacterial cell wall.  Informatively, lipopeptide P10 

with -amino acid showed weaker antimicrobial activity compared to the ,-hybrid 

lipopeptides.  Moreover, the time kill kinetics assay suggested that the lipopeptide P9 completely 

inhibit the growth of bacteria within 20 min. Overall, the potent antibacterial activity, mechanism 

of action, and fast killing of bacteria, less haemolytic activity displayed by the short ,-hybrid 

peptides, particularly peptide P9, provided an unique  opportunity to further design peptide 

antibiotics.  
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3a.5 Experimental section 

3a.5.1 General experimental details 

. All reagents, amino acids, solvents were obtained from commercial sources and used without 

further purification. Peptides were purified through reverse phase HPLC on a C18 column using 

MeOH/H2O gradient.
 1

H NMR spectra were recorded on 400 MHz and 
13

C NMR on 100 MHz 

spectrometer using residual solvent as internal standard (DMSO-d6 δH, 2.5 ppm, δc 39.51 ppm) 

The chemical shifts (δ) were reported in ppm and coupling constant (Ј) in Hz. Mass spectra of 

the peptides were obtained from  the MALDI-TOF/TOF.  

3a.5.2 Synthesis of N-Fmoc-protected -amino acids 

 Boc-α, β-unsaturated γ-amino acid (2 mmol) was dissolved in 5 mL of ethanol under inert 

atmosphere. Then 20% Pd/C was added slowly to the reaction mixture and the rection mixture 

was stirred under Hydrogen atmosphere for 2 hours. After completion of the reaction, Pd/C was 

filtered and ethanol was evaporated from the reaction mixture to give Boc-γ -amino acid as 

gummy product in a quantitative yield. 

The Boc-γ gamma amino acid (1 mmol) was dissolved in 5 mL of DCM and cooled to 0 

°
C in ice bath followed by 5 mL of neat TFA was added to the reaction mixture. After 30 min, 

TFA was removed from reaction mixture under vacuum. Residue was dissolved in 15 mL of 

water (15 mL) and the pH was adjusted to ~10 by the slow addition of solid Na2CO3. The 

solution of Fmoc-OSu (1 mmol) in 10 mL of THF was added slowly to the reaction mixture at 0 

°C. Reaction mixture was stirred overnight at RT. After completion of the reaction, the reaction 

mixture was acidified with 20 mL of 20% HCl (20% volume in water) in cold condition. Product 
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was extracted with ethyl acetate (3× 50 mL). Combined organic layer was washed with brine (30 

mL) and dried over anhydrous Na2SO4. The solvent was concentrated under reduced pressure to 

give gummy product, which was recrystallized using EtOAc/Pet-ether. The pure Fmoc-γ-amino 

acid was utilised for SPPS.  

(S)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)pentanoic acid (3a)  

White solid; yield (83%) m. p. 148-150 °C ; [α]D
25

  +6.0° (c 1.0, MeOH);
 
  

1
H

 
NMR (400 

MHz, DMSO-d6) δ 11.98 (s, 1H, COOH), 7.83(d, 2H, aromatic), 7.64 (d, 2H, aromatic), 7.35 (t, 

2H, aromatic), 7.27 (t, 2H, aromatic), 7.11 (d, 1H), 4.28-4.15 (m, 3H), 3.97-3.43( m, 1H), 2.14 (t, 

2H), 1.58-1.50 (m, 2H), 0.98 (d, 3H):  
13

C NMR (100 MHz, DMSO-d6) δ 193.8, 174.8, 156.1, 

144.4, 141.2, 128.1, 127.5, 120.6, 65.6, 47.3, 46.4, 40.6, 31.7, 31.0, 21.3; m/z  value for 

C20H21NO4 [M+Na]
+
 362.1368 (calcd), 362.1376(observed). 

 

 

 (R)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-phenylpentanoic acid(3b) 

White solid; yield (85%) mp.143-145 °C ; [α]D
25

  -10.4° (c 1.0, MeOH);
 
   

1
H

 
NMR (400 MHz, 

DMSO-d6) δ 12.00 (br, 1H), 7.82 (d, 2H), 7.58 (d, 2H), 7.35 (t, 2H), 7.26 (t, 2H), 7.17 (t, 3H), 

7.12 (d, 2H), 6.9 (d,1H), 4.16 (d, 2H), 4.08 (d, 2H), 3.63-3.57( m, 1H), 2.63(d, 2H), 2.24-2.08 

(m, 2H), 1.69-1.63(m, 1H), 1.55-1.46 (m, 1H)  
13

C NMR (100 MHz, DMSO-d6) δ174.8,156.2, 

144.4, 141.2, 139.4, 129.7, 128.6, 127.5, 126.5, 125.7, 120.6, 65.6, 52.2, 47.3, 41.0, 40.6, 30.9, 

29.9; m/z  value for C25H25NO4 (M+Na
+
). 438.1681 (calcd), 438.1147(observed). 
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 (R)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(4-hydroxyphenyl)pentanoic 

acid(3c) 

White solid; yield (80%) mp.162-164 °C ; [α]D
25

  -9.0° (c 1.0, MeOH);
 
 

1
H

 
NMR (400 

MHz, DMSO-d6) δ 7.77 (d, 2H), 7.73 (d, 1H), 7.54 (d, 2H), 7.31 (t, 3H), 725-7.21 (m, 3H), 7.09 

(d, 1H), 6.85 (d, 1H), 6.53 (d, 1H), 6.17 (s, 1H), 4.16-4.05 (m, 3H), 2.49-2.45 (m, 2H), 2.26-

2.21(m, 1H), 2.15-2.02 (m, 2H), 1.63-1.50 (m,1H), 1.49-1.37 (m, 1H) 
13

C NMR (100 MHz, 

DMSO-d6) δ174.9,156.2, 144.4, 143.1, 141.2, 139.9, 137.9, 130.5, 129.5, 128.1, 127.8, 127.6, 

125.7, 121.9, 120.6, 115.4, 110.3, 65.6, 52.5, 47.3, 40.6, 31.1, 29.9 ; m/z  value for C26H25NO5 

[M+Na]
+
 454.1630 (calcd), 454.2030. 

 

 

                                                                                     

(R)-4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-methylheptanoic acid(3d).  

White solid; yield ( 87%), mp.130-132 °C ; [α]D
25

  -3.4° (c 1.0, MeOH); 
1
H

 
NMR (400 

MHz, DMSO-d6) δ 7.88 (d, 2H), 7.69 (d, 2H), 7.41 (t, 2H), 7.31(t, 2H), 7.04 (d, 1H), 4.31 (d, 

2H), 4.22 (t, 1H), 3.56-3.44(m, 1H), 2.17 (t, 2H), 1.76-1.38 (m, 1H), 1.65-1.57 (m, 2H), 1.44-

1.38 (m, 1H), 1.29-1.19 (m, 1H), 0.85 (d, 7H) 
13

C NMR (100 MHz, DMSO-d6) δ175.3, 155.9, 
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144.7, 140.6, 129.3, 128.2, 127.1, 125.8, 124.9, 121.8, 111.6, 65.4, 48.3, 47.2, 44.8, 30.7, 24.8, 

23.3, 21.9; m/z  value for C23H27NO4 [M+Na]
+
 404.1838(calcd), 404.1837 (observed). 

 

 

 

3a.5.3 Synthesis of peptides 

All peptides were synthesized on Knorr amide resin at 0.25 mmol scale using standard Fmoc-

chemistry.  All coupling reactions were performed using HBTU along with HOBt and monitored 

by Kaiser Test.  Finally, peptides were cleaved from the resin using the combination of TFA: 

water: thioanisole (98:1:1) and filtered. The cleavage solution was evaporated under reduced 

pressure to obtain crude product. The crude peptides were purified through reverse phase HPLC 

on C18 column using MeOH/H2O gradient. 

3a.5.4 Procedure for determining antibacterial activity 

The bacterial strains Escherichia coli (NCIM 2065), Escherichia coli K12 (NCIM2563), 

Klebsiella pneumoniae (NCIM 2957), Pseudomonas aeruginosa (NCIM 5029), Salmonella 

typhimurium (NCIM 2501),  Staphylococcus aureus (NCIM 5021) used for the antibacterial 

activity were obtined from National Collection of Industrial Microorganisms (NCIM).    

The antibacterial activity of peptides were carried out in a 96-well microtiter plate using 

microbroth dilution method. The cultures of bacteria were incubated over night at 37 °C,  and the 

solution was diluted with sterile MHB (Muller-Hinton broth) medium to a concentration of 10
6
 

colony forming units/mL. Increasing concentration of peptides P1-P10  with the volume of 50 
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μL was added to the 50 μL bacterial suspension to each well, and  incubated  for about 18 h at 37 

°C. Control experiment was performed without peptides.  The inhibition of the growth of 

bacteria was monitored through  measuring the absorbance at 492 nm. The lowest peptide 

concentration required for the complete killing was defined as the MIC value. 

3a.5.5 Procedure for hemolysis assay 

Hemolytic activity was performed on human red blood cells (hRBCs). The fresh hRBCs 

collected with EDTA were washed four times with Tris-buffered saline (10 mM Tris, 150mM 

NaCl, and pH 7.2).  The hRBCs were again diluted to 4% v/v with Tris buffer. To the solution of 

hRBCs (50 μL), increasing concentration of the peptides in Tris buffer were added by keeping 

the total volume 100 μL. The combined hRBCs and peptides solution was incubated at 37 C for 

about 1 h.  After 1 h, the solution was centrifuged for about 15 min at 3000 rpm. The supernatant 

(50 μL) of the each well was transferred to another 96-well plated and diluted with 50 μL of 

water and measure the absorbance of  released hemoglobin at 540 nm. Simple Tris buffer 

without peptides was used as a negative control and 1% Triton-X was used as a positive control. 

All experiments were performed in triplicate.  

3a.5.6 FE-SEM analysis 

Peptides P6 and P9 (100 μL) at 2 × MIC values were pipetted into a 96-well cell culture plate. 

To this peptide solution, 100 μL of either E. coli or S. aureus bacterial solution in Mueller 

Hinton broth was added. The bacterial concentration was adjusted to 0.1-0.2 optical density at 

600 nm. The peptide treated bacterial solution was incubated for about 2 h at 37 °C. The 

bacterial cells were centrifuged and the pellet was washed with PBS. Using 2.5% glutaraldehyde 

the cells were fixed and washed with PBS. The bacterial cells were centrifuged and washed with 
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30%, 50%, 70%, 95%, and 100% graded ethanol solution and finally with water. Finally, the 

dried bacterial cells were mounted on a silicon wafer and imaged under a field emission scanning 

electron microscope after the gold coating. 

3a.5.7 Procedure for β-Galactosidase leakage assay 

Membrane deformation studies were performed using Escherichia coli (TOP10, Invitrogen) cells 

containing LacZ reporter gene as reported earlier. Briefly, 90 μL of Luria Bertani broth 

containing the E.coli cells producing β-galactosidase were incubated separately with 10 μL (200 

μg/mL) of peptides P6 and P9.  After incubating for about 1h, the bacterial solution was 

centrifuged for10 min at 4000 rpm. The clear supernatant solution (80 μL) was treated with 20 

μL (400 μg/mL) of 4-methylumbelliferyl-β-galactosidase indicator. The release of the β-

galactosidase was monitored for about 1 h by recording the fluorescence emission at 445 nm 

after exciting the solution at 365 nm. The linear plot of fluorescence versus time gave the initial 

velocity of the enzyme reaction. The control experiment was performed without peptides.   

3a.5.8 Procedure for time kill kinetics 

To understand the rate at which the peptides can completely inhibit bacterial growth we have 

performed the time kill kinetics assay.  The potent peptide P9 ( 6 μg/mL, 2 × MIC )was added to 

the solution of K. peumoniae grown in Mueller Hinton broth (approximately 1.8 × 10
5 

CFU/mL) 

and incubated at 37 C.   From this solution, 20 μL were drawn at 0, 1, 3, 6, 12, and 24 h 

intervals and diluted 10 times with 0.9% saline. The solution extracted at different time intervals 

were plated again on Mueller Hinton agar plates and incubated at 37 
o
C. Similar experiments 

were performed at shorter time intervals 0, 10, 20, 30, 45, and 60 min. After 24 h incubation, the 

bacterial colonies were counted.  
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3a.7 Appendix II: Characterisation data of synthesized peptides 

Designation Description  Page No. 

3a 
1
H and 

13
C NMR spectra 90 

3b 
1
H and 

13
C NMR spectra 91 

3c 
1
H and 

13
C NMR spectra 92 

3d 
1
H and 

13
C NMR spectra 93 

P1 HPLC trace and Mass spectrum 94 

P2 HPLC trace and Mass spectrum 94 

P3 HPLC trace and Mass spectrum 95 

P4 HPLC trace and Mass spectrum 95 

P5 HPLC trace and Mass spectrum 96 

P6 HPLC trace and Mass spectrum 96 

P7 HPLC trace and Mass spectrum 97 

P8 HPLC trace and Mass spectrum 97 

P9 HPLC trace and Mass spectrum 98 

P10 HPLC trace and Mass spectrum 98 
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Chapter 3b 

Synthesis and Utilization of New -diamino Acids from E-

Vinylogous Amino Acids and Their Utility in the Design of 

,-Hybrid Peptide Foldamers 
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3b.1 Introduction  

In the previous section, we have demonstrated the potent antimicrobial activity of lipidated 

,-hybrid peptides. The -amino acids are directly derived from the catalytic hydrogenation 

of E-vinylogous amino acids. In addition to the synthesis of -amino acids, recently we 

demonstrated the utility of E-vinylogous amino esters as Michael acceptors. In this chapter 

3b, we are reporting the synthesis of novel -diamino acids starting from E-vinylogous 

amino acids and their utility in the design of hybrid peptide foldamers. 

Over the last two decades, a variety of non-natural β- and -amino acids have been 

explored to design protein secondary structure mimetics.
1,2

 In addition to the homooligomers 

of β- and -amino acids, the mixed (β)n,
3
 ()n,

4
 and (β)n,

5
 sequences have shown to adopt 

helical structures with a variety of intramolecular H-bonding patterns. The lessons learned 

from the diverse folding properties of  β-, - and mixed hybrid peptide helical foldamers have 

been utilized further to design inhibitors for protein-protein interactions,
6
 antimicrobials

7
 and 

soft biomaterials.
8
  We have been interested in understanding the conformational properties 

of - and ,-hybrid peptide foldamers composed of various types of -amino acids. Recently 

we have shown the folding properties of (E)- and (Z)-,β-unsaturated -amino acids.
9
  The 

(E)-vinylogous amino acids preferred to adopt extended conformation,
9a

 while (Z)-

vinylogous amino acids can be readily accommodated into the helical structures.
9b

 Besides 

serving as starting materials for the synthesis of saturated γ-amino acids through the 

reduction of double bonds, these unsaturated amino acids  also provided an opportunity to 

drive 3,4-disubstituted -amino acids through Michael addition.
10

 We have reported the 

helical conformations of hybrid peptides composed of 3-nitromethyl substituted -amino 

acids derived from the nitromethane Michael addition on E-vinylogous γ amino acids.
10,11

 

The hybrid peptides composed of alternative - and 3-nitromethyl substituted -amino acids 
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adopted 12-helix conformations and self-assembled nanotubes in single crystals.
11

  We 

hypothesize that the reduction of 3-nitromethyl functional group in the 3,4-disubstituted -

amino acids may leads to new -amino acids with different side-chains (Scheme 3b.1). 

Interesting fact is that the 3-substituted -amino acid consists of both amine and amino acid 

side-chain functionality cab be placed as a side-chain. In addition, this transformation also 

leads  

 

Scheme 3b.1:  Transformation of β-nitromethyl substituted γ-amino acid to 3-Substituted γ-amino 

acid. 

to easy access to the drug pregabalin (Scheme 3b.1) analogues.  Pregabalin has been 

marketed to treat epilepsy, neuropathic pain, fibromyalgia, etc.
12

  

3b.2 Aim and rational of the work  

, β-Unsaturated -amino acids have been serving  as intermediates for the synthesis of 

various substituted -amino acids as well as saturated -amino acids. In addition, hybrid 

lipopeptides composed of unsaturated -amino acids have shown the potent and broad 

spectrum antimicrobial activity. In the previous section, we have shown the potent 

antibacterial activities of short hybrid lipopeptides derived from - and saturated -amino 

acids. In this chapter, we sought to investigate the synthesis and conformational properties of 

new β-aminomethyl -amino acids derived from the Michael addition of nitromethane to the 

,β-unsaturated -amino acids. Herein, we are reporting the synthesis of new 3-substituted -
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amino acids, their utility in the design of hybrid peptide foldamers and the single crystal 

conformation of ,-hybrid heptapeptide composed of  3-substituted -amino acid.  

3b.3 Results and Discussion  

3b.3.1 γγ-diamino acid synthesis 

 

Scheme 3b.2: Synthesis of β-nitromethyl substituted -amino acids 

 R = a: -CH2C6H5); b: -CH(CH3)2; c: -CH2-O
t
Bu; d: -CH2-CH(CH3)2; e: -CH(CH3)-CH2-CH3; f: -CH2-

(3-indole); g: CH2-C6H4-(4-O
t
Bu)   

Scheme 3b.3: Synthesis of orthogonally protected compatible β-amino methyl substituted -amino 

acids  

The schematic representation of the syntheses of ethyl ester β-nitromethyl substituted -

amino acids from ethyl esters of N-Boc protected ,β-unsaturated amino acids (1)  is shown 

in Scheme 3b.2.  The ethyl ester of N-Boc-,β-unsaturated -amino acids (1a-g) were 

synthesized through Witting reaction starting from N-Boc-amino aldehydes as reported 

earlier.
9a

 All unsaturated amino acid esters were subjected to nitromethane Michael addition 

in the presence DBU as reported earlier.
10,13

  Both major (2) and minor (3) diastereoisomers 

obtained after the Michael addition reaction were separated using through column 

chromatography.
10 

 All major diastereoisomers were  isolated in good to excellent yields and 

characterized. The pure diastereoisomers (2a-g) were subjected to the saponification using 

1N NaOH in methanol to obtain corresponding free carboxylic acid derivatives (4a-g). To 
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understand the feasibility of transforming β-nitromethyl substituted -amino acids into 3-

substituted and/or 3, 4-disubstituted -amino acids (-diamino acids), we subjected 4a to the 

catalytic hydrogenation using 20% Pd/C in methanol. 

Table 3b.1: Orthogonally protected 3-substituted (and/or 3,4-disubstituted) -amino acids  

Entry        4      5 Yield (%) 

a 

     

85 

b 

  

85 

c 

   

90 

d 

  

87 

e 

  

80 

f 

  

78 
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The free amine obtained after the completion of reaction was protected with Fmoc- group to 

obtain compound 5a in excellent yield. The -diamino acid 5a can serve as both 3,4-

disubstituted -amino acid as well as 3-substituted -amino acid. Motivated by the simple the  

transformation of β-nitromethyl -amino acid 4a into dual -amino acid 5a in a single step, 

we subjected other β-nitromethyl -amino acids (4b-g) to the catalytic hydrogenation.  The 

free amine of all β-amino methyl substituted -amino acids was protected with Fmoc- group 

(5b-g) and isolated in good to excellent yields.  The list of orthogonally protected β-amino 

methyl--amino acids is shown in Table 3b.1. 

3b.3.2 Incorporation of γγdiamino acid in peptidomimetics 

In order to understand the conformational properties of new 3-substituted -amino 

acids in peptide sequence, heptapeptide N1 was designed (Scheme 3b.3). The amino acid 5a 

was transformed in to 6a to accommodate Cbz-group for side-chain protection instead of 

Boc- group (Scheme 3b.3A). The protected amino acid was directly used for the peptide 

synthesis.  The  ,-hybrid peptide N1 was synthesized using solid phase method on Rink 

amide resin. The 
4
-amino acids were synthesized from the reduction of ,β-unsaturated -

amino acids as reported earlier.
4d

  All coupling reactions were performed using HBTU as a 

coupling agent in the presence of additive HOBt and base DIEA.  The peptide N1 was 

purified by reverse phase HPLC on a C18 column and pure peptide was subjected to the 

crystallization in various solvent combinations. Peptide gave X-ray quality crystals in a 

solution of aqueous methanol and its X-ray structure is shown in Figure 3b.1.  There are two 

g 

 
 

87 
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molecules in the asymmetric unit.  The heptapeptide N1 adopted a right handed helical 

conformation stabilized by six intramolecular 12-membered H-bonds (12-helix) between the 

residues i and i+3. The H-bond parameters are tabulated in the Table 3b.2. 

 

 

 

 

Scheme 3b.4 A) Synthesis of Cbz-protected -diamino acid (6a). B) Sequence of the peptide N1 

incorporating  amino acid 6a.  C) Local torsion variables of -amino acids are also shown.  

Both backbone homologated 
4
-Phe2 and 

4
-Phe6 adopted g+, g+ conformation along C


-C

β
 

and C
β
-C


 bonds in the helix.  Similar to 

4
-Phe residues, the new 

3
-amino acids at position 4 

also adopted g+, g+ conformation along C

-C

β
 and C

β
-C


 bonds and nicely accommodated 

into the helix. The torsion variables , 1, 2 and  are used to describe the local 
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conformations of the -residues (Scheme 3b.4C). The torsion angles of peptide N1 (one of 

molecules) are tabulated in Table 3b.2. 

 

 

 

 

 

 

  

 

Figure 3b.1. Crystal structure of peptide N1. (A) side view (B) top view. 

Similar to the reported ,-hybrid peptide 12-helices,
4a-f

 the all three -residues displayed  1 

and 2  ~ +60 and  and  ~ -120. The Aib residues adopted an average  and   values ~ - 

60° and ~ -40° respectively. Inspection of the crystal structure reveals that the Cbz protected 

amine and Phe groups of the 
3
-amino acid are projected outwards. In the contrast to the 

backbone amide bonds, the side-chain amide bond of γ
3
-residue is not involved in inter or 

intramolecular H-bonds. As compared to other -amino acids, the side-chain of the new -

amino acid is elongated and possible to cover larger surface if the foldamers are constructed 

from these new -amino acids.   

B 
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Table 3b.2. Torsion angles for Peptide N1 ()* 

Residue ɸ θ1 θ2 ψ Backbone 

coformation 

Aib1 -56  - - -39  - 

γ
4
Phe 2 -123  49 63° -122 g

+
, g

+
 

Aib3 -58 - - -37° - 

γ
3 
Phe4 -135 60 52 -110 g

+
, g

+
 

Aib5 -63 - - -44  

γ
4
Phe 6 -129  58 59 -117 g

+
, g

+
 

Aib7 -57° - - -44 - 

*The other molecule in the asymmetric unit also displayed similar torsion angles.  

3b.4 Conclusion 

We have demonstrated the synthesis of new -amino acids starting from E-vinylogous amino 

acids through the Michael addition. The mild reduction of 3-nitromethyl group led to the 

generation of a new γ-amino acid.  Using this simple and facile method it is possible to 

generate pregabalin analogues.  The orthogonally protected 3-substituted -amino acids were 

isolated in excellent yields and utilized in the construction of hybrid peptide foldamer. The 

single crystal conformational analysis of hybrid heptapeptide suggested that these amino 

acids can be accommodated into the helix similar to the other -amino acids. Overall the 

synthesis and isolation of different side-chain substituted γ-amino acids and their 

conformations in the single crystals reported here can be explored to design functional 

peptide foldamers.  

 

 

 

 



107 
 

3b.5 General Experimental Details 

                   Column
 
chromatography was performed on silica gel (100-200 mesh). 

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 (DMSO-d6). Chemical shifts (δ) reported in parts 

per million (ppm) and coupling constants (J) reported in Hz. Mass spectra were recorded 

using MALDI TOF/TOF. 

 

3b.5.1 General procedure for the synthesis of β-nitromethane substituted γ-amino esters 

through the Michael addition of nitromethane to N-protected α,β-unsaturated γ-amino 

esters.  

                    The N-Boc α,β-unsaturated γ-amino ester 1 (2.0 mmol) was dissolved in neat 

nitromethane (10.0 mmol). To this solution, DBU (2.0 mmol) was added under a N2 

atmosphere. The reaction mixture was stirred at room temperature for about 3 h and the 

progress of the reaction was monitored by TLC. After completion of the reaction, EtOAc 

(100 mL) was added to the reaction mixture, and washed with H2O (3 × 50 mL), 1N HCl (2 × 

50 mL) and brine (2 × 50 mL) solution. Then the organic layer was dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The diastereoisomers 2 and 3 were 

separated through silica gel column chromatography. 

General procedure for the synthesis of 4 

                     N-Boc protected ethyl ester of β-nitromethyl substituted -amino acid (2, 5 

mmol) was dissolved in MeOH (5 mL) and 1N NaOH was slowly added to the reaction 

mixture until the solution turns turbid and stir the reaction mixture for about 3 h.  The 

progress of the reaction was monitored by TLC. After completion of the reaction, MeOH was 

evaporated using rotary evaporator and the aqueous layer was acidified using 10% HCl 

solution. The product was extracted in EtOAc (3 × 40 mL). The combined organic layer was 
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washed with brine (2 × 50 mL), dried over Na2SO4 and concentrated under reduced pressure 

to give free carboxylic acid 4. The product was used further without purification. 

General procedure for the synthesis of 5 

                 The free carboxylic acid (4, 1 mmol) was dissolved in distilled MeOH (10 mL) 

under N2 atmosphere and subjected to hydrogenation using Pd/C (10 % w/w) under H2 

atmosphere.  The progress of the reaction was monitored by TLC. After the completion of 

reaction (~ 3 h), Pd/C was filtered using a sintered funnel, MeOH was evaporated to get N-

Boc-protected β-aminomethyl -amino acid. The free amino acid was dissolved in 10 mL of 

THF and 15 mL 10% Na2CO3 was added while stirring. The Fmoc-OSu (0.9 mmol) dissolved 

in 5mL THF was added drop wise to the ice cold reaction mixture. The reaction mixture was 

stirred and completion of reaction was monitored by TLC. After 6 h, the THF was evaporated 

and aqueous layer was acidified with 10% HCl. The product was extracted using EtOAc (3 × 

50 mL). The combined organic layer was washed with brine (3 × 50 mL), dried over Na2SO4 

and concentrated under reduced pressure. The crude product was purified using silica gel 

column chromatography to get pure compound 5.  

 

Synthesis of 6a from 5a: 

                    Compound 5a (1 mmol) was dissolved in 5 mL DCM and cooled to 0 °C. To this 

cold solution 5mL TFA was added and the reaction mixture was stirred for about 1 h. After 1 

h, the solvent was evaporated under reduced pressure and the product was washed with 

DCM.  The free amino acid was dissolved in 10 mL of THF, and 15 mL 10% Na2CO3 was 

added to it while stirring. To this solution, Cbz-Cl (0.9 mmol) dissolved in 5 mL THF was 

added drop wise. The reaction mixture was stirred for 6 h and progress of the reaction was 

monitored by TLC. After 6h, the THF was evaporated under reduced pressure and aqueous 

layer was acidified with 10% HCl. The product was extracted using EtOAc (3 × 50 mL). The 
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combined organic layer was washed with brine (3 × 50 mL), dried over Na2SO4 and 

concentrated under reduced pressure. The product was purified using silica gel column 

chromatography to give Cbz-γPhe(βCH2NHFmoc)-OH (6a).  

 

(3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4-((tert- 

butoxycarbonyl)amino)-5-phenylpentanoic acid (5a): White solid; (85% ); m. p. 136 °C ; 

[α]D
25

  +11.8 (c 1.0, MeOH);
 
 
1
H NMR (400 MHz, DMSO-d6 ); δ 11.99 (s, 1H, COOH), 7.83 

(d, J  ꞊8  Hz, 2H, -Fmoc Aromatic),  7.65(d, J  ꞊8 Hz, 2H, -Fmoc Aromatic),  7.35 (t, J  ꞊8 Hz, 

2H, -Fmoc Aromatic), 7.26(t, J  ꞊8 Hz, 2H, -Fmoc Aromatic), 7.18-7.15 (m, 5H, phenyl),   

6.66 ( d, J  ꞊12 Hz, 1H, NH), 6.27 ( d, J  ꞊ 12 Hz, 1H, NH), 4.24  ( d, J  ꞊ 8  Hz, 2H, -CH2-

Fmoc), 4.19-4.17 ( m, 1H, -CH-Fmoc),  3.82-3.77 (m, 1H,CH), 3.20-3.14 (m, 1H,CH), 2.93-

2.86(m, 1H,CH), 2.72-2.65(m, 1H,CH), 2.56-2.48(m, 1H,CH), 2.30-2.23 (m, 1H,CH),  2.16-

2.07(m, 2H,CH2), 1.20 (s, 9H, Boc); 
13

C NMR (100 MHz, DMSO-d6 ) δ174.3, 156.9, 155.9, 

144.4, 141.2, 139.9, 129.5, 128.3, 128.1, 127.5, 126.2, 125.7, 120.6, 77.9, 65.9, 52.7, 49.1, 

47.2, 37.3, 28.6, 28.1; ESI HRMS m/z value for  C32H36N2O6 [M + Na]
+
  567.2471 (calcd), 

567.2470 (observed). 

 

 (3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4-(((benzyloxy-

)carbonyl)amino)-5-phenylpentanoic acid (6a): White solid; (78% ); m. p. 122 °C; [α]D
25

  -

1.4 (c 1.0, MeOH);
 1

H NMR ( 400 MHz, DMSO-d6 ) δ 12.04 (s, 1H), 9.60(s, 1H), 7.84-

7.09(m, 18H), 4.91-4.80(m, 2H), 4.26-4.24(m, 3H), 3.88-3.84(m, 1H), 3.75-3.51(m, 1H), 

3.23-3.16(m, 1H), 2.98-2.90(m, 1H), 2.76-2.73(m, 1H), 2.57-2.49(m, 1H), 2.35-2.27(m, 1H), 
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2.18-2.13(m, 2H); 
13

C NMR (100 MHz, DMSO-d6 ) δ174.3, 144.4, 141.2, 139.8, 137.9, 

129.7, 129.6, 128.8, 128.4, 128.1, 128.0, 127.6, 126.4, 125.7, 120.6, 68.1, 66.0, 65.3, 53.6, 

47.3, 37.2, 33.6, 29.5; ESI HRMS m/z value for  C35H34N2O6  [M + Na]
+
  601.2315(calcd), 

601.2515   (observed). 

 

 

 (3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4-((tert-

butoxycarbonyl)amino)-5-methylhexanoic acid (5b): White solid; ( 85% ); m. p. 89 °C; 

[α]D
25

  -6.4 (c 1.0, MeOH);
 
 
1
H NMR ( 400 MHz, CDCl3 ) δ 7.74 (d, J  ꞊ 8 Hz, 2H,-Fmoc  

Aromatic), 7.58  (d, J  ꞊ 8  Hz, 2H, -Fmoc Aromatic), 7.38(t, J  ꞊ 8  Hz, 2H, -Fmoc 

Aromatic), 7.29 (t, J  ꞊ 8  Hz, 2H, -Fmoc Aromatic), 5.84 (m,1H),4.64 (d, J  ꞊12  Hz, 1H), 

4.36 (d, J  ꞊8 Hz, 2H), 4.21 (t, J  ꞊8 Hz, 1H), 3.54-3.50  (m, 1H), 3.42-3.35 (m, 1H), 3.12-3.09 

(m, 1H), 2.72 (d, J  ꞊8 Hz, 1H), 2.37-2.27 (m, 2H), 1.46-1.38 (m, 11H), 1.27-1.24 (m,1H), 

1.03-0.82(m, 6H);  
13

C NMR (100 MHz, CDCl3 ) δ 175.1, 172.8, 157.5, 143.8, 141.4, 127.8, 

127.1, 125.2, 123.0, 120.1, 67.3, 56.5, 47.2, 40.6, 38.6, 34.8, 28.7, 28.4, 28.3, 20.3, 16.9 ESI 

HRMS m/z value for  C28H36N2O6  [M + Na]
+
  519.2471 (calcd), 519.2477 (observed). 

 

(3R,4R)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-5-(tert-butoxy)-4-((tert-

butoxycarbonyl) amino)pentanoic acid (5c): White solid; (90%  ); m. p. 76 °C; [α]D
25

  +9.6 

(c 1.0, MeOH);
 1

H NMR ( 400 MHz, DMSO-d6 ) δ11.95(s, 1H), 7.84-7.24(m,8H), 6.42-
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6.38(m, 1H), 4.23-4.15(m, 3H), 3.64-3.59(m, 1H), 3.20(m, 1H), 3.04-2.82(m,1H), 2.15-

2.06(m, 2H), 1.31(s, 9H), 1.04(s,9H); 
13

C NMR (100 MHz, DMSO-d6 ) δ 174.3, 157.8, 156.2, 

144.4, 141.2, 129.4, 128.1, 127.8, 125.7, 120.6, 78.1, 72.9, 65.9, 62.3, 51.8, 47.2, 37.4, 33.7, 

28.7, 27.8; ESI HRMS m/z value for  C30H40N2O7  [M + Na]
+
  563.2733 (calcd.), 

563.2811(observed). 

 

(3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4 ((tert-

butoxycarbonyl)amino)-6-methylheptanoic acid (5d): White solid; ( 87% ); m. p. 80 °C , 

[α]D
25

  -16 (c 1.0, MeOH);
 
 
1
H NMR ( 400 MHz, DMSO-d6 ) δ 11.92 (s, 1H, COOH),7.89-

7.88 (d, J  ꞊ 8 Hz, 2H, -Fmoc Aromatic),7.68-7.67(d, J  ꞊8 Hz, 2H, -Fmoc Aromatic),  7.43-

7.39 (t, J  ꞊8Hz, 2H, -Fmoc Aromatic),7.33-7.30(t, J  ꞊8Hz, 2H, -Fmoc Aromatic),  6.81-6.79 

(d, J  ꞊ 9.16  Hz, 1H, NH),6.59-6.57( d, J  ꞊ 8 Hz, 1H, NH),4.27-4.26 ( d, J  ꞊ 4  Hz, 2H, -

CH2-Fmoc), 4.22-4.21 (m, 1H, CH-Fmoc),3.73-3.65 (m, 1H,CH), 3.17-3.16 (m, 1H,CH), 

3.10-3.02 (m, 1H,CH), 2.82-2.77 (m, 1H,CH), 2.17-2.12 ((m, 1H,CH),2.03-2.19(m, 

1H,CH),1.57-1.52(m, 1H,CH),1.37-1.34 (m, 11H, Boc, CH2), 0.86-0.80(m, 6H, CH3 ); 
13

C 

NMR (100 MHz, DMSO-d6 ) δ176.7, 156.3, 143.1, 139.9, 137.9, 129.4, 127.8, 121.9, 120.5, 

77.9, 51.1, 49.1, 43.9, 41.9, 39.4, 29.4, 28.7, 24.9, 24.0, 23.0, 21.9 ; ESI HRMS m/z value for  

C29H38N2O6 [M + Na]
+
  533.2628 (calcd), 533.2627 (observed). 
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 (3R,4S,5R)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4-((tert-

butoxycarbonyl)amino)-5-methylheptanoic acid (5e): White solid ( 80% ), m. p. 95 °C ; 

[α]D
25

   -7.0
  
(c 1.0, MeOH);

  1
H NMR ( 400 MHz, DMSO-d6 ) δ 11.89 (s, 1H, COOH), 7.84 

(d, J  ꞊ 7.32 Hz, 2H, -Fmoc Aromatic),  7.61 (d, J  ꞊ 8 Hz, 2H, -Fmoc Aromatic),  7.35 (t, J  ꞊ 

8 Hz, 2H, -Fmoc Aromatic),  7.29-7.24( m, 2H, -Fmoc Aromatic), 6.45 (d, J  ꞊ 12 Hz, 1H, 

NH), 4.27-4.13(m, 3H, -OCH2, -CH of Fmoc),3.00-2.96 (m, 1H, CH),2.64-2.62 (m, 1H, 

CH),2.16-2.10(m, 2H, CH2 ), 2.02-1.93 (m, 1H, CH),1.42-1.29 (m, 11H, Boc, CH2 ),0.83-0.73 

(m, 6H, CH3 ); 
13

C NMR (100 MHz, DMSO-d6 ) δ174.2, 156.8, 144.4, 142.2, 128.1, 17.5, 

125.6, 120.6. 77.9, 65.7,55.6, 47.2, 39.4, 36.3, 28.7, 26.0, 16.1, 11.1; ESI HRMS m/z value 

for  C29H38N2O6 [M + Na]
+
  533.2628 (calcd), 533.2627 (observed). 

 

(3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-4-((tert-

butoxycarbonyl)amino)-5-(12,18-dihydro-1H-indol-3-yl)pentanoic acid (5f): Yellow 

colored  solid; ( 78% ); m. p. 121 °C; [α]D
25

  -7.6 (c 1.0, MeOH);
 
 
1
H NMR ( 400 MHz, 

DMSO-d6 ) δ 11.98 (s, 1H), 10.69(s, 1H), 7.85-6.63(m,19H), 4.25-4.18(m, 3H), 3.89(m,1H), 

2.94-2.93(m, 1H), 2.78-2.73(m 1H), 2.27-2.19(, 3H), 1.24(s, 9H); 
13

C NMR (100 MHz, 

DMSO-d6 ) δ176.1, 156.1, 143.0, 139.9, 137.9, 136.6, 129.4, 127.8, 123.5, 121.8, 121.2, 

120..5, 118.8, 118.6, 117.5, 111.5, 110.2, 78.0, 53.9, 44.0, 38.6, 34.5, 28.7, 28.5. ESI HRMS 

m/z value for  C34H39N3O6  [M + Na]
+
  608.2737 (calcd), 606.2581(observed). 
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 (3R,4S)-3-(((((9H-fluoren-9-yl)methoxy)carbonyl)amino)methyl)-5-(4-(tert-

butoxy)phenyl)-4-((tert-butoxycarbonyl)amino)pentanoic acid (5g): White solid; ( 87% ); 

m. p. 74 °C; [α]D
25

  -2.0 (c 1.0, MeOH);
 1

H NMR ( 400 MHz, DMSO-d6 ) δ7.84(d, J=8Hz, 

2H), 7.64(t, J=8Hz, 2H),7.36(t, J=8Hz, 2H), 7.31-7.25(m,3H), 7.05(d, J=8Hz, 2H), 6.83-

6.74(m,2H), 4.26-4.15(m, 3H), 3.81-3.74(m,1H), 3.17-3.12(m,1H), 2.91-2.87(m, 1H),2.33(t, 

J=8Hz, 1H), 2.14-2.06(m,1H), 1.24-1.17(m, 18H); 
13

C NMR (100 MHz, DMSO-d6 ) 176.7, 

156.7, 143.1, 139.9, 137.9, 129.4, 127.8, 121.9, 120.5, 110.3, 78.0, 58.1, 56.3, 44.3, 36.7, 

34.5, 31.9, 30.1, 28.7, 20.6, 17.8, 17.6;  ESI HRMS m/z value for  C36H44N2O7  [M + Na]
+
  

639.3036 (calcd), 639.3054(observed). 

 

 

 

3b.5.2 Solid phase synthesis of peptide N1:  

Peptide N1 was synthesized at 0.1 mmol scale on Rink amide resin using standard Fmoc-

chemistry. The combination of HBTU/HOBt was used as coupling reagents. The coupling 

reactions were monitored by Kaiser Test. After completion of the synthesis, peptide was 

cleaved from the resin using TFA/H2O (9.5:0.5). After cleavage, the resin was filtered and 

washed with TFA. The cleavage mixture was then evaporated under reduced pressure to give 
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gummy product and purified through reverse phase HPLC on C18 column using MeOH/H2O 

gradient.  

White solid;
 1

H NMR (400 MHz, CD3OH ) δ 8.28-8.25 (m, 2H), 8.21 (s, 1H), 8.15 (s, 1H), 

8.01 (s, 1H), 7.90 (s, 1H), 7.85-7.83 (d, 8Hz, 1H), 7.66-7.63 (d, 12Hz, 1H), 7.56 (s, 1H), 

7.35-7.04 (m, 15H), 6.60 (s, 1H), 5.21-5.18 (d, 12Hz, 1H), 4.15-4.01 (m, 4H), 3.49-3.46 (m, 

3H), 3.04-3.00 (m, 2H), 2.91-2.78 (m, 3H), 2.68 (s, 3H), 2.67-2.26 (m, 12H), 2.13-2.06 (m, 

3H), 1.87-1.73 9m, 4H), 1.67-1.60 (m, 2H), 1.49 (s, 3H), 1.41-1.40 (m, 5H), 1.34 (s, 2H), 

1.27 (m, 6H), 1.16 (s, 2H), 0.93 (s, 3H); 
13

C NMR ( 100 MHz, DMSO-d6 ) δ 176.2, 175.7, 

173.8, 173.1, 171.7, 157.3, 139.3, 138.6, 137.3, 129.4, 129.0, 128.1, 127.9, 126.6, 126.1, 

125.7, 65.8, 56.4, 53.7, 48.5, 47.1, 42.1, 41.4, 34.8, 32.2, 31.6, 29.9, 28.2, 26.4, 25.7, 23.1, 

22.3, 21.9, 10.2; MALDI-TOF mass m/z value for  C60H81N9O10 [M + Na]
+
  1110.6106 

(calcd.),   1110.3234 (observed). 

3b.5.3 Crystallographic information of peptide N1:  

Crystals of peptide N1 were grown by slow evaporation from a solution of MeOH. A single 

crystal (0.11 × 0.09 × 0.06 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 = 68.26), for a total of 

10595 independent reflections. Space group P 1, a = 13.057 (2), b = 14.859 (3), c = 20.089 

(3), β = 72.034 (8), V = 3467.0 (10) Ǻ
3
, Monoclinic, Z = 2 for chemical formula 

C60H81N9O10, with two molecules in asymmetric unit; ρcalcd = 1.043 gcm
-3

, μ = 0.579 mm
-1

, 

F(000) = 1168, Rint= 0.0555 The structure was obtained by direct methods using SHELXS-

97.The final R value was 0.0962 (wR2 = 0.2401) 21325 observed reflections (F0 ≥ 4σ( |F0| )) 

and 1441 variables, S = 1.047. The largest difference peak and hole were 0.738 and -0.642 

eǺ
3
, respectively. 
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3b.7 Appendix IV: Characterisation data of synthesized peptides 

Designation Description  Page No. 

5a 
1
H and 

13
C NMR spectra 119 

5b 
1
H and 

13
C NMR spectra 120 

5c 
1
H and 

13
C NMR spectra 121 

5d 
1
H and 

13
C NMR spectra 122 

5e 
1
H and 

13
C NMR spectra 123 

5f 
1
H and 

13
C NMR spectra 124 

5g 
1
H and 

13
C NMR spectra 125 

6a 
1
H and 

13
C NMR spectra 126 

N1 
1
H and 

13
C NMR spectra  127 

 MALDI-TOF spectrum
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Chapter 4 

Design, Structure and Potent Antimicrobial Activity of 

,,-Hybrid Peptide Helical Foldamers 
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4.1 Introduction 

The raise in microbial resistance towards the conventional antibiotics has created an 

urgent need to develop antibiotics with different mode of action to combat microbial 

infections.
1
 In addition, the modern medical advancements such as organ transplantation 

and invasive surgeries that depend heavily on the antibiotics are also at high risk. In this 

context, host-defense peptides have attracted considerable attention due to their broad 

spectrum antimicrobial activities.
2
 The mechanism of action of these peptides showed that 

they target and disrupt the bacterial cell membrane.
3
  The issues such as poor selectivity, 

high dosage requirement, proteolytic instability and high hemolytic activities have 

hampered the practical applications of most of these natural peptides.
4
 However they have 

provided key structural features to develop new generation of potential antibiotics. 

Among the various types of the host-defense peptides, -helical peptides are 

predominant.
5
 Along with helical propensity, the facial amphiphilicity and 

hydrophobicity are the crucial factors that are responsible for the antimicrobial activities 

of these helical peptides. Extensive efforts have been made in the literature to improve to 

the activity and proteolytic stability of natural antimicrobial peptides using D-amino acid 

oligomers,
6
 β-peptides,

7
 peptoids,

8
 mixed /β-hybrid peptides,

9
 polymers of β-amino 

acids,
10

 substituted polyproline
11

 and oligomers of aromatic subunits.
12

 Some of these 

antimicrobial foldamers have been described in the Chapter 1.  All these designs maintain 

the global amphiphilic and hydrophobic nature of the natural helical antibiotics. Recent 

advances in the structural analysis of -and hybrid γ-peptides reveal that -amino acids 

have shown grater helical propensity.
13

 The homooligomers of -amino acids have shown 

to adopt 14-helical conformations (14-atom H-bonds) without any stereochemical 

constraints.
14

 The hybrid peptides with 1:1 alternating - and -amino acids have shown 

to adopt stable 12-helical (12-atom H-bonds) conformations.
15

 Recently, Balaram and 
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colleagues and we reported the 10/12-helical conformation of a hybrid peptide constituted 

with 2:1 -and -amino acids in single crystals.
16,17

 The sequences of the peptides (A and 

B) and their structures are shown in Figure 4.1.  The interesting feature of the 10/12-helix
 
 

                      

Figure 4.1: Sequence of -hybrid peptides (A and B) and their X-ray structures.
17

 B) Top view of 

the 10/12-helical structures are shown in the bottom plane.  
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is that the side-chains of the amino acids are oriented at the three faces of the helical cylinder 

(Figure 4.1 top view). The spatial arrangement of amino acid side-chains along the helical 

cylinder provided an excellent opportunity to design amphiphilic helices with lesser number 

of -amino acids.  

4.2 Aim and rational of the present work 

Based on the structural evidences of the -hybrid peptides from the previous studies, we 

sought to investigate their antimicrobial properties and their solution conformations. In 

addition, there is no report on whether these peptides can adopt 10/12-helix conformation in 

solution. In this chapter, we are reporting the design, synthesis, conformational analysis in 

solution and antimicrobial properties of various amphiphilic -hybrid peptides. We 

explored 2D NMR analysis to understand their conformations in solution. To understand the 

antibacterial activity of these designed amphiphilic foldamers, various Gram positive and 

Gram negative bacteria and Methicillin-resistant Staphylococcus aureus (MRSA) and 

Methicillin-sensitive Staphylococcus aureus (MSSA) were tested. Along with the 

antibacterial activities, their hemolytic activity and DNA binding ability were also 

investigated.   

4.3  Results  

4.3.1 Peptide design and synthesis  

The sequence of the designed -hybrid peptides are shown in Scheme 4.1. Peptides H1-H6 

are Leu-Lys-Leu tripeptide repeats. Peptide H7 is an analogue of peptide H3 where the -

Leu was replaced with -Ala. Peptide H8 is a control -peptide. The -amino acids were 

synthesized starting from -amino acids through Wittig reaction as reported earlier.
15

 All the 

peptides were synthesized on Knorr Amide resin using standard Fmoc-Chemistry. Except 

H6, the N-terminus of all other peptides was not capped with acetyl group for better solubility 
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in aqueous solutions. All peptides were purified using reverse phase HPLC and pure peptides 

were subjected to the antibacterial activities and solution conformation analysis. 

 

 

Scheme 4.1: Sequences of -hybrid peptides (H1-H7) and -peptide counterpart H8.  
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4.3.2 Solution conformation of peptides 

 

Figure 4.2: 800 MHz 
1
H plot of peptide H6: Ac-[Leu-Lys-Leu]4-CONH2 in water and with SDS. 

Though resonance were broadened, spectral dispersion especially in amide region were observed.
  

 

Figure 4.3: Partial 
1
H NMR spectrum of H6 depicting the amide NH chemical shifts 
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Table 4.1: Chemical shifts of Peptide H6 in SDS  

Residue                                                     Chemical shifts 

HN H
α
 H

β
 H

γ
 H

δ
 H

ε
 Others dδ/dt 

(ppb/
o
C) 

L1 7.83 4.25 1.74 1.66 0.99 - - 4.59 

K2 8.03 4.22 1.90/1.78 1.47 1.57 3.08 7.42 - 

γL3 7.21 1.99 2.39/2.23 3.94 1.63/1.51 1.25 CH3-

0.92/0.88 

3.51 

L4 7.85 4.05 1.73 1.64 0.98 - - 3.78 

K5 8.31 4.10 1.88 1.50 1.74 3.02 7.42 - 

γL6 7.47 1.97 2.52/2.19 3.96 1.60/1.43 1.27 CH3-0.92 3.24 

L7 8.02 4.04 1.90/1.73 1.63 0.98 - - - 

K8 8.34 4.15 1.92/1.73 1.33 1.54 3.04 7.42 - 

γL9 7.53 1.96/1.77 2.43/2.26 3.95 1.45/1.59 1.28 CH3-0.92 4.05 

L10 7.92 4.12 1.68 1.61 0.97 - - 5.13 

K11 8.21 4.26 1.90/1.74 1.54 1.62 3.07 7.42 4.59 

γL12 7.42 1.85/1.75 2.29 3.97 1.60/1.49 1.33 CH3-0.93 1.89 
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Figure 4.4: Partial 800 MHz TOCSY plot of H6. Residue specific TOCSY pattern for each residue is 

shown.   
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Figure 4.5: Partial NOESY spectrum of H6 depicting the dNN and dCHN NOEs of hybrid peptide H6.  
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Table 4.2. NOE’s observed for H6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NOE Upper 

limit (A˚) 

Distance in NMR 

structure (A˚) 

L1H-K2NH 3.5 3.46 

L1NH-K2NH 3.5 2.70 

K2NH-γL3NH 3.5 2.79 

K2H- γL3NH 3.5 3.48 

γL3NH-L4NH 3.5 3.58 

γL3H- L4NH 5.0 3.88 

γL3H-K5NH 3.5 2.97 

γL3NH-K5NH 5.0 4.53 

L4NH-K5NH 3.5 3.19 

L4H-K5NH 3.5 3.58 

L4NH- γL6NH 3.5 4.42 

L4H- γL6NH 3.5 3.78 

K5H- γL6NH 3.5 3.45 

K5NH- γL6NH 3.5 2.61 

γL6NH-L7NH 3.5 3.60 

γL6H-L7NH 3.5 3.55 

γL6H-K8NH 3.5 2.46 

L7NH-K8NH 3.5 3.01 

L7H-K8NH 3.5 3.54 

L7H- γl9NH 5.0 3.80 

K8NH- γL9NH 3.5 2.74 

γL9NH-L10NH 3.5 3.46 

γL9H-L10NH 5.0 3.97 

γL9H-K11NH 3.5 3.03 

L10NH-K11NH 3.5 2.93 

L10H-K11NH 3.5 3.47 

L10H- γL12NH 3.5 3.56 

K11NH- γL12NH 3.5 2.95 

K11H- γL12NH 2.5 3.05 
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In order to understand the solution conformation of -hybrid peptides, we subjected all 

peptides to 2D NMR (TOCSY and NOESY) analysis. Peptides gave poor quality 
1
H NMR in 

aqueous solution except H6, however better spectrum was obtained in membrane mimicking 

sodium salt of dodecyl-d25 sulfate (SDS). Though the resulting 1D spectrum had relatively 

larger line widths, resonances show better dispersion in SDS. The 
1
H NMR spectrum of H6 

in aqueous solution and in SDS is shown in Figure 4.2. Chemical shifts of proton are given in 

Table 4.1. Instructively, a clear distinction in the chemical shifts between - and - residue 

amide NHs has been observed in 
1
H NMR of H6.  Similar trend has also been observed in the 

solution conformations of ,-hybrid peptide 12-helices.
18

  The amide NHs of -residues are 

relatively up-field shifted compared to the NHs of -residues. Fully assigned partial TOCSY 

spectrum of peptide H6 is shown in Figure 4.4. The 2D NOESY spectrum in SDS was rich in 

cross peaks. The partial NOESY spectrum depicting NHNH and CHNH NOEs is 

shown in Figure 4.5. The strong dNN NOEs followed by dN (i, i+1) NOEs clearly indicating 

helical fold in H6. The sequential NH (i)NH (i+1) and C

H(i)NH(i+1) NOEs observed 

in the NOESY spectrum are tabulated in the Table 4.2. The NOEs observed between NHLeu 

(i)NH Leu (i+1) were found to be weaker than the other sequential NHNH NOEs. Using 

these unambiguous NOE constraints, energy minimized NMR structures were generated. The 

superposition of ten energy minimized structures is shown in Figure 4.6. As anticipated, 

peptide H6 adopted 10/12 helical conformation in solution. The top-view depicting the side-

chain projection of the peptides is shown in Figure 4.6. The torsion angles derived from the 

solution structure are in excellent agreement with the previously reported X-ray 

structures.
16,17

  Nevertheless, the C-terminal amide NH is involved in the 9-membered H-

bonding with the CO of Leu11 (ii+2). All -Leu residues adopted g+, g+ backbone 

conformation along C

-C

β
 and C

β
-C


 bonds.  As expected, the side-chains of Lys residues are 
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projected at one face of the helix. Thus the amphiphilic helices can be readily generated using 

-hybrid peptides.  

 

(A)                                                                            (B) 

Figure 4.6: A) Superposition of 10 lowest energy structures of peptide H6 in SDS. B) Single 

conformer and top view of the 10/12-helix of H6.  
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4.3.3 Antibacterial activities 

Antibacterial activities of -hybrid peptides, H1-H7, and the control -peptide (H8) were 

examined against Escherichia  coli, Escherichia coli K12, Klebsiella pneumonia, 

Pseudomonas aeruginosa, Staphylococcus aureus, Salmonella typhimurium, Methicillin-

sensitive Staphylococcus aureus and Methicillin-resistant Staphylococcus aureus strains and 

the activities were  determined by measuring their minimum inhibitory concentrations 

(MICs). The MIC values are given in the Table 4.3. The hexapeptide, H1 showed the low 

inhibitory profiles against the all strains. In comparison with H1, the nonapeptide H2 

displayed 16 fold better antibacterial activities against K. pneumonia and P. aeruginosa and 8 

fold better activities against S. typhimurium. Peptides H3-H6 showed excellent activity 

across various bacterial strains including MSSA and MRSA. Both 15-mer H4 and H6 (N-

acetylated analogue of H3) showed pronounced activities against MSSA and MRSA bacterial 

strains. Peptide H3 was found to be best among all active peptides. In contrast to the peptide 

H3, replacement of -Leu with -Ala in H7 leads to the poor antibacterial activities across the 

panel of bacterial strains. In addition, the -peptide H8 also showed the antibacterial 

activities on par with the designed hybrid peptides. As all individual active peptides displayed 

similar antibacterial activities across the panel of microorganisms suggesting that these 

peptides may be adopting similar mode of action. 
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 Table 4.3. Antibacterial and Hemolytic Activity (HD10) of -hybrid peptides. The MIC values are 

given in μg/mL. 

 H1  H2  H3  H4  H5  H6  H7  H8  

Escherichia  coli  >250  62.5  1.9  3.9  3.9  3.9  250  3.8  

Escherichia coli K12  >250  62.5  3.9  3.9  3.9  3.9  250  3.8  

Klebsiella 

pneumoniae  

125  7.8  1.9  3.9  3.9  7.8  62.5  3.8  

Pseudomonas 

aeruginosa  

250  15.6  7.8  7.8  3.9  15.6  125  7.8  

Staphylococcus 

aureus  

250  62.5  3.9  7.8  3.9  7.8  >250  15.6  

Salmonella 

typhimurium  

250  31.2  3.9  3.9  3.9  7.8  125  3.8  

MSSA  >250  62.5  3.9  1.9  3.9  1.9  62.5  a 

MRSA  >250  62.5  3.9  1.9  3.9  1.9  250  a 

HD10 >500 >500 445 53 134 170 >500 62 

  
a
 not determined. 

4.3.4 Hemolytic activities 

As peptides H3-H6 and -peptide H8 displayed excellent antimicrobial activities, we 

subjected them to hemolytic activities to evaluate their specificity against the human red 

blood cells. The hemolytic activity of peptide H1-H8 is shown in Figure 4.7. The specificity 

of hybrid peptides against the bacteria versus mammalian cells is of particular interest. The 
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10% hemolytic dose (HD10) values are given the Table 4.3. We defined the selectivity ratio 

(SR) as a quotient of HD10 and the MIC values. Hence, SR is an estimate of the peptides 

tendency to kill bacteria than the mammalian cells. Remarkable results were obtained from 

the hemolytic studies. The active peptide H3 showed least hemolysis compared to the other 

active peptides in the series. The selectivity ratio of H3 against E. coli and Klebsiella 

pneumonia was found to the 234, and the peptide also displayed good selectivity ratio against 

other bacteria.  

 

Figure 4.7. Hemolytic activities of the peptides H1-H8. 

In contrast, the α-peptide analogue H8 with the same length showed the higher hemolytic 

activity and subsequently lower selectivity ratio. The selectivity ratio of H8 against E. coli 

and Klebsiella pneumonia was found to be 16, which is 14 fold lower than the peptide H3. 

Surprisingly, H6 displayed higher hemolytic values (HD10:170) compared to H3 (HD10: 445).  
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Though the peptide H4 showed 2 fold better activity against MSSA and MRSA, however H3 

displayed better selectivity ratio (84 Vs. 114). Thus, the specificity displayed by these 

peptides against the bacteria compared to the mammalian cells provided wide opportunity to 

explore them as antibacterial agents. 

4.3.5 Field emission scanning electron microscopy studies 

As all active hybrid helical peptides displayed similar MIC values against the various 

bacteria, we examined the mechanism of action of these peptides.  Many natural AMPs were  

 

Figure 4.8.  Field Emission Scanning Electron Microscopy images of Escherichia coli K12 (i) and S. 

aureus (iv) before the treatment of peptides, (ii) and (v) after the treatment with peptide H1 and (iii) 

and (vi) after the treatment with peptide H3 respectively.  

found to be disrupting the membrane after binding through the difference in the 

electrochemical potential.
3
 To understand whether these helical peptides are disrupting the 
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bacteria cell, we treated the E. coli and S.  aureus with peptides H1 and H3 at  2 × MIC 

concentration and subjected to the FE-SEM analysis. The SEM images of the bacteria before 

and after treatment of peptides are shown in the Figure 4.8.  When compared to H1, H3 

showed the complete disruption of the bacterial cell wall.  The change in the morphology of 

both microorganisms suggests that the possible action of these helical peptides is through the 

disruption of cell membrane. 

4.3.6 β-Galactosidase leakage assay 

We further subjected peptides H1 and H3 to cytolytic enzyme β-galactosidase leakage assay 

to understand the action of these hybrid helices on the inner cell membrane using  E. coli 

(pUC19 plasmid transformed Top10 competent cells).
19

  In this assay, we exploited β-

galactosidase from E. coli as an indicator to understand the disruption of the cytoplasmic 

membrane. Release of β-galactosidase upon treatment of peptides was measured using the 

initial velocity of the reaction on standard fluorogenic substrate.  The release kinetics is 

shown in Figure 4.9. This assay provides intriguing information on the mode of action of 

hybrid peptides. The weak fluorescence intensity enhancement is observed in the case of 

peptide H1 compared to the control experiment without peptides. In contrast, H3 displayed 

huge fluorescence intensity indicating the significant discharge of β-galactosidase. This 

experiment suggests that both peptides act on membrane and facilitate the release of β-

galactosidase, however H3 disrupt the cell membrane better than the peptide H1.   
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Figure 4.9. β-galactosidase leakage from Escherichia coli Top10 cells after treatment with ,,-

hybrid peptides. The bar graph represents relative amounts of β-galactosidase present in the medium 

after treating with the peptides H1 and H3. The experiments were carried out in triplicate for each 

peptide and error bars are set. 

4.3.7 DNA binding assay 

The projection of cationic residues at one side along the helix motivated us to investigate 

their DNA binding ability.
20

 We examined the DNA interacting ability of peptide H3 by 

monitoring electrophoretic mobility of plasmid DNA on an agarose gel. Increasing 

concentrations of peptide H3 were mixed with fixed concentration of plasmid DNA and 

subjected to electrophoresis on an agarose gel after incubating for 2 h (Figure 4.10). At the 

MIC concentration, complete retardation of the mobility of DNA was observed. These results 

suggest another mode of action of these -hybrid peptide foldamers along with their 

membrane disruption. 
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Figure 4.10. Retardation of plasmid pUCP19 DNA migration on a 1% agarose gel at different H3: 

Plasmid weight ratios. 

4.3.8 Time kill kinetics assay 

Further, we examined the rate at which the hybrid helical foldamers are acting on the 

bacteria.
21

  We chose K. pneumoniae and foldamer H3 for time kill kinetics experiments. The 

foldamer was incubated with the bacterial solution at 2 × MIC (4 μg/mL) and 20 μL of the 

peptide treated bacterial solution was drawn at different time intervals.  The solution was 

plated again on Mueller Hinton agar plates and incubated at 37 °C for 24 h. The bacterial 

colonies were counted after the incubation. Results of time kill kinetics assay are shown in 

Figure 4.11. Results suggested that the complete clearance of bacteria within 20 min by 

peptide foldamer H3.   
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Figure 4.11. Time−kill kinetics profile of peptide H3 (2 × MIC) against K. pneumoniae (asterisks 

correspond to <50 CFU/mL) for 24 h. 

4.3.9 Serial passage assay  

The potent and broad spectrum antibacterial activity of hybrid foldamers encouraged us to 

investigate the microbial resistance development against the hybrid peptides through serial 

passage assay. Based on the time-kill kinetics,
21

 the foldamer H3 exposed S. aureus bacterial 

solution was drawn before 20 min and grown again in the absences of foldamers. The 

bacterial solution was further exposed to foldamer H3 at (3 × MIC) and 20 μL of the peptide 

treated bacterial solution was drawn before 20 min after exposing bacteria to antibiotic 

foldamer. The bacterial solution was further incubated in the absence of antibiotic. This 

protocol was repeated for about 18 days and monitored MIC values (Figure 4.12). Analysis 
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suggested that there is no change in the MIC values even after exposing bacteria to the 

foldamer antibiotics.  

 

 

 

 

 

 

 

 

 

Figure 4.12. Assay to check development of resistance in S. aureus after 18 consecutive passages 

continuously treated with peptide H3 at sub MIC levels.  

4.4  Discussion  

There are more than 2600 antimicrobial peptides have been reported do date.
22 

However, 

majority of these suffer from various inherent demerits such as length of peptides, poor 

activity, non-specificity and proteolytic instability. Focus of this work is to rationally design 

amphiphilic helices from -hybrid peptides composed proteinogenic side-chains. Though 

the 10/12-helical conformations of -hybrid peptides reported in single crystals, their 

solution conformations were proved here. Among all peptides, H6 gave well dispersed 
1
H 

NMR spectrum in SDS.  The solution structure analysis of H6 revealed that the peptide 
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adopted a 10/12-helical conformation in SDS.  The structure of the peptide is stabilized by 

repetitive 10 and two 12-membered H-bonds along the helix. The hybrid helical foldamers 

described here represent an alternative approach to derive antimicrobial amphiphilic helices 

constituted with complete proteinogenic side-chains.  These types of helices are of particular 

appeal due to their increased stability against proteases.  The top view of the ααγ-hybrid 

peptides 10/12-helices also resembles the /β-hybrid peptides. This structural feature of 

10/12-helix provided an excellent opportunity to design amphiphilic helices. As simple 

hexpeptide without N-terminal protection, showed similar type of NOEs as that of H6, we 

anticipate that other peptides in the series also adopt similar type of helical conformation. It is 

possible that these -hybrid peptides may adopt helical conformation upon binding to the 

bacterial membrane. The sequences in the hybrid peptide foldamers H1-H7 are designed to 

be globally amphiphilic to bind and block the growth of bacteria. The hexa and nonapeptides 

showed poor antimicrobial activity. Increasing the length from nonapeptide to 12-mer 

peptides (H3 and H6) showed remarkable improvement in their antimicrobial activities. 

Further increasing in the length of the peptide from 12-mer to 15-mer (H4) and 18-mer (H5), 

no improvement in their antimicrobial activities was observed. Instructively, increasing in the 

length led to more hemolytic activity of the peptides. Thus 12-mer may be the optimum 

length for better antimicrobial activity and selectivity in ααγ-hybrid peptide foldamer.  In 

contrast, though the 12-mer -peptide H8 showed better antimicrobial activity across the 

panel of bacteria tested but displayed poor selectivity against mammalian cells. The reason 

for enhanced hemolytic activity observed in the longer H4 and H5 and -peptide H8 is not 

clear. Probably the hydrophobicity and side-chains projections play significant role in the 

activity and selectivity. Similar to many natural and synthetic AMPs, these foldamers also 

bind and disrupt the bacterial membrane as suggested by FE-SEM and β-galactosidase 

leakage analysis. Along with the membrane destruction, these cationic amphiphilic foldamers 
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also bind to the DNA and inhibits its mobility in electrophoresis, suggesting the dual mode of 

action of these peptides. Beguilingly, these foldamers eradicate the bacteria with 20 min after 

their exposure and no development of resistance were observed after constant exposing the 

bacteria to foldamer antibiotics even after 18 days in the serial passage assay. All these 

results suggested that amphiphilic -hybrid foldamers may serve as potent antibacterial 

agents.  

4.5 Conclusion 

We have demonstrated the design, synthesis, conformational analysis and potent antibacterial 

activity and selectivity of -hybrid peptide foldamers. As anticipated, the structural 

analysis of the one of the active peptide H6 revealed that -hybrid peptides adopted 10/12-

helix conformation.  Among the various lengths of -hybrid peptides, 12-residue peptide 

was found to be optimum for better activity and selectivity. The 12-residue -hybrid 

peptides showed excellent antibacterial activity across the panel of various bacterial strains 

including MRSA and MSSA with very low MIC values. The longer sequences of -hybrid 

peptides suffer from poor selectivity between bacteria and mammalian cells. Moreover, these 

foldamer antibiotics completely inhibit the growth of bacteria within 20 min and no 

development of resistance was observed even after exposing bacteria to foldamer antibiotic 

for about 18 days. Mechanism of action showed that they not only act on bacterial membrane 

but also have the ability to bind DNA. The excellent antibacterial activity was also supported 

by the dual mode of action of foldamers. In contrast, the control 12-mer -peptide showed 

poor selectivity over the mammalian and bacterial cells similar to many natural amphiphilic 

helices. Overall, the ααγ-hybrid peptide foldamers provided a unique opportunity to design 

potent and selective antimicrobial candidates. The potency of these foldamers can be further 

improved by fine tuning the threshold of hydrophobicity and hydrophilicity.  
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4.6  Experimental section 

4.6.1 Solid phase peptide synthesis and purification of ααγ-hybrid peptides 

Peptides (H1-H8) were synthesized on Knorr amide resin using standard Fmoc-chemistry 

(0.20 mmol scale). The coupling reactions were carried out by using HBTU/HOBt and 

monitored by Kaiser Test. After completion of the synthesis, cocktail mixture of TFA: water 

(95:5) was used to cleave the peptides from the resin. After cleavage, the resin was filtered 

and washed twice with TFA (2 × 5 mL). The combined TFA solution was then evaporated 

under reduced pressure.  The peptides were precipitated out using diethyl ether. The 

precipitated peptide was dissolved in methanol and subjected to purification through reverse 

phase HPLC on C18 column using methanol/water gradient. 

4.6.2 NMR structure calculations  

NMR experiments were carried out on 800 spectrometer attached with a cryo probe.  Peptide 

with ~1mM concentration was dissolved in water (90% H2O + 10% D2O).  A second sample 

with 1: 100 ratio of peptide: SDS (deuterated) was also made in water.  All 2D experiments 

(TOCSY and NOESY) were carried out at different temperatures 308 K and 325 K to 

optimize on amide proton dispersion. Data were collected in phase sensitive mode using 

State- TPPI algorithm.  Spectral width for 2D data was set at 8000 Hz and data were collected 

using 2 K points in the t2 dimension and 450 points in the indirect (t1) dimension. Zero 

filling was done in the t1 dimension to yield a final data set of 2K X 1K before fourier 

transformation.  A shifted square sine bell window was used while processing. Mixing times 

were set to 100 ms and 400 ms in case of TOCSY and NOESY respectively.   

 Amide proton temperature coefficients were obtained by collecting a series of 1D 

experiments at various temperatures between 278 K and 318 K in steps of 10 K. Slope of the 
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straight line plots obtained by plotting changes in chemical shifts vs temperature for each 

amide proton resonance yields its temperature coefficient.   

Structure calculation was done using a simulated annealing protocol in vacuum using 

DESMOND and OPLS 2005 force field with NOE constraints. Upper limit for distance was 

kept at 3.5 Å for 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.  

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 cut-off 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 

consists of 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. 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 0.5 kcal/mol/Å. 

4.6.3 Procedure for determining MIC 

The bacteria Escherichia coli (NCIM 2065), Escherichia coli K12 (NCIM2563), Klebsiella 

pneumoniae (NCIM 2957), Pseudomonas aeruginosa (NCIM 5029), Salmonella typhimurium 

(NCIM 2501) were collected from National Collection of Industrial Microorganisms 
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(NCIM), and Staphylococcus aureus (NCIM 5021), Methicillin resistant Staphylococcus 

aureus (ATCC 33591) and Methicillin sensitive Staphylococcus aureus (ATCC 29213) from 

American type culture collection (ATCC). The Minimum Inhibitory concentration (MIC) of 

the  peptides (H1-H8)  was determined by microbroth dilution method using 96-well 

microtiter culture plate. The bacterial cultures were grown for 6 h at 37 °C  and were serially 

diluted to a concentration of 10
6
 colony forming units/mL with sterile MHB (Muller-Hinton 

broth) medium. For each peptide,  Two-fold serial dilutions were performed with Mueller 

Hinton broth medium in a sterile 96-well plate making final volume of 50 μL in each well. 50 

μL bacterial suspension was added to each well and the peptide treated bacteria were 

incubated at 37 °C for 14-16 h. The experiment was carried out in triplicate. No peptide was 

added in the control wells. The growth inhibition of bacteria was monitored by measuring the 

absorbance at 492 nm. MIC of the peptides were determined as the lowest concentration of 

peptide required for the complete killing of bcteria.  

4.6.4 Procedure for hemolysis assay 

Fresh hRBCs (Human Red Blood Cells) were collected and  EDTA was added to avoid 

clotting. The hRBC‘s were washed with Tris buffer saline (10mM Tris, 150mM NaCl, and 

pH 7.2) four times and dilution with Tris buffer saline was done  to make final concentration 

of 4% v/v.  Sterile 96-well plates were used for the assay. The peptides (H1-H8) were two-

fold serial diluted in Tris buffer (50 µL) and aliquots of 50 µL of hRBC suspension (4% v/v) 

were added to them. After completion of plating, the hRBCs were incubated at 37 ºC for 1 h 

and then centrifuged for 15 mins at 3000 rpm. The cell debris settled down and supernatant 

(50 µL) from each well was pipetted to another sterile 96-well plate containing 50 µL of tris 

buffer in each well. The release of haemoglobin (absorbance-540 nm) was monitored as a 

measure of hemolysis. The hRBCs suspension with Tris buffer was taken as negative control 
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and with 1% Triton-X was taken as  positive control. The experiments were performed in 

triplicate. 

4.6.5 Procedure for β-galactosidase leakage assay 

Escherichia coli (TOP10) cells were used to transform the pUC19 plasmid containing LacZ 

reporter gene. E. coli producing β-galactosidase were isolated  and used for this assay. E.coli 

cells were grown in Luria Bertani broth with 100 µg/mL of ampicillin at 37 °C to an 

absorbance 0.6 at 660 nm. The cells were centrifuged and extracellular β-galactosidase was 

removed by washing  with fresh medium thrice. 10 µL of peptide of stock solution in 

deionised water (concentration 200 µg/mL) was added in a sterile 96-well plate. 90 µL 

bacterial suspension was added to each well and the bacteria were  incubated at 37 °C for 1h. 

After incubation is over, cell debris was removed by centrifugation of the plate  at 4000 rpm 

for 10 min. 80 µL of supernatant was trasferred to sterile 96 well plate. An aliquot 20 µL (0.4 

mg/mL) of fluorescent indicator 4-methylumbelliferyl-β-galactosidase (MUG) was added to 

each well and β-galactosidase release was monitored for 1 h at 5 min. intervals. Initial 

velocities of enzyme reaction were calculated from the linear plot of fluorescence versus 

time. The samples treated with water served  as a blank. 

4.6.6 Procedure for peptide:DNA binding assay 

An agarose gel retardation assay was performed to evaluate binding of peptide H3 to plasmid 

DNA as  previously described with modifications.
19

 Culture of E. coli (Top 10/ pUCP19) 

cells was grown overnight and Unmodified pUCP19 plasmid was purified from them using a 

Plasmid Purification Kit (QIAGEN Inc.). Elution of the pUCP19 vector was carried out by 

using water, and a NanoDrop machine was used to find the concentration of the purified 

plasmid. Plasmid (200 ng) was incubated at 23 
°
C with H3 in increasing ratios in 20 µL of 

binding buffer (5% glycerol, 10 mM Tris–HCl at pH 8.0, 1 mM EDTA, 1 mM dithreiotol, 20 
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mM KCl, and 50 mg/ml BSA). After 1 hr of incubation, 2 mL of 103 loading buffer 

(Invitrogen) was added to the mixture. 100 ng of plasmid from each incubation mixture was 

loaded onto a 1% agarose gel in Tris-acetate-EDTA (TAE) buffer containing SYBR Safe 

DNA gel stain (Invitrogen). The gel was run at 100 V for approx. 50 min and the DNA bands 

were observed with UV light using a Chemigenius 2 Bio Imaging System. 

4.6.7 Procedure for time kill kinetics assay 

The rate at which the peptide H3 kills the bacteria was determined by performing time kill 

kinetics assay. In brief, K. peumoniae were grown in MHB broth at 37 °C for 6 h. Peptide H3 

solution in water (4 μg/mL, 2 × MIC) was added to the bacterial solution of K. peumoniae 

(1.8 × 10
5 

CFU/mL). The peptide treated bacteria samples were incubated at 37 °C. 20 μL 

aliquots were drawn at different time intervals (0, 1, 3, 6, 12, and 24 h) from that solution and 

were serially diluted 10-fold by using 0.9% saline. Then from the dilutions, 20 μL solutions 

were spread evenly on Mueller Hinton agar (MHA) plates and the plates were incubated at 37 

°C for 20 h. After 20 h, the bacterial colonies were counted, and results are determined in 

CFU/mL scale. A similar experiment was performed using for shorter time intervals of 0, 10, 

20, 30, 45, and 60 min to find out the exact time required to kill the bacteria. 

4.6.8 Procedure for membrane deformation study 

The bacteria (E. coli and S. aureus) were treated with peptide by using the broth micro 

dilution method for a shorter period of incubation. In brief, 100 µL peptide solution (2 × 

MIC) was pipetted into a sterile 96-well plate. Bacteria (E. coli and S. aureus) were first 

inoculated to enter its log growth-phase. An equal volume of bacterial solution (100 µL) was 

added into each well of the 96-well plate containing the peptide. The concentration of 

bacterial solution was maintained to give an initial optical density (O.D.) reading of 0.1-0.2 at 

600 nm wavelength. The bacterial cells were incubated with peptide at 37 °C for 2 h with 8 
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replicates. After completion of incubation, all the replicates were mixed into a micro 

centrifuge tube and the solution was pelleted down at 5000 g for 5 min. Following the 

centrifugation, the supernatant was removed and bacterial cells were then washed with PBS 

for three times. The bacterial cells were then fixed with 2.5% glutaraldehyde for 15 min, 

followed by washing with PBS twice. Finally, the bacteria were washed by deionized water. 

The bacterial cells were pelleted down and dehydrated with a series of graded ethanol 

solution (30%, 50%, 70%, 95%, and 100%). Dehydrated bacterial samples were then drop 

casted on silicon wafer, sputtered with gold coating, and images were recorded under a field 

emission scanning electron microscope. 

4.6.9 Procedure for serial passage assay 

At first, the MIC value of peptide H3 was determined against S. aureus as by micro broth 

dilution method. Bacteria treated with sub MIC concentration of the peptide H3 (approx. 2 

µg/mL) were cultured for the next day MIC experiment and subjected to MIC determination 

assay after incubation with the peptide H3 for 6-8 h. On the next day, after the MIC 

determination, the bacterial solution treated with sub MIC concentration of peptide was 

inoculated freshly and incubated with the peptide H3 for 6-8 h. The process was repeated for 

17 days. The rate of increase in MIC for H3 was plotted against the number of days for which 

the experiment was performed. 
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4.8 Appendix IV: Characterisation data of synthesized peptides 

Designation Description  Page No. 

H1 HPLC trace and Mass spectrum 162 

H2 HPLC trace and Mass spectrum 162 

H3 HPLC trace and Mass spectrum 163 

H4 HPLC trace and Mass spectrum 163 

H5 HPLC trace and Mass spectrum 164 

H6 HPLC trace and Mass spectrum 164 

H7 HPLC trace and Mass spectrum 165 

H8 HPLC trace and Mass spectrum 165 
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Synopsis 

Abstract:  

           The emergence and spread of antibiotic resistant pathogens is one of the major 

health concerns of the 21
st
 century, giving rise to an urgent need to develop new 

antibiotics with different mode of action. Peptides derived from non canonical amino 

acids such as β- and -amino acids have attracted greater interest due to their proteolytic 

resistance and predictable folding properties. These fascinating features encouraged us to 

explore the anti-microbial properties of hybrid peptides composed of - and -amino 

acids. In this regard, we have designed two types of hybrid peptides-short lipopeptides 

and amphiphilic hybrid helices and investigated their antimicrobial properties. The short 

lipopeptides are composed of 1:1 -, and -amino acids with varied length of lipid tail 

and the helical peptides are composed of repeating units of  tripeptide segment. These 

peptides were tested against various Gram positive, Gram negative bacteria as well as 

Fungi. In the first series, the designed lipopeptides displayed broad spectrum 

antimicrobial activity. The FITC uptake assay, β-galactosidase assay and AFM analysis 

reveal that peptides adopted different modes of action through membrane perturbation. In 

contrast to the lipopeptides composed of alpha and E-vinylogous -amino acids, the 

second series of lipopeptides composed of 1:1 - and saturated γ-amino acids showed 

better antimicrobial properties with less haemolytic activity. In the third series, the 

amphiphilic helical peptides were designed based on the single crystal conformation of , 

, -hybrid peptide 10/12-helices to mimic the structural and functional properties of 

natural helical antibiotic magainin and LL37. As predicted, the 2D NMR (TOCSY and 

NOESY) experiments reveal that the ,,-hybrid peptides adopted 10/12-helical 

conformations of in SDS. Similar to the lipopeptides, these ,,-helical peptides 

displayed potent broad spectrum antimicrobial activity across the panel of Gram positive 

and Gram negative bacteria including MRSA. The mode of action suggests that they not 

only inhibit the bacterial growth through membrane depolarisation but also showed their 

ability to bind DNA. These results suggest the dual mode of action of hybrid helical 

peptides. Overall, this study underlines the potential of ,-hybrid peptides in the 

development of next generation antimicrobial therapeutics.  

Based on the types of investigation, this thesis is divided into following four chapters. 
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1. Introduction to Antimicrobial Peptides 

2. Design, Synthesis, and Broad Spectrum Antimicrobial Properties of Short Hybrid 

E‑Vinylogous Lipopeptides 

3. a) Potent Antimicrobial Activity of Lipidated Short , -Hybrid Peptides 

b) Synthesis and Utilization of New -diamino acids from E-Vinylogous Amino 

Acids and Their Utility in Design of ,-Hybrid Peptide Foldamers 
4. Design, Structure and Potent Antimicrobial Activity of -Hybrid Peptide 

Helical Foldamers 

 

Chapter 1 

Antimicrobial peptides 

Antibiotics have been serving as powerful medicines to combat pathogenic infections and 

are playing crucial role in improving the human health. Constant exposure to antibiotics 

has initiated various mutations in the microbes which have made many of the microbes 

resistant towards the antibiotics in use.
1
 Rapid emergence of antibiotic resistance and its 

escalating spread across the globe has created urgent need to look out for other 

sustainable alternatives such as antimicrobial peptides (AMP). AMP’s are evolutionarily 

conserved component of innate immune system and are ubiquitously found in plant and 

animal kingdoms.
2
 AMP’s are generally 10-50 amino acid long amphipathic peptides, 

carry a net positive charge more than 2 and have ~50% hydrophobic amino acids. More 

than 2600 AMP’s have been reported so far and they can be classified on the basis of 

their secondary structure in various classes such as linear, helical, β-sheet, cyclic or mixed 

peptides.
3
 Mode of action of AMP’s is different than that of other antibiotics. They not 

only disrupt the bacterial membrane but also bind to various intracellular targets leading 

to the death of microorganisms.
4
 The amphipathic design of AMP’s helps them to 

specifically act on the bacterial cells versus erythrocytes (Figure 1). Although natural 

AMP’s show potent antimicrobial activity, very few of them have entered clinical trials 

and fewer have been approved as drugs.
5
 This is due to the inherent limitations of AMP’s 

such as lack of selectivity, proteolytic instability and poor bioavailability. Backbone 

modification of the peptide has been proved to be excellent strategy to increase the 

stability of peptides against proteases and several antimicrobial peptidomimetics such as 

synthetic peptides,
6
 β-peptides,

7 
α/β-peptides,

8
 peptoids,

9
 lipo-β-peptides,

10
 Nylon-3 

polymers,
11

 α-AA peptides
12

 have been investigated in this regard but there are no report
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Figure 1.  The specificity in action of AMP’s on bacterial cell membrane versus 

erythrocyte cell membrane. 

on the utility of γ-amino acids in the design of antimicrobial peptidomimetics so 

far. We have been working the area of foldamers composed of various non-natural 

amino acids and demonstrated the successful incorporation of various γ-amino 

acids in secondary structural peptidomimetics such as α-helix, β-sheet and β-

hairpin.
13 

Also, the preliminary protease studies suggested that the γ-amino acids 

containing peptides are more stable against proteases as compared to natural 

peptides.
14 

In this regard, we designed two classes of antimicrobial 

peptidomimetics composed of -amino acids - lipopeptides and helical peptides 

and investigated their antimicrobial activity including drug resistant bacteria, 

hemolytic activity and mechanism of action. 
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Chapter 2 

Design, Synthesis, and Broad Spectrum Antimicrobial Properties of Short Hybrid 

E‑Vinylogous Lipopeptides 

, β-Unsaturated -amino acids (E-vinylogous amino acids) are important components of 

many biologically active peptides and also have been used as potential candidates for 

design of inhibitors of serine and cysteine protease. We have explored the E-vinylogous 

amino acids in the design of secondary structural mimics of proteins.
13

 As E-vinylogous 

amino acids promote β-sheet type structures, we sought to explore the antimicrobial 

properties of short hybrid lipopeptides containing geometrically constrained E-vinylogous 

amino acids. We designed amphipathic lipopeptides containing two hydrophilic residues 

(Lys or Arg) and two E-vinylogous amino acids. The lipid tail is attached to the N-

terminus of the peptides. The peptide sequences are listed in Scheme 1. 

 

Scheme 1.  List of ,-hybrid vinylogous lipopeptides 

All the peptides were subjected to antimicrobial activity against bacterial strains, 

Escherichia coli, Escherichia coli K12, Klebsiella pneumoniae, Pseudomonas 

aeruginosa, Salmonella typhimurium, and Staphylococcus aureus and fungi, Candida 

albicans, Candida glabrata, Cryptococcus neoformans, and Saccharomyces cerevisiae. 

Interestingly, peptides S1, S3 and S8 were found to be active in micro molar range (1.56-
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3.12 µg/mL). We then subjected all the peptides to hemolysis assay. Peptide S1 showed 

specificity in action (Figure 2B). The mechanism of action of the lipopeptides was 

investigated by atomic force microscopy studies (Figure 2A) and β-galactosidase leakage 

assay (Figure 2C). 

 

 

 

 

 

 

 

 

 

 

Figure 2 (A) Atomic Force Microscopy (AFM) images of Escherichia coli K12  and Candida 

albicans  before the treatment of lipopeptide, and after the treatment lipopeptide S1. (B) 

Specificity of the peptides S1, S3 and S8. (C) Peptide induced leakage of β-galactosidase from 

Escherichia coli Top10 (Invitrogen) cells. The graph represents relative amount of β-

galactosidase present in the medium after treating with the peptides. Error bars are based on 

triplicate experiments for each peptide. 

The AFM images confirmed that the peptides act through membrane perturbation. β-

galactosidase leakage was found to be more for S3 and S8 compared to S1 suggesting 

different mode of action. Due to their geometrical restriction of the backbone double 

bonds, these short hybrid peptides showed highly potent antimicrobial activity compared 

to that of their -peptide counterparts. In addition, hybrid peptides with C12 and C8 N-

terminal fatty acids displayed better activity than the - as well as β-lipopeptides 

containing C16 fatty acid at the N-terminal. The hybrid peptides with moderate 
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hydrophobicity and high electrical potential of self-assemblies showed high antimicrobial 

and low hemolytic activities. These peptides may possibly bind to the negatively charged 

outer membrane of the microorganisms and affecting the transmembrane electric 

potential. The antimicrobial activity, the mode of action and the self-assembly patterns of  

these short E-vinylogous hybrid lipopeptides, particularly S1 and S8  provide a unique 

opportunity to further design potent antimicrobial candidates as well as  to explore their 

utility as smart biomaterials. 

Chapter 3a 

Potent Antimicrobial activity of Lipidated Short , -hybrid peptides 

In the previous chapter, we have studied the antimicrobial activities of the short 

lipopeptides composed of - and E-vinylogous residues. In this chapter, we sought to 

investigate the antimicrobial activities of short ,-hybrid peptides composed saturated -

amino acids. We designed short ,-hybrid peptides P1-P9 and control -peptide P10 

varying the hydrophobicity. The sequences of the peptides are shown in Scheme 2.  

 

 

 

 

 

 

 

 

 

 

Scheme 2. Sequences of ,-hybrid lipopeptides (P1-P9) and control -lipopeptide (P10).  
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           The peptides were subjected to antimicrobial assay against various Gram positive 

and Gram negative bacteria. Instructively, peptides P6, P7, and P9 displayed potent 

antimicrobial activity against all the bacterial strains with minimum inhibitory 

concentration (MIC) in micro molar range (3-6 µg/mL). In addition to their antibacterial 

activity, we also investigated their mechanism of action and hemolytic activity. The 

peptide P9 with aliphatic amino acids displayed less hemolytic activity as compared to 

aromatic amino acid containing peptides P6 and P7 (Figure 3A). 

Figure 3. (A) Hemolytic activity of short lipopeptides. (B) Peptide mediated β-galactosidase 

leakage. The height of the graphs indicates the relative amount of β-galactosidase present in the 

medium after the treatment of peptides. (C) FE-SEM images of bacteria E. coli K12 (i) and S. 

aureus (iv) without lipopeptides.  Images of E. coli after the treatment with lipopeptides P6 (ii) 

and P9 (iii).  Images of S. aureus after the treatment with lipopeptides P6 (v) and  P9 (vi). 

In order to understand whether these peptides act through membrane disruption similar to 

other native antimicrobial peptides, we undertook Field-emission scanning electron 

microscopy analysis (FE-SEM) which suggested the change in morphology of the 

microorganisms after the treatment of ,-hybrid lipopeptides (Figure 3C). In addition, 

outer membrane disruption of bacterial membrane by P6 and P9 was confirmed by β-
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galactosidase leakage assay (Figure 3B). Moreover, the time kill kinetics assay suggested 

that the lipopeptide P9 completely inhibit the growth of bacteria within 20 min. 

Overall, the potent antibacterial activity, mechanism of action, and fast killing of bacteria, 

less haemolytic activity displayed by the short ,-hybrid peptides, particularly peptide 

P9, provided an unique  opportunity to further design peptide antibiotics.  

Chapter 3b 

Synthesis and Utilization of New -diamino acids from E-Vinylogous Amino 

Acids and Their Utility in Design of ,-Hybrid Peptide Foldamers 

       In chapter 3b, we have demonstrated the synthesis of new -amino acids starting from 

E-vinylogous amino acids through the Michael addition. we have recently demonstrated 

utility of the esters of E-vinylogous -amino acids as Michael acceptors to derive β-

substituted -amino acids. Using nitromethane Michael donor, we have synthesized a 

variety of β-nitromethyl substituted -amino acids and demonstrated their utility in design 

of hybrid peptide foldamers.  

 

                                

 

 

 

 

 

 

 

 

Figure 4. (A) Peptide sequence of hybrid Foldamer N1 containing new 3-substituted -amino 

acid. (B) Crystal structure of N1-side view and (C) top view. 
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Using the mild reduction of β-nitromethyl group, orthogonally protected new 3-

substituted -amino acids were isolated in excellent yields and utilized in the construction 

of hybrid peptide foldamer (Figure 4). The single crystal conformational analysis of 

hybrid heptapeptide suggested that these amino acids can be accommodated into the helix 

similar to the other -amino acids. More importantly, the amine and side-chain 

functionality of the -amino acids can be now placed as a single side-chain on the helical 

peptide backbone. Overall, the synthesis and isolation of different side-chain substituted 

γ-amino acids and their conformations in single crystals reported here can be explored to 

design functional peptide foldamers.  

Chapter 4 

Design, Structure and Potent Antimicrobial Activity of ,,-Hybrid Peptide Helical 

Foldamers 

In this chapter, we are reporting the design, synthesis, conformational analysis in solution 

and antimicrobial properties of various amphiphilic -hybrid peptides. Our recent  

 

 

 

 

 

 

 

 

 

Figure 5. Helical orientation of amino acid side chains in (A) α-helix. (B) α,α,γ-helix. (C) 

sequence design template of antimicrobial  α,α,γ-helical peptides. (D) Peptide sequences H1-H8. 

(E) Solution state conformation of H6. 
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structural analysis of -hybrid peptide foldamers reveals the unique projection of 

amino acid side-chains along the helical cylinder.
15

 The helical distribution of amino acid 

residues is global in α-helical peptides (Figure 5A) whereas three side aggregation of side 

chains of amino acid residues is observed in -hybrid peptides (Figure 5B). The 

distinctive distribution of amino acid side-chains in the -hybrid peptide foldamers 

provided excellent opportunity to design amphiphilic antimicrobial foldamers.  

Based on the crystal structure evidence, we designed amphipathic peptide helices with 2:1 

ratio of hydrophobic (Leu, γLeu) and cationic (Lys) amino acids (Figure 5C). The 

sequences of the hybrid peptides are shown in Figure 5D. The 2D NMR analysis of the 

peptide H6 suggested that the peptide adopts 10/12 helix in solution having amphipathic 

orientation of side chain (Figure 5E). Based on the knowledge of side chain pre-

organization in amphipathic α,α,γ-helices, we designed peptides H1-H8 with variations in 

length and hydrophobicity. To understand the antibacterial activity of these designed 

amphiphilic foldamers, various Gram positive and Gram negative bacteria and 

Methicillin-resistant Staphylococcus aureus (MRSA) and Methicillin-sensitive 

Staphylococcus aureus (MSSA) were tested.  

 

Figure 6. (A) Hemolytic activities of H1-H8. (B) Field Emission Scanning Electron Microscopy 

images of Escherichia coli K12 (i) and S. aureus (iv) before the treatment of peptides, (ii) and (v) 

after the treatment with peptide H1 and (iii) and (vi) after the treatment with peptide H3 

respectively.  

The peptides H3, H4 and H5 showed potent antimicrobial activity with MIC in micro 

molar range. Also, H3 displayed less hemolytic activity as compared to the control α-

peptide H8. Similar to many natural and synthetic AMPs, these foldamers also bind and 
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disrupt the bacterial membrane as suggested by β-galactosidase leakage assay and FE-

SEM analysis (Figure 6B). Along with the membrane destruction, these cationic 

amphiphilic foldamers also bind to the DNA and inhibits its mobility in electrophoresis, 

suggesting the dual mode of action of these peptides. Beguilingly, these foldamers 

eradicate the bacteria within 20 min after their exposure and no development of resistance 

was observed after constant exposing the bacteria to foldamer antibiotics even after 18 

days in the serial passage assay. All these results suggested that amphiphilic -hybrid 

foldamers may serve as potent antibacterial agents.  
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