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Abstract 
 

A variety of cyclic tetrapeptides (CTPs) natural products with a diverse range of bioactivities 

exist, however, their synthesis still remains challenging. Asperterrestide A (Figure I) is a CTP 

isolated in 2013 from a marine-derived Aspergillus terreus fungus and is composed entirely 

of non-protein amino acids. Furthermore, this CTP possesses one 2-aminobenzoic acid (2-

Abz residue which is known to have a variety of turn inducing properties in synthetic 

peptides but can make for very challenging syntheses. This peptide demonstrated cytotoxicity 

towards human carcinoma cell lines and antiviral activity against influenza virus. 

 

Figure I: Chemical structure of asperterrestide A. 

The work described in this thesis presents development of synthetic strategy towards cyclic 

2-Abz containing CTP derivatives of asperterrestide A. The solution phase cyclisation 

protocol presented yields CTPs from the linear precursors, prepared by SPPS, with near 

quantitative conversions. A large library of both linear and cyclic analogues were synthesised 

for both biological and structural evaluations. However, synthesis of the linear precursor to 

natural asperterrestide A could not be achieved due to trouble forming the peptide bond 

between 3-phenylserine and 2-Abz (Figure I). This library, although 2-Abz containing, was 

devoid of the 3-phenylserine residue, instead replaced with a variety of aromatic or 

hydroxylated residues. Biological evaluation found one analogue to demonstrate moderate 

cytotoxicity to HCT116 cells with an IC50 of 34.5 µM. Structural analysis of the analogue 

library lead to the crystal structure of one linear and one cyclic peptide being solved along 

with additional calculated structures based on NMR restraints. The crystal structure of linear 

peptide 1 (Figure II) demonstrated a novel β-turn geometry stabilised by a series of three 

hydrogen bonds. A similar geometry was observed by solution structure calculation. This 
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novel β-turn framework was incorporated into the synthesis of five proposed β-hairpin 

peptides. A hydrophobic β-hairpin peptide provided proof of principle implementing this 

framework. The four additional hairpin peptides, two of which were cyclic analogues of 

tyrocidine A and two of which were de novo designed linear compounds, provided both 

linear and cyclic antimicrobial peptides with high potency (low µM MIC) against Gram 

positive and Gram negative bacterial pathogens. Transmission electron microscopy (TEM) 

revealed membrane lysis to play an important role in the antimicrobial peptides (AMPs) 

mode of action. Furthermore the compounds were found to display synergistic antifungal 

activity with Amphotericin B, providing nanomolar range MIC values.  

 

 

Figure II: Crystal structure of compound 1. 
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Chapter 1 

Introduction 
 

This chapter provides relevant background information in the field of peptide synthesis. The 

concept of cyclic peptides is introduced and a focus placed upon cyclic tetrapeptides (CTPs). 

The occurrence of CTPs in nature is comprehensively documented. The synthesis, structure 

and function of naturally occurring and designed CTPs which possess primarily a homodetic 

linkage and other naturally occurring bonds such as disulfides are discussed. Conformational 

properties of peptides studied by NMR, molecular dynamics and X-ray crystallography are 

presented. Techniques and parameters that have been applied to the successful synthesis of 

CTPs from both nature and rational design are discussed in depth with focus placed upon the 

key cyclisation step. 
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1.1 What are Peptides? 

Peptides are biologically occurring oligomers of amino acids, distinguished from proteins by 

their smaller size, usually less than 50 amino acids. Peptide based therapeutics now constitute 

a multi-billion dollar market.
1
 With the growing interest in peptide therapeutics, over 400 

peptide candidates have now entered clinical trials.
2
 A variety of important commercial and 

medicinal products are constituted of synthetic peptides, such as the artificial sweetener 

aspartame, nisin used as a food preservative and clinically used hormones such as insulin, 

oxytocin, adrenocorticotropic hormone and calcitonin.
2-3

 Furthermore, a variety of peptide 

based antibiotics are well established clinically, these include collistin, gramicidin, 

polymyxin B and the glycopeptide vancomycin.
4
  

While there are only 20 amino acids encoded by DNA for ribosomal synthesis of peptides 

and proteins, many natural product peptides are produced by non-ribosomal enzymatic 

synthesis.
4
  These peptides often possess highly modified amino acids structures with either 

backbone modifications, such as N-methylated residues and β-amino acids like 2-amino 

benzoic acid, or possess any variety of additional side chains not observed in encoded AAs. 

In-fact, over 300 different amino acids are demonstrated to be incorporated into non-

ribosomally synthesised peptide structures and often result in both interesting biological and 

conformational properties.
4
 As a result, such complex natural products or analogues thereof 

cannot be expressed recombinantly, necessitating the need for their chemical synthesis. The 

same is also true for de-novo designed peptides incorporating non-protein amino acids or 

lipopeptides. Furthermore, chemical synthesis allows for rapid access and simplified 

purification of peptides or peptide libraries in comparison to recombinant expression. 

 

1.2 Solution phase peptide synthesis 

Some of the earliest peptide synthesis was carried out by Nobel prize laureate Emil Fischer 

(1902) in solution phase. Since then, synthesis of more complicated peptides have been 

achieved, such as the Nobel prize winning synthesis of the cyclic peptide oxytocin by du 

Vigneaud et al.
5
 in 1953. Solution phase peptide synthesis relies on the peptide bond 

formation (coupling) between two protected amino acid residues or peptide fragments 

dissolved in a suitable solvent, commonly dichloromethane (DCM), N,N-dimethylformamide 

(DMF) or acetonitrile (MeCN). Any functional groups, not desired to undergo reaction are 
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usually masked with temporary protecting groups. This includes both side chains and the N- 

and C-termini of the N- and C-terminal fragments respectively, to avoid polymerisation. 

Generally a convergent strategy is adopted (known as fragment condensation), where rather 

than coupling amino acid residues one by one, larger fragments are prepared and coupled 

together (Scheme 1.1). 

 

Scheme 1.1: General synthetic scheme for solution phase peptide synthesis. AAx represents 

amino acids numbered from the N-terminus. 
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While difficult peptides such as ribonuclease A (124 amino acids) have been prepared in 

solution phase, a number of drawbacks have seen a new generation of peptide synthesis, 

namely, solid phase peptide synthesis (SPPS).
6-7

 The drawbacks of solution phase chemistry 

include long reaction times, which are not only time consuming for longer sequences but may 

also favour racemisation, low yields due to numerous purification steps and poor solubility of 

protected fragments.
8
 In some cases, a combination of both solution and solid phase peptide 

synthesis may be employed.
8
 

1.3 Solid phase peptide synthesis 

1.3.1. Background 

Peptide synthesis has gone through dramatic changes since the first attempts by Nobel 

laureate Emil Fischer (1902). In 1963 Robert Bruce Merrifield developed the solid phase 

peptide synthesis (SPPS) technique which won him a Nobel prize in 1984 and has now 

become widely adopted, revolutionising the field.
7
  The protocol involves assembly of 

peptides in a stepwise manner from C- to N–terminus with the C-terminus attached to an 

insoluble solid support. The use of an insoluble solid support allows for the easy removal of 

unreacted materials after each coupling step simply by filtration and washings of the resin. 

Therefore a large excess of amino acid and coupling reagents can be used in each step to gain 

near quantitative yields (relative to resin loading) and reduce side product formation due to 

incomplete couplings.
9
 

 

SPPS also requires tactical use of protecting group strategies. Two major strategies for α-

amino group protection are used, namely the use of acid sensitive tert-butoxycarbonyl (Boc) 

protection or base sensitive 9-fluorenylmethyloxycarbonyl (Fmoc) protection, which protect 

from polymerisation during peptide coupling.
9-10

  This latter strategy (―Fmoc/tBu‖) makes 

use of acid labile side chain protecting groups (e.g. tBu) and a resin linker which can be 

cleaved by organic acids such as trifluroacetic acid (TFA).  

 

The so called ―Fmoc/tBu‖ strategy has been utilised in this dissertation because it avoids the 

use of highly hazardous hydrofluoric acid, required by the Boc/Bzl protection strategy.
9
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1.3.2. General Fmoc/tBu SPPS overview 

Peptides are routinely synthesised according to the Fmoc/tBu strategy as shown in Scheme 

1.2.
9
 An amino acid with both amine and side-chain protection is attached and immobilised to 

an insoluble solid support via a linker functionality. Any functional group on the amino acid 

side chain must be masked with semi-permanent protecting groups that are not affected by 

the reaction conditions employed during peptide assembly. The temporary protecting group, 

Fmoc, masking the α-amino group is removed by using a base (20% piperidine in DMF).
9
 An 

excess of the second amino acid is introduced, with the carboxyl group of this amino acid 

being activated by coupling reagents for amide bond formation. After coupling, excess 

reagents are removed by washing with DMF and the amine protecting group (Fmoc) is 

removed from the N-terminus of the peptide prior to addition of the third amino acid residue. 

This process of coupling and deprotection is repeated until the desired peptide sequence is 

assembled. In the final step, the peptide is cleaved from the resin and the side chain 

protecting groups are removed simultaneously by treating the resin beads with an organic 

acid  (such as TFA) and scavengers to mop up cationic species formed as protecting groups 

are removed. Generally, side chain protecting groups and resin linkages are chosen such that 

their release occurs under the same conditions, but may also be avoided  in some situations.
9
 

 



  

7 
 

 

Scheme 1.2: General Fmoc/tBu SPPS strategy. 

 

1.3.3. Solid supports 

Solid supports must be chemically inert to any of the reagents used during synthesis for 

couplings and deprotection cycles and insoluble in common organic solvents such as DMF, 

DCM and organic acids used for cleavage. Furthermore, the solid support must be physically 

stable to avoid decomposition during agitation or stirring of reaction mixtures. The choice of 

solid support can have great impacts on both yield and also dictates what solvents are 

appropriate during synthesis. The resin acts as a ―micro-reactor‖ and resin swelling is crucial 

to high yielding synthesis as poor swelling limits reagent diffusion and effectiveness of 

washing steps. Polystyrene (PS) resins are common place in SPPS and usually cross-linked 

with 1% or 2% divinylbenzene (DVB) rendering chemically stable and insoluble (Figure 
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1.1).
11-12

 Such resins were developed by Merrifield
7
 in 1963. While cross linking is the basis 

of an insoluble PS support, higher cross-linking however has an unfavourable effect upon 

resin swelling.
11-12

 Furthermore, resin substitution has an important effect on both reagent 

diffusion and aggregation of peptide chains, lower substitution, although wasteful of 

expensive resin material, is generally advantageous to both yield and purity. Resins 

constructed of PS with grafted polyethylene glycol (PEG) have also been developed; 

however, they are much more costly. PEG-PS resins such as Tentagel-S-NH2 (Figure 1) offer 

improved swelling in commonly employed organic solvents such as DMF and also offer 

effective swelling in aqueous solutions which may be beneficial for certain forms of 

conjugation chemistry such as those employing a maleimide.
13-14

 Tentagel resins are also 

advantageous due to their low substitution levels. The majority of the work reported in this 

thesis was completed using 1% DVB linked PS resins. 

 

 

 

Figure 1.1: General structure of DVB linked PS resins (left) and PEG grafted PS resins 

(right) 

 

1.3.4. Linkers in SPPS 

In SPPS the linker is used to anchor the peptide to the resin via its C-terminus and effectively 

acts as a protecting group until the peptide is cleaved from linker-resin conjugate. The linker 

dictates the C-terminal functionality the cleaved peptide bears. Common C-terminal 

functionalities after cleavage are the native carboxylic acid group, amide, aldehyde and 
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thioesters. The linker should also be both chemically stable and inert during the synthetic 

steps. Generally, linkers which are cleaved under identical conditions to side chain protecting 

groups are used, such as Wang resin (4-(Hydroxymethyl)phenoxymethyl polystyrene), and 

give global deprotection upon peptide liberation. Commercially available resins are available 

pre-loaded with a variety of linkers.  

 

2-Chlorotrityl chloride linked resin is highly acid sensitive and offers one the ability to 

liberate a side chain protected peptide under mild acidic conditions (e.g. 1% TFA or 20% 

TFE in DCM) that may be used as a precursor for cyclisation in solution phase. Another 

important feature of this resin is that the loading step occurs via an SN1 reaction (Scheme 1.3) 

and therefore the incoming amino acid does not require any activation, significantly reducing 

racemisation.
15-16

 This feature is particularly important for peptides with a C-terminal 

cysteine.
9
 The loading of the first amino acid occurs in the presence of the base DIPEA which 

abstracts the proton of the C-terminal carboxyl group. 

Scheme 1.3: Attachment of Fmoc-amino acid 1 to 2-chlorotrityl chloride resin via an SN1 

mechanism.
15-16

 

 

Side products such as deletion sequences missing the first amino acid of the peptide may 

result from incomplete (i.e. less than 100%) substitution of the first amino acid onto the resin. 

In order to minimise these side products, the resin may be capped with methanol twice. 

DCM/MeOH/DIPEA (8/1.5/0.5) is added to the resin and agitated for 10 minutes, the 

methanol capping occurs via the same mechanism as loading of the first amino acid (Scheme 

1.3). 2-Chlorotrityl chloride linked resins were used extensively in the peptide synthesis 

reported in the subsequent chapters of this thesis. 
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1.3.5. Evolution of coupling reagents 

Formation of peptide bonds (amide bond) is favoured under very high temperature, however 

such temperatures may favour a variety of side reactions, degradations and racemisation.
17

 

Therefore, a variety of coupling reagents (Figure 1.2) have been designed to activate the 

carboxylate group of the incoming amino acid for condensation with the free amine (resin 

bound in SPPS). Carbodiimides were the first generation of coupling reagents and have been 

routinely used since their development in 1955.
18

 

 

Figure 1.2: Common peptide coupling reagents used for cyclisation and common organic 

bases with pKa values.
19-21

 * These reagents are uncommon in SPPS but often used for 

cyclisation. 
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Carbodiimides such as dicyclohexylcarbodiimide (DCC) convert the incoming carboxylate 

group into a reactive O-acyl urea as shown in Scheme 1.4. The urea by-product (DCU) is 

insoluble in common organic solvents and can be filtered off and used to monitor reaction 

progress. However, this makes DCC inappropriate for use in Fmoc-SPPS (can be used in 

Boc-SPPS due to TFA solubility) and its diisopropyl derivative (DIC) can instead be used 

which gives a soluble urea by-product. The water soluble derivative, N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, known as EDC.HCl is also 

popular and its by-products are easily extracted in aqueous work ups. The major downfall of 

these reagents is the side reactions that can occur, which include formation of the unreactive 

N-acyl urea (Scheme 1.4) and racemisation, both of which can be suppressed by addition of 

1-hydroxybenzotriazole (HOBt) or 1-hydroxy-7-azabenzotriazole (HOAt). These additives 

effectively act as a catalyst as they are recycled by the reaction (Scheme 1.5).  

Scheme 1.4: Peptide (amide) bond forming pathways using DCC as the coupling reagent.  
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Scheme 1.5: Peptide coupling with DCC and HOBt. 

 

More recently, aminium/uronium coupling reagents (Figure 1.2) based on HOBt or HOAt 

have become the preferred method for in situ carboxyl activation, rather than the classical 

carbodiimde type reagents that are prone to racemisation.
9
 A common SPPS coupling 

procedure involves the use of the uronium coupling reagent for example N-[(lH-benzotriazol-

l-yl)(dimethylamino)methylene]-N-methylmethanaminium tetrafluoroborate N-oxide (TBTU) 

in 3.8 equivalents with 4 equivalents of the Fmoc protected amino acid accompanied by 10 

equivalents of a sterically hindered and non-nucleophilic base, N,N-diisopropylethylamine 

(DIPEA), which abstracts the proton of the C-terminal carboxyl group. 
22-23

 This mixture is 

dissolved in DMF, added to the resin and agitated for 1 hour at room temperature. The 

mechanism for this reaction is shown in Scheme 1.6. 
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Scheme 1.6: Peptide bond formation using TBTU.
22

 

 

Aminium / uronium salts can tautomerise between there  more reactive uronium (O-form) 

and the aminium (N-form), however in crystalline form they exist only as aminium salts 

(Figure 1.3).
24

 

 

Figure 1.3: Tautomeric equilibrium between aminium/uronium forms of TBTU in solution. 

Although these uronium style coupling reagents will react somewhat preferentially with 

carboxylic acids, their major downfall is that in excess they may lead to guanidiunium 

capping of the free N-terminal residue (Scheme 1.7).
25-26

 It is for this reason in SPPS that the 

incoming amino acid (4 eq.) is commonly pre-activated with a slightly lower excess of these 

types of coupling reagents (3.8 eq.) to avoid termination of the growing peptide chain.
9
 

Phosphonium reagents such as PyBOP, react similarly to uronium style reagents (Scheme 

1.6) but do not carry such detriments, allowing a larger excess to be used which is 
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particularly useful in solution phase cyclisations where high dilution may reduce interaction 

between the peptide and coupling reagent.
25-26

 

 

 

Scheme 1.7: Guanidine capping of free N-terminal residue by uronium coupling reagents. 

 

1.3.6. Kaiser test 

The presence of any free amines remaining after each coupling step, which indicates 

incomplete coupling, can be detected by the Kaiser test. The test is based on the reaction of 

ninhydrin with primary amines, forming a blue/purple adduct (positive). If coupling has gone 

to completion all free amines of the previous amino acid should now be masked by peptide 

bond formation with the incoming Fmoc-protected amino acid. Therefore, the absence of 

coloured beads is indicative of coupling reaction successfully proceeding to completion. To 

conduct the test, a small number of beads are removed, washed with DCM and dried, then 

exposed to 2 drops of 80% phenol in ethanol, 2% KCN in pyridine and 5% ninhydrin in 

ethanol. This mixture is heated to 120
o
C for 2 minutes and colour change monitored 

visually.
9, 27

 Any non-successful coupling, as determined by Kasier test, can then be repeated. 

 

1.3.7. Fmoc deprotection 

The removal of the Fmoc protecting group from the α-amino is conducted using a secondary 

amine, piperidine, made up as a 20% solution in DMF. This piperidine treatment is carried 

out once for five minutes and then repeated for a further 5 minutes to help ensure 100% 

completion and hence avoid deletion sequence side products. A mechanism for the selective 

deprotection of the Fmoc group by piperidine is shown in Scheme 1.8. This mechanism 

involves the deprotonation of the Fmoc group leading to decomposition and loss of carbon 
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dioxide which yields the free amino group of the amino acid. The piperidine then acts as a 

scavenger and adds to the double bond of the undesired compound.
9, 28

 

 

Scheme 1.8: Fmoc deprotection mechanism.
9, 28

 

 

1.3.8. Scavengers used for peptide cleavage 

When peptides are cleaved from the solid support and side chain protecting groups removed, 

highly reactive cations are formed from the protecting groups and resin linkers. These 

cationic species can react with and modify amino acid side chains that contain electron rich 

functional groups such as alcohols and amines. In order to minimise these side reactions, 

scavengers are added to the cleavage mixture to help mop up these reactive species. The most 

commonly used scavenger is H2O, which is effective for scavenging t-butyl cations. 

Trialkylsilanes, such as triisopropylsilane (TIS), are another common form of scavenger used 

during cleavage. These scavengers are effective for scavenging the more highly stabilised 

cations formed from 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) and 

triphenylmethane (trityl or Trt) protecting groups. Such scavengers effectively act as hydride 

donors as shown in shown in Scheme 1.9.
9, 29

 

 

Scheme 1.9: Removal of trityl protection from cysteine with the scavenger TIS (i-Pr3SiH) 

acting as a hydride donor.
29
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1.4 Non-protein amino acids 

The inclusion of non-protein amino acids can pose additional challenge to a given peptide 

synthesis. While a large variety of non-protein amino acids exist, both in natural products and 

de novo designed peptides, the work documented in this thesis mainly employs D-Amino 

acids, N-methyl amino acids and β-amino acids which are introduced below. The inclusion of 

non-protein amino acids generally renders greater resistance to enzymatic degradation as they 

are not well recognised by such peptidases or proteases.
30

 Additionally, their inclusion can 

introduce interesting geometries to the peptide backbone making them of great interest to 

investigate.
30

 This thesis presents in-depth investigations of peptides containing a variety of 

non-protein amino acids and of particular interest, 2-aminobenzoic acid (2-Abz). 

 

1.4.1 D-Amino acids 

Amino acids can exist in two enantiomer configurations around the α-carbon in the 2-

position, these are termed L- or D-amino acids (Figure 1.4).  

 

 

Figure 1.4: Alanine as an example of amino acid enantiomers, with chirality at the α-carbon. 

 

 In nature, most proteins and peptides consist of L-amino acids which are all 2S configuration 

excluding glycine (achiral) and cysteine (2R).
30

 This means that the proteins which peptidase 

and protease enzymes consist of are also chiral.
30

 The incorporation of D-amino acids (often 

represented using lower case letters) in peptide analogues has therefore become a popular 

tool to develop peptides with resistance to enzymatic degradation and has proven to provide 

increased half-lives in many cases.
30-33

 D-peptides are effectively mirror images or 

enantiomers of their L-peptide counterparts. However, insertion of D-amino acids at one or 
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more specific sites within the peptide chain creates diastereomers. These diastereomers bear 

different conformational and physical properties. 

 

1.4.2 N-Methyl amino acids 

N-Methyl amino acids carry an additional methyl group on the N
α
 group and as a result, are 

devoid of the usual N
α
 proton (Figure 1.5) when incorporated into the peptide backbone as an 

amide. While the methyl group imposes obvious steric effects, loss of this proton also 

eliminates the ability for hydrogen bonding interactions, both of which contribute towards 

enhanced proteolytic resistance.
30

 Furthermore, the restriction of conformational freedom 

may reduce the ability of the peptide to adopt the required conformation for enzyme 

binding.
30

 The effects of N-methylation upon peptide structure are discussed in detail in 

subsequent sections of the introduction. The acylation of N-methyl AAs during peptide 

synthesis is noted to be particularly difficult and requires the use of strong coupling reagents 

such as HATU. Additionally, the encoded amino acid proline is also N-alkylated and shares 

similar properties to chemically synthesised N-methyl AAs. A variety of synthetic procedures 

for the preparation of N-methyl amino acids have been developed in the literarure: these are 

discussed in Chapter 3.3 during design of the synthetic strategy. 

 

Figure 1.5: An exemplary peptide, H2N-Ala-NMe-Ala-Ala-COOH, bearing a single N-

methylated residue (bolded). 

 

1.4.3 β-amino acids 

For β-amino acids  the amine group is bound to the β-carbon, rather than the α-carbon (Figure 

1.6).
34-35

 As a result, peptides incorporating β-AAs possess an additional atom in their 

backbone, with the β-AA contributing 4 atoms. In cases such as β-alanine (Figure 1.6) this 

results in increased flexibility of the peptide chain and also aids in avoiding recognition by 

proteolytic enzymes.
35

 However, other β-amino acids bear more highly modified structures 
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and can instead impart additional rigidity to the peptide backbone; such is the case for 2-

amino benzoic acid.
36-37

 

 

Figure 1.6: Chemical structures of Alanine, β-alanine and 2-amino benzoic acid.  

 

1.5 Cyclic peptides 

1.5.1 Introduction 

The framework of a cyclic peptide may be formed in a number of different (Figure 1.7) ways 

involving reactive groups of side chains and / or terminal amines and carboxyl groups. The 

peptide may be cyclised head-to-tail (from the N-terminus to the C-terminus), alternatively, 

the peptide may be cyclised from either the head or tail to a side chain or from side chain to 

side chain. The peptide may also be cyclised to side chain hydroxyl functional groups 

providing a cyclic depsipeptide, sometimes referred to as a peptolide or lactone. Additionally, 

cyclisation of peptides is also possible by the formation of an intramolecular disulfide bond 

between two cysteine residues, however this linkage is highly susceptible to reduction. 

Beyond naturally occurring peptides, in a synthetic laboratory further means of peptide 

cyclisation exist such as ―Click‖ chemistry and ring closing metathesis (RCM).
38-39

 These 

techniques along with strategies for cyclisation by lactamisation have been previously 

reviewed.
40-42

 Peptides that are cyclised via the native amide bond (lactams) are referred to as 

homodetic and will be the main focus of this literature survey and work presented in this 

thesis. Also discussed are select examples (disulfide bridged) of  those bearing further 

naturally occurring functionalities which, along with those resulting exclusively from 

synthetic techniques such as ―Click‖ chemistry, are referred to as heterodetic (Figure 1.7).
30
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Figure 1.7: Different possible cyclisation strategies. 

 

1.5.2 Properties of cyclic peptides 

Small cyclic peptides are particularly advantageous because the tight ring constraint helps to 

render them less prone to enzymatic degradation that typically plagues peptide drug 

candidates.
30, 43-44

 For a peptide to bind to the active site of a protease or peptidase for 

degradation, the peptide must present a cleavage site with its structure in the extended form.
43

 

Both naturally occurring and rationally designed small cyclic peptides are often comprised of 

non-protein and D-amino acids that are favourable to the cyclisation procedure and and the 

presence of which can reduce susceptibility to proteolytic degradation.
30

 Furthermore because 

cyclisation eliminates the ionised C- and N- termini and can confer resistance to 

oligomerisation it also assists in permeation of biological membranes.
43, 45

 Constraints 

conferred by cyclisation of rationally designed peptides or peptide libraries can position the 

required residues in the correct spatial conformation required for receptor binding. The 

restriction of conformational freedom imparted by cyclisation not only enhances target 

selectivity but  may also be responsible for populating the biologically active conformation.
45-

47
 Given the full rotational freedom of a linear peptide, the biologically active conformation 

may make only a negligible contribution to the total population of conformers adopted by the 

peptide. However, lactamisation of small macrocycles can be increasingly difficult as the 
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length of the backbone is reduced, with a high degree of sequence dependence and often 

results in very poor yields.
40, 42, 45, 48-50

 

 

1.5.3 General synthetic considerations of cyclic peptides  

The inherent resistance of many peptides to cyclise is recognised to be a result of the π-

character of the peptide bond which adopts predominantly trans conformations usually 

leading to extended linear structures.
51

 For the synthesis of any cyclic peptide, the ring 

dissection is a crucial element of the retrosynthetic analysis that dictates the solution 

conformation of the linear precursor. Generally all L- or all D-peptides are challenging to 

cyclise, however, a mixture of both configurations throughout the chain can promote 

conformations favourable to cyclisation.
42, 52

 Turn inducing elements (Figure 1.8) of the 

peptide sequence  are often best placed in the middle of the linear peptide to bring the 

reactive termini within closer proximity.
45

 Proline which is often found within the turn 

regions of protein crystal structures or D-proline which is often chosen as part of a synthetic 

turn motif, can help to induce a preceeding cis-amide bond that is highly favourable for 

cyclisation.
40, 42, 53-58

  It should be noted however, that greater flexibility in the choice of side 

chains for designed peptides can be realised by use of selective N-methylation which can in 

many instances impart similar steric effects.
59-60

 Furthermore residues such as serine and 

cysteine can be protected in the form of pseudoprolines whose conformational directing 

effects are useful during the cyclisation reaction but can be removed after lactamisation has 

occurred; specific examples of this will be discussed later.
40, 42, 51, 61

 Glycine residues are 

often incorporated in turn motifs and may be found preceeding D-Pro in the i+2 position of 

type II’ β turns.
56-58, 62

 Glycine, lacking chirality, can assume the role of a D-amino acid in a 

given sequence and is commonly found in small cyclic peptides. In addition, a variety of 

other techniques making use of temporary conformational directing groups have been 

employed to aid in lactamisation of these highly constrained small macrocycles. These 

techniques include ring contractions and the addition of bulky protecting groups or auxiliaries 

that essentially alter the backbone conformation so as to bring the reactive termini closer 

together.
40, 63
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Figure 1.8: Examples of turn inducing amino acid structures. 

 

The choice of amino acids at the point of cyclisation is a crucial consideration as slower 

reaction kinetics may favour cyclooligimerisation and racemisation. Humphrey and 

Chamberlin
45

 have  suggested some basic guidelines to follow. Generally speaking bulky, β-

branched (e.g. valine, threonine) and non-coded β-hydroxyl amino acids or those with large 

protecting groups should be avoided. Furthermore, N-alkylated amino acids should be 

avoided as the coupling partner for cyclisation. The increased nucleophilicty of the N-

alkylated secondary amine is outweighed by the increased steric effects when using uronium 

style coupling reagents such as HBTU. However, success has been achieved cyclising to C-

terminal proline, in particular D-proline
64-66

 In cases where coupling to N-alkyl amino acids 

cannot be avoided, the use of HOAt based reagents (e.g. HATU) confers much greater 

reactivity towards a N-alkyl residues than do HOBt reagents (Scheme1.10). This occurs by 

means of both the electron withdrawing effect of the extra nitrogen atom compared to HOBt 

reagents and also the ability to form a hydrogen bonded transition state (Scheme 1.10).
22, 45, 

67-68
 This effect is exemplified in the synthesis of tentoxin (see later). 
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Scheme 1.10: Proposed reaction mechanism for HATU peptide coupling showing an 

incoming N-methyl amino acid.
22, 68

  

 

Additionally, the presence of a D-amino acid at the C-terminus leading to heterochiralty 

between reactive termini is favourable to cyclisation and in many cases, racemisation to the 

D-configuration is observed in order for cyclisation to proceed.
45, 48, 65, 69

 Although most 

literature documents a C-terminal D-amino acid as the most favourable precursor, some 

studies have found that an N-terminal D-amino acid may be of equal benefit.
49, 70-71

 On the 

other hand, results from some other groups have suggested this may be of little or no 

significance.
72-73

 

A combination of effects exists in any given circumstance and choice of the synthetic 

approach is often a trade-off of favourable factors, which may lead chemists to investigate 

multiple dissection sites. The synthesis of Ramoplanin A2 by Jiang et al.
74

 is such an 

example and has been elaborated upon in previous reviews.
40

 Two points of ring dissection, 

both rationally selected, led to yields of 50% and 89% (Figure 1.9). Both disconnections 

involved hydrogen bonded pre-organisation, however the more successful strategy contained 
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a C-terminal D-amino acid and was situated directly adjacent to a β-turn. The less successful 

strategy, where the disconnection point was situated at the flexible loop of the macrocycle 

benefitted from reduced steric bulk at the reactive termini and maintained the turn-inducing 

structure mid sequence.
74

  

 

Figure 1.9: Synthesis of Ramoplanin A2 by Jiang et al.
74

 showing two attempted dissection 

strategies (with protecting groups) and corresponding yields. 

 

The importance of ring dissection observed synthetically has also been substantiated by the 

molecular modelling studies of Cavelier-Frontin et al.
75

 who examined 4-Ala-Chlamydocin. 

Using the known crystal structure geometry for ideal N - C=O association prior to coupling, 

the transition state intermediate each linear precursor was modelled. The experimentally 

favourable precursor which yielded 45% compared to 2-5% for the others, was found to have 

significantly lower energy in the strained transition state and also the lowest energy 

difference between the transition and relaxed state meaning this conformation can more 

easily be adopted.
75

 

 

Synthesis, structural and biological studies of head-to-tail cyclised tetrapeptides form the 

main body of this thesis and it should be noted that the occurrence and synthesis of some 

cyclotetrapeptides and cyclopentapeptides has been briefly previously reviewed in 1997.
48

 

Also, De Leon Rodriguez et al.
76

 have recently reviewed modern strategies to synthesise 
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CTPs, including methods to create non-peptidic linkages. Nielsen et al.
77

 recently published a 

review of orally absorbed cyclic peptides, with a short section highlighting cyclic 

tetrapeptides, which included apicidin and chlamydocin.  

 

 1.6 Cyclic tetrapeptides 

1.6.1. Cyclic tetrapeptides background 

A moderate variety of naturally occurring cyclic tetrapeptides exist (Table 1.1), many of 

which have been synthesised. Most of these 12-membered CTPs, especially those which have 

been successfully chemically synthesised contain turn-inducing amino acids such as proline, 

D-amino acids or Aib (2-aminoisobutyric acid).
48, 78

 Many of these peptides both synthetic 

and naturally occurring are comprised predominantly of amino acids bearing hydrophobic 

side chains. Despite many of these naturally occurring peptides containing a variety of non-

protein amino acids, which pose various additional complexities for the synthetic chemist, 

often the seemingly most simple peptides pose the greatest challenge upon lactamisation, for 

example the all-L tyrosinase inhibitor cyclo-[Pro-Val-Pro-Tyr] that has not yet been 

synthesised.
38, 48

 Additionally, examples of both naturally occurring and synthetic cyclic 

tetrapeptides comprising a β-amino acid exist, in which a 13 membered ring is present.
79-80

 

Others have synthesised disulfide bridged CTPs also bearing larger ring structures.
81-86

 

Despite strong sequence dependence, some of which are so far synthetically inaccessible, 

CTPs are generally the smallest cyclic peptides that can be synthesised and can incorporate a 

variety of amino acids, with the exception of a few proline-rich cyclic tripeptides.
87-88

 This 

makes them the most highly constrained and therefore one of most interesting classes of 

cyclic peptides to study. 

 

Table 1.1 documents a number of natural product CTP histone deacetylase (HDAC) 

inhibitors that have been isolated as natural products, the chemical structures of which can 

also be seen in Figures 1.10-1.26 (note: compounds without names are omitted from these 

figures as they tended to carry predominantly protein amino acids or carry simple 

modifications except for the three compounds shown in Figure 1.10). When examining the 

literature it becomes obvious that a very large portion of both natural product and rationally 

designed CTPs that have been synthesised in recent years fall under the class of HDAC 



  

25 
 

inhibitors.
64, 89-96

 Furthermore, rationally designed non-peptide analogues, maintaining similar 

structural frameworks have also been reported.
97

 HDAC inhibitors have been extensively 

synthesised and reviewed in the literature and are not the primary focus of this thesis.
97-100

 

However, particular examples of their syntheses may be highlighted during the following 

discussion of synthetic principles.  

Romidepsin (Istodax®) , also known as FK228 and FR901228, which is not listed in Table 

1.1 due to the complex nature of its structure, has made it to the clinic despite numerous 

issues with toxicity during clinical trials.
101

 This peptide is a bicyclic depsipeptide also 

making use of a disulfide linkage, (Figure 1.26).
101

 Romidepsin is a pro-drug activated by 

disulfide reduction. In 2004 romidepsin was granted both Orphan Drug Status and Fast Track 

Status by the U.S. FDA.
102

 In 2009 romidepsin was approved in the U.S. for use in patients 

with cutaneous T-cell lymphoma (CTCL) and in 2011 was approved for peripheral T-cell 

lymphoma (PTCL).
102

 A detailed history of romidepsin up to 2011 (not including its approval 

for use in PTCL) is presented by VanderMolen et al.
102

 

 

Table 1.1: Natural product CTP sequences with their bioactivities. 

Name Sequence Bioactivity Fig.
* 

Ref 

- Cyclo(Gly-Ser-Pro-Glu) Antibacterial  
103

 

- Cyclo(Glu-Ile)2
 

N/A  
104

 

- Cyclo(Glu-Leu)2 N/A  
104

 

- Cyclo(Glu-Pro)2 Divalent cation binding  

103, 

105
 

 Cyclo(Glu-Val)2   
104

 

- Cyclo(Ile-Pro-Leu-Ala) Antifungal, Antihelmetic  

106-

107
 

- Cyclo(Leu-Ala)2 N/A  
108

 

- Cyclo(Leu-Val)2 N/A  
108

 

- Cyclo(NMe-Phe-Val)2 

Cardiac calcium channel 

blocker (Cav1.2) 
 

109
 

- Cyclo(NMe-Phe-Val-NMe-Phe-Ile) 
Cardiac calcium channel 

blocker (Cav1.2) 
 

109
 

- Cyclo(NMe-Phe-Ile)2 
Cardiac calcium channel 

blocker (Cav1.2 
 

109
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Table 1.1 continued     

- Cyclo(Phe-Pro-Leu-Pro) N/A  
106

 

- Cyclo(Pro-Leu)2
a 

Cytotoxic  
110

 

- Cyclo(Pro-Phe)2
a
 Cytotoxic  

110
 

- Cyclo(Pro-Val)2
a
 Cytotoxic  

110
 

- Cyclo(Pro-Ile-Pro-Leu)
b
 Cytotoxic  

111-

112
 

- Cyclo(Pro-Phe-Gly-Tyr) Cytotoxic  
111

 

- Cyclo(Pro-Val-Pro-Tyr) Tyrosinase inhibitor  
113

 

- 
Cyclo(trans-4-hydroxy-Pro-Leu-cis-

4-hydroxy-D-pro-Leu) 
N/A 1.10 

114
 

- Cyclo(Tyr-Pro-D-Pro-Tyr) N/A 1.10 
115

 

- 
Cyclo(Tyr-Pro-Phe-trans-4-

hydroxy-Pro)
c 

N/A 1.10 
116

 

1-

Alaninechlamydocin 
Cyclo(Ala-Phe-D-Pro-Aoe)

d
 Cytotoxic, HDAC inhibitor 1.11 

117
 

AM-toxin I, II  Cyclodepsipeptide
 

Phytotoxic 1.12 
118

 

Apicidin B Cyclo(Trp(N-OMe)-Ile-D-Pro-Aod)
e
 

Cytotoxic, HDAC inhibitor, 

antiprotozoal 
1.13 

119-

120
 

Apicidin D1-D3 and 

E 

Cyclo(Trp(N-OMe)-Ile-D-Pip-

Aod*)
f
 

Cytotoxic, HDAC inhibitor, 

antiprotozoal 
1.13 

119-

121
 

Apicidin, Apicidin 

A, C 

Cyclo(Trp(N-R)-Ile/Val-D-Pip-

Aod)
e
 

Cytotoxic, HDAC inhibitor, 

antiprotozoal / antimalarial 
1.13 

119-

120, 

122
 

Aspercolorin 
Cyclo(5-MeO-2-Abz-Phe-β-ala-

Pro)
g 

N/A 1.47 

123-

124
 

Asperterrestide A 
Cyclo(D-Ile-NMe-D-3-Pse-2-Abz-D-

ala) 
Cytotoxic and anti-viral 1.47 

79
 

Azumamide A-E 
Cyclo(D-Val/Ala-D-Ala-D-Phe/Tyr-

Amnaa/Amnda)
h
 

Cytotoxic, HDAC inibitior, 

Azumamide A antiangiogenic 
1.46 

125
 

Chlamydocin Cyclo(Aib-Phe-D-Pro-Aoe)
d
 Cytotoxic, HDAC inhibitor 1.11 

126-

127
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Table 1.1 continued 

Chlamydocin 

analogue 
Cyclo(Aib-Phe-D-Pro-Aoh)

i Phytotoxic, probably HDAC 

inhibitor 
1.14 

128
 

Chlamydocin 

analogue 
Cyclo(Aib-Phe-D-Pro-Aod)

e
 

Phytotoxic, probably HDAC 

inhibitor 
1.14 

129
 

Chlamydocin 

analogue 
Cyclo(Aib-Phe-D-Pro-Aaod)

j
 

Phytotoxic, probably HDAC 

inhibitor 
1.14 

129
 

CJ-15208 Cyclo(Phe-D-Pro-Phe-Trp) 
Antinociceptive, likely binds 

κ-opioid receptor 
1.14 

130-

131
 

Cyl-1 Cyclo(D-OMe-Tyr-Ile-Pip-Aoe)
d Cytotoxic, HDAC inhibitor, 

phytotoxic 
1.15 

94, 

132
 

Cyl-2 Cyclo(D-OMe-Tyr-Ile-Pro-Aoe)
d Cytotoxic, HDAC inhibitor, 

phytotoxic 
1.15 

94, 

133-

134
 

Dihydrochlamydocin Cyclo(Aib-Phe-D-Pro-Ahe)
c 

Cytotoxic, HDAC inhibitor 1.11 

126-

127
 

Fenestin A Cyclo(Pro-Pro-Leu-Ile)
a
 N/A 1.16 

135-

136
 

FR235222 Cyclo(Ahoda-Iva-Phe-4-Me-D-Pro)
l
 Cytotoxic, HDAC inhibitor 1.17 

137-

138
 

FR235225, also 

reported as 

AS1387392, 

WF27082E and 

synthetic as LGP1 

Cyclo(Ahoda-Iva-Phe-D-Pro)
l
 

 
Cytotoxic, HDAC inhibitor 1.17 

139-

140
 

Halolitoralin B and 

C 
Cyclo(Leu-Ile-Leu/Val-Val/Ile) 

Antifungal, cytotoxic, 

antibacterial, anthelmintic 
1.18 

141-

142
 

HC-toxin Cyclo(D-pro-L-Ala-D-Ala-Aoe)
d
 

Cytotoxic, HDAC inhibitor, 

antiprotozoal
122

 
1.19 

143
 

Hirsutide 
Cyclo(NMe-Phe-Phe-NMe-Phe-

Val) 

Antibacterial, Cytotoxic, 

antihelmintic 
1.38 

144-

145
 

JM47 Cyclo(D-Pro-Ala-D-Ala-Aoh)
i
 

Possible antiprotozoal and 

HDAC inhibitor 
1.19 

146
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Table 1.1 continued     

Microsporins A and 

B 
Cyclo(Ala-Phe-D-Pip-Aod/Ahd)

e,m
 Cytotoxic, HDAC inibitior  1.20 

147
 

Pseudoxylallemycins 

A-F 
Cyclo(NMe-Leu-Phe(R))2

n 
Antibacterial, cytotoxic 1.21 

148
 

Rhodopeptins C1-C4 

and B5 
Cyclo(Gly-Orn/Lys-Val/Ile-βAFA)

o 
antifungal 1.45 

149-

151
 

Tataricins A and B 
Cyclo(β-Phe-Ser-allo-Thr(△

2,4
Pro)-

Abu/allo-Thr)
p
 

N/A 1.22 
152

 

Tentoxin 
Cyclo(Leu-NMe-(Z)-ΔPhe-Gly-

NMe-Ala) 

Phytotoxic, F 1 –ATPase 

inhibitor 
1.34 

153-

154
 

Trapoxins A and B Cyclo(D-Pro/Pip-Aoe-Phe-Phe)
d 

Cytotoxic, HDAC inhibitor 1.23 

155-

156
 

Trichoderide A Cyclo(Pro-Val-Orn(Succinate)-Ala) Cytotoxic 1.24 
157

 

Vinaceuline Cyclo(Phe-Ala-Phe-Gly) N/A 1.25 
158

 

WF-3161 Cyclo(D-Phe-Leu-Pip-Aoe)
d 

Cytotoxic, HDAC inhibitor 1.15 

159-

160
 

* 
Figures are provided for named compounds and those with non-derivatised amino acid 

structures only. Figures for compounds specifically discussed in the text appear in relevant 

sections. 

a 
Natural product structures or their synthetic counterparts have been questioned.

48
 

b
 Compound was reported as novel in both 2003 and 2014.

111-112
 

c 
Compound was drawn differently to description in paper. 

d
 Aoe = (S)-2-amino-8-((S)-oxiran-2-yl)-8-oxooctanoic acid.  

e 
Aod = (2S)-2-amino-8-oxo-decanoic acid. N-R = H or OMe. 

f 
Aod* = various Aod analogues as shown in Figure 1.13. 

g
 Stereochemistry undefined 

h 
Amnaa = (2S,3R,Z)-3,9-diamino-2-methyl-9-oxonon-5-enoic acid. Amdna = (2R,3S,Z)-2-

amino-3-methylnon-5-enedioic acid.  

i 
Aoh = 2-amino-8-oxo-9-hydroxydecanoic acid.  

j  
Aaod = (2S)-9-acetoxy-2-amino-8-oxodecanoic acid. 

k
 Ahe = (2S,8S)-2-amino-8-hydroxy-8-((S)-oxiran-2-yl) octanoic acid. Aib = 2-

aminoisobutryic acid. 
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l 
Ahoda = (2S, 9R)-2-amino-9-hydroxy-8-oxodecanoic acid. Iva = Isovaline. 4Me-Pro = 4-

methyl-proline. 

m 
Ahd = (2S)-2-amino-8-hydroxydecanoic acid. 

n
 Where R is either 4-H, or a variety of other 4- and / or 3- substitutions shown in Figure 

1.21.  

o
 βAFA = 3-(R)-β-amino fatty acid of varying lengths 

p
 Abu = 2-aminobutyric acid. 

 

 

Figure 1.10: Chemical structures (left to right) of Cyclo(trans-4-hydroxy-Pro-Leu-cis-4-

hydroxy-D-Pro-Leu), Cyclo(Tyr-Pro-D-Pro-Tyr) and Cyclo(Tyr-Pro-Phe-trans-4-hydroxy-

Pro).
114-116

 

 

 

Figure 1.11: Chemical structures of chlamydocin, left, dihydrochlamydocin, centre and 1-

alaninechlamydocin, right.
117, 126-127
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Figure 1.12: Chemical structures of AM-Toxin I (left) and II (right).
118

 

 

Figure 1.13:Chemical structures of apicidin, apicidins A-C and D1-D3.
119-122

 

 

 

Figure 1.14: Chemical structures of three further chlamydocin analogues (left) and CJ-15208 

(right).
128-129
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Figure 1.15: Chemical structure of Cyl-2 (left), Cyl-1 (Centre) and WF-3161 (right).
94, 132-134, 

159-160
 

 

Figure 1.16: Chemical structure of fenestin A.
135-136

 

 

Figure 1.17: Chemical structures of FR235225 (left) and FR235222 (right).
137-140
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Figure 1.18: Chemical structures of halolitoralin B (left) and halolitoralin C (right).
141-142

 

 

 

Figure 1.219: Chemical structures of HC-toxin, (left) and JM47, (right).
143, 146

 

 

Figure 1.20: Chemical structures of microsporin A, left and B, right.
147
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Figure 1.21: Chemical structures of pseudoxyallemycins A-F.
148

 

 

Figure 1.22: Chemical structures of tataricin A and B.
152

 

 

Figure 1.23: Chemical structures of trapoxin A, left and B, right.
155-156
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Figure 1.24: Chemical structure of trichoderide A.
157

 

 

 

Figure 1.25: Chemical structure of vinaceuline.
158

 

 

Figure 1.26: Chemical structure of romidepsin, a bi-cyclic CTP pro-drug activated by 

disulfide reduction that is in clinical use.
101

 

 

 

1.6.2. CTP on-resin cyclisation  

Traditional cyclisation methodologies often use orthogonally protected linear peptides 

assembled in solution or solid-phase. A common solid phase strategy to generate head-to-tail 

cyclic peptides involves the synthesis of their linear counterparts on the highly acid sensitive 

2-chlorotrityl chloride resin, followed by mild acidic cleavage and cyclisation of the 

orthogonally protected linear peptide in solution.
16, 161

 An on-resin cyclisation approach, on 

the other hand, has numerous benefits.
162-164

 When anchored to a low-loading resin the 
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pseudo-dilution phenomenon comes into effect and the peptide is far less likely to come into 

intermolecular contact than when in solution, even under high dilution, thereby helping 

eliminate cyclooligimerisation by-products.
164-166

 Furthermore, the usual advantages of solid 

phase peptide synthesis (SPPS) apply with simple filtration and washing procedures to 

eliminate reagents that are otherwise often removed by HPLC or aqueous work-ups. In 

addition, complex apparatus such as syringe pumps sometimes used for solution phase 

cyclisation are not necessary.
80, 164

  

As in solution phase cyclisation, for peptides cyclised via a side chain to the N-terminus or 

between 2 side chains, a variety of orthogonal protecting group strategies exist. On the other 

hand, peptides cyclised to the C-terminus generally make use of a trifunctional amino acid 

(such as aspartic or glutamic acid) loaded to the resin via its side chain employing the 

Fmoc/tBu/allyl protecting group strategy.
72

 Options available for the choice of a trifunctional 

residue within the peptide sequence, will dictate the choice of the linear precursor to be 

cyclised.
72

 Additionally, the backbone amide linker (BAL) strategy can be applied in 

circumstances where a trifunctional amino acid does not exist or presents an unfavourable 

ring dissection.
167

 Boc SPPS, although less commonly employed due to the requirement for 

HF, can provide further orthogonality.
168

 

 

1.6.2.1 Syntheses of cyclo(Xaa-Arg-Gly-Asp) – Asp anchoring strategy 

Syntheses by Alcaro et al.
72

 systematically evaluated solid phase cyclisation protocols of the 

integrin binding and cell adhesion inhibitory RGD containing CTPs cyclo(Xaa-Arg-Gly-

Asp), where Xaa was substituted for both L- and D-configurations of Ala, Phe or 

phenylglycine (Phg) (Figure 1.27). Their synthetic approach made use a common strategy 

where the trifunctional amino acid, aspartic acid (Asp) was linked to either a trityl or Wang 

resin via its side chain and the C-terminus orthogonally protected as an allylic ester. The 

Wang resin approach offered significantly greater compatibility with allylic deprotection than 

did the trityl resin. Deprotection of the trityl resin lead to yield reductions from 

approximately 60% of the protected peptide to 11% despite deprotection under neutral 

conditions while Wang resin retained between 85 – 97% yield at this stage. This perhaps 

unexpected observation was attributed by the authors to the acidity of the deprotected C-

terminal carboxyl of Asp and highlights the importance of resin selection. A small systematic 
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study towards a reagent based approach by Alcaro et al.
72

 will be discussed in a later section 

(1.6.3 Reagent selection during CTP cyclisation).   

 

Figure 1.27: Resin bound peptide structures synthesised by Alcaro et al.
72

 

Sequence specific effects in regards to racemisation were detected by LC-MS and in some 

cases GC racemisation tests, despite all six peptides reported cyclising in greater than 80% 

yield (presumably crude). Both L- and D-Ala peptides cyclised without detectable 

racemisation.
72

 While more hindered peptides bearing the phenyl group bound to the β or α 

carbon resulted in approximately 10 and 40% racemisation respectively.
72

 In the case of D-

Phg (which is β-branched) GC racemisation tests indicated racemisation of both the N and C-

terminal residues of 52.2 and 20.4% compared to 1.4% and 4.5% for D-phe.
72

 As noted by the 

authors, the increased racemisation may be a result of both steric bulk and the electronic 

effect of the phenyl group. However, to directly examine the effect of steric encumbrance, 

introduction of a bulky aliphatic residue such as Ile or α,α‐dialkyl amino acids such as Aib or 

AC6C (1-amino-1-cyclohexanecarboxylic) would have been useful. Cyclo(Phg-Arg-Gly-

Asp), has previously been synthesised giving 32% yield of the cyclic monomer by Nishino et 

al.
168

 using a one-step cyclisation-cleavage method from an oxime resin, racemisation was 

not reported . The synthetic approach taken by Alcaro et al.
72

 provided an improved overall 

yield of 78%, albeit 38% racemisation occurred (48% desired product yield). Additionally, it 

simplifies the synthesis by compatibility with Fmoc-SPPS. However, its application to further 

peptides is reliant upon a trifunctional amino acid, and with regard to the synthesis at hand, 
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C-terminal positioning of Asp is also less favourable. Furthermore, Nishino et al.
168

 have also 

synthesised the same cyclic product (Figure 1.28) from the linear precursor in which Arg was 

positioned N-terminally to yield 49% of the cyclic monomer. The success was attributed to 

the presence of two proposed hydrogen bonds, shown in Figure 1.28  (established from NMR 

studies), stabilising two β-turns, one of which was predicted to occur in the linear 

precursor.
168

 

 

Figure 1.28: Chemical structure of cyclo(Phg-Arg(Tos)-Gly-Asp(OcHex)) showing two 

likely hydrodgen bonds.
168

 

1.6.2.2 Histidine anchoring strategy 

Another interesting approach is anchoring the peptide to the resin by the imidazole ring on 

the side chain of histidine (Figure 1.29) Sabatino et al.
169

 synthesised Fmoc-His-O-allyl and 

anchored it to a Trt-Cl resin. Given Trt is a common His protecting group, unsurprisingly, 

this resin linkage was found to be stable under general synthetic conditions.
169

 On-resin 

cyclisation using TBTU and DIPEA, with subsequent cleavage provided cyclo(Gly-His)2, 

however it was found to be inseparable from the cyclo-dimer (cyclo(Gly-His)4). While 

cyclodimers generally resolve well from their cyclic monomers on RP-HPLC, the difficulty 

experienced in the Sabatino work is probably due to the nature of the repeating Gly-His 

sequence. 

 

Figure 1.29: Anchoring of Fmoc-His-O-allyl to a Trityl resin. 
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1.6.2.3 CTP on-resin conclusions 

On-resin cyclisation clearly provides a useful tool in the cyclisation of highly constrained 

cyclic tetrapeptides, with the pseudodilution phenomenon and the ease of on-resin washing 

providing significant benefits, however, the design of the linear precursor still remains crucial 

to success. In this regard, Boc-SPPS strategy provides wider applicability however, for 

Fmoc-SPPS, applicability is directly limited by the requirement of a trifunctional amino acid 

(such as Asp or His) in the sequence, unless the less popular BAL-linker strategy is 

employed.  

 

1.6.3 Reagent selection during CTP cyclisation 

Many of the common coupling reagents and bases that are employed during peptide bond 

formation (Figure 1.2) are also used during cyclisation and are discussed below. On-resin 

cyclisation of H2N-Xaa-Arg-Gly-Asp(Wang resin)-OH by Alcaro et al.
72

, discussed above, 

also investigated four cyclisation procedures, all of which provided similar crude yields of 

between 77-85% for N-terminal Ala and 62-67% for the more hindered N-terminal Phe. 

Cyclisation procedures employing TBTU as the coupling reagent and DIPEA as the base 

found neither benefit in yield, nor reduction in racemisation by including the common 

additive HOBt. The replacement of DIPEA for the weaker and more hindered base (2,4,6-

collidine), expected to reduce racemisation, provided similar reactivity to DIPEA for the less 

hindered N-terminal Ala peptide, both reactions proceeding without racemisation. Somewhat 

surprisingly, for the more hindered N-terminal Phe peptide, the reaction time was more than 

doubled, with the slower kinetics resulting in a near 2-fold increase of racemisation and 9% 

linear peptide remaining. It is worth commenting that the universal use of DIPEA across the 

literature appears intuitive given its substitution for a weaker more hindered base appears to 

hamper reaction kinetics in favour of racemisation.   

Substitution of TBTU for PyBOP resulted in 2.5-fold increase in reaction times and failed to 

provide complete conversion of the more hindered peptides.
72

 Again, the slower reaction 

kinetics favoured racemisation approximately 2-fold compared to TBTU.
72

 Despite this, 

phosphonium reagents such as PyBOP have found common place in cyclisation reactions and 

are often favoured over the uronium style reagents.
25, 50, 87

 Uronium style coupling reagents, 
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such as TBTU and the more reactive HATU, may lead to guanidiunium capping of the free 

N-terminal residue, when used in excess.
25-26

 Phosphonium reagents such as PyBOP 

however, do not carry such detriments, allowing a larger excess to be used, which is 

particularly useful in solution phase cyclisations where high dilution may reduce interaction 

between the peptide and coupling reagent.
25-26

 However, many CTP lactamisation strategies 

have successfully employed TBTU and HATU type reagents with 3 eq. HATU constituting a 

recommended methodology.
72, 170

 As stated above, the enhanced efficiency of HATU 

mediated cyclisations is well demonstrated by the synthesis of tentoxin, which is discussed 

later alongside other N-methylated CTPs. An interesting point to note is that in some cases, 

cyclisation of a fully deprotected peptide may offer a steric advantage. In such cases, similar 

to guanidine capping, HBTU cyclisations have seen tetramethyluronium side product 

formation on the phenolic group of tyrosine.
171

 Again, such side product formation is 

avoidable by the use of phosphonium reagents. 

 

Perhaps underrepresented in the literature due to its expense is the superior HOAt derived 

phosphonium salt, PyAOP. Although specific examples of its success in tetrapeptide 

syntheses could not be found, it has found great utility in the syntheses of a variety of small 

macrocyclic peptides including a difficult all L-pentapeptide.
67, 69

 In some cases, PyAOP gave 

2-fold reduced racemisation compared to PyBOP, which is probably attributable to an 

enhanced rate of reaction.
69

 In fact this correlates well with an observed two-fold increase in 

reaction rate observed with PyAOP over PyBOP.
172

 Other research has confirmed the 

effectiveness of PyAOP in acylating N-methylated residues to be similar to HATU.
173-174

  

 

Schmidt and Langner
48

 have prepared cyclic tetrapeptides, albeit with racemisation, from 

their preferred procedure involving pre-formation of the pentafluorophenyl ester (Pfp) and a 

two-phase cyclisation protocol. During the synthesis of the cyclicpentadepsipeptide, 

Leualacin, the Pfp ester gave an 85% yield after only 5 hours while HATU gave only 50% 

after 18 hours. In-situ formation of the Pfp ester using the reagent pentafluorophenyl 

diphenylphosphinate (FDPP) gave 60% yield after 18 hours. The reduced yield of this 

methodology may be attributed to the activation under dilute conditions rather than pre-

formation of the active ester. Fairweather et al.
51

, whose synthesis will be described in detail 

later, have synthesised all L-CTPs from pseudoproline containing precursors using FDPP in 
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respectable yields, however finding that in general the newer reagent, -(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMTMM BF4), gave superior results.  

 

1.6.3.1 Reaction design 

An important point to note when designing a cyclisation procedure is the order of addition of 

reagents and its interrelationship with the choice of reagent also. For solution phase 

cyclisations two common strategies exist, where either the peptide is placed under high 

dilution and reagents added, or the reagents are stirred in a flask to which the peptide is 

slowly added incrementally from a syringe pump apparatus. An exemplary strategy of the 

first type is to prepare a 1.25 mM solution of the peptide in DMF or DCM and to this is 

added 1% v/v DIPEA and 3 eq. PyAOP. Taking into account that these HOAt based reagents 

react very rapidly it is important that the peptide is diluted prior to coupling reagent exposure. 

The alternate method in which a syringe pump is applied allows for incremental addition of 

the linear peptide so its concentration remains much lower than 1.25 mM without having to 

increase the total solvent volume. The highly diluted linear peptide is allowed time to react as 

more peptide is drip feed into the mixture over hours so as to maintain a very low linear 

peptide concentration at any given time during its addition. However, it is important to note 

that a preference of coupling reagent may arise when applying such methodology that is 

likely based upon rate of reaction. It has previously been documented that HOBt based 

reagents such as PyBOP and HBTU resulted in reduced dimer formation compared to HATU 

when using this order of addition in cyclising a pentapeptide.
175

 Given the rapid rate of 

reaction of HATU, a possible explanation is that upon addition of a concentrated droplet of 

peptide and HATU together to a stirred solution of the base, the peptide begins to dimerise 

before having had sufficient time to mix and become diluted (Figure 1.30). Such a rapid rate 

of reaction has also been reported by Carpino et al.
68

 who found that when cyclising a 

pentapeptide with HATU, < 7% linear peptide remained after only 15 seconds. When using 

HOBt based reagents such as HBTU, Carpino et al.
68

 reported an approximately 30-fold 

reduced reactivity as measured by t1/2 of a hindered coupling. The reduced reactivity allows 

sufficient time for peptide mixing and hence dilution to occur prior to coupling, resulting in 

predominant formation of the cyclomonomer. Despite peptides generally being isolated as an 

acidic TFA salt, it is also possible that reaction may be taking place, however sluggishly, in 

the absence of base due to the natural equilibria that occur at both the C- and N-termini since 
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the peptide and coupling reagent were mixed in the syringe pump (Figure 1.30). Segregation 

of the coupling reagent and peptide provides a more robust strategy. 

 

Figure 1.30: Potential explanation for the observed cyclodimerisation of Kaur et al.
175

 

 

1.6.4 Temperature and solvent effects on CTP cyclisation 

An interesting point that appears to be often overlooked in the literature is the effect 

temperature can have upon the lactamisation reaction. Temperature not only provides energy 

for the reaction to take place, but also induces a larger degree of conformational freedom to 

the linear peptide chain.
84

 Indeed cyclisations are often initiated at reduced temperatures and 

later elevated to room temperature (RT), presumably to minimise side reactions or 

racemisation.
70, 170

 However, in the literature it appears rare for the temperature to be elevated 

above room temperature during cyclisation. Previous work with highly constrained cyclic 

peptidomimetics demonstrated that heating between 60-90 
o
Caccelerated the trans-cis 
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equilibrium so that within the NMR time scale a previously observed 8:2 conformer ratio 

ceased to exist.
176

 The cis conformer is then irreversibly consumed by cyclisation reaction 

and the rapid equilibrium allows the reaction to drive towards completion.
176

 Applying these 

same principles, Cini et al.
170

 performed a study comparing synthesis of simplified analogues 

of the HDAC inhibitor FR235222 at room-temperature with microwave dielectric and 

conventional heating.  

 

While microwave dielectric heating is commonly used in automated SPPS its application to 

solution phase cyclisation is not so common.
177-178

 Cini et al.
170

 began with the SPPS 

synthesis of the linear tetrapeptide H-Ahoda(OTBDMS)-Iva-Phe-D-Pro-OH, where Ahoda is 

(2S, 9R)-2-amino-9-hydroxy-8-oxodecanoic acid and Iva is isovaline (Scheme 1.10),  

strategically placing D-Pro in the C-terminal position as has been previously documented to 

be desirable.
64-66

 It should be noted that this peptide is an HDAC inhibitor that has been 

previously synthesised and a later synthesis has named it as LGP1.
91, 139-140, 179

  

 

Scheme 1.10: Synthesis of simplified analogues of the HDAC inhibitor FR235222 by Cini et 

al.
170

 

 

Initial synthesis at room temp for 4 h provided the peptide in 25% yield after purification and 

separation from significant dimer and trimer formation (Entry 1 Table 1.2).
170

 A significant 

improvement was realised by microwave heating at 75
o
C, which provided the cyclic product 

in 45% yield after only 10 minutes even at a much lower dilution in DMF (Entry 2 table 1.2). 

Due to the difficulties associated with removing large quantities of DMF, solvent 

independent cyclisation would provide a further improvement to the methodology. Indeed, in 

DCM (Entry 3 Table 1.2), even a two-fold increase in concentration provided near identical 

results to DMF. Solvent dependence of cyclisation reactions is often an important factor, as 

highlighted by various NMR studies with peptides displaying different conformations in 
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solvents of varying polarities.
180-181

 This is exemplified by experiments detailing effects of 

both solvents and temperature upon a group of disulfide containing CTPs which are discussed 

later. The coupling reaction is known to proceed faster in DMF than DCM, however more 

polar solvents such as DMF may interfere with hydrogen bond interactions that may help 

tether the peptide into a pseudo-cyclic form.
180, 182

 In fact, this difference in reactivity was 

highlighted between entries 1 and 4 of Table 1.2, where although a similar yield was 

obtained, DCM returned as much as 50% of the linear starting material while DMF produced 

further cyclooligimerisation by-products.
170

 Despite cyclisation occurring in a solvent 

independent manner under microwave irradiation, under equivalent heating at 75
o
C by 

conventional means, a large disparity was found to exist. In both DCM and CHCl3 the 

product could only be isolated in very small amounts (Entry 5 Table 1.2), while in DMF the 

pure compound was isolated in 36% after 3 h (Entry 6). Conventional heating (Entry 6) 

provided an 11% yield benefit even despite reduced dilution compared to the room 

temperature reaction (Entry 1) 
170

 Such results demonstrate that for lesser equipped labs, a 

conventional heating approach may still provide a useful addition to the lactamisation toolbox 

when using DMF.  
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Table 1.2: Solvent and temperature dependence during cyclisation of tetrapeptide H-

Ahoda(OTBDMS)-Iva-Phe-D-Pro-OH using HATU 3.5 eq. and DIPEA 4 eq. 

Entry Solvent / Dilution Temperature / time Isolated yield 

1 DCM/DMF / 8 x 10
-5

 M 4
o
C 1hr, rt 4hr 25%

 a 

 

2 DMF / 1.8 x 10
-3

 M 75
o
C microwave, 

10min 

45% 

3 DCM / 4 x 10
-3

 M 75
o
C microwave, 

10min 

43% 

4 DCM / 4 x 10
-3

 M 4
o
C 1hr, rt 4hr 22%

 b 

 

5 DCM or CHCl3 / 4 x 10
-3

 M 75
o
C, 3hr N/A

c 

6 DMF / 4 x 10
-3

 M 75
o
C, 3hr 36% 

7
 

DCM / 4 x 10
-3

 M 75
o
C microwave, 2 

x10min 

35-48%
d
 

a
 HPLC revealed oligimerisation by-products 

b
 HPLC revealed approximately 50% returned linear starting material 

c
 Exact yield not specified. 

d
 Various analogues synthesised using HATU 1.5 eq. and DIPEA 2 eq. 

 

Despite standardising ideal conditions with regards to how temperature and solvent may 

affect the preorganisation of the linear precursors, sequence specific effects still exist with 

some sequences remaining inaccessible through this methodology. Further analogue synthesis 

with N-terminal alanine in a microwave assisted system confirmed the requirement for a C-

terminal D-amino acid, with D-Pro, D-Val and D-Trp all cyclising in 36-40% yield while the L-

Pro derivative failed to cyclise.
170
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1.6.5 CTP synthesis employing pseudoproline 

Given the turn-inducing properties of proline or N-alkyl amino acids and the importance of 

cis-peptide bonds in facilitating cyclisation reactions, temporary pseudoproline protecting 

group strategies have been developed which infer similar constraints.
40, 61, 183

 Serine and 

threonine can produce oxazolidines and cysteine can form thiazolidines by acid-catalysed 

cyclocondensation with aldehydes or ketones that act as temporary pseudoproline residues 

during cyclisation. These protected residues can subsequently be returned to their native form 

by acidic ring opening with TFA during standard Fmoc/tBu type deprotection and SPPS 

cleavage reactions.
184

 Typically, these have been used to disrupt β-sheet type aggregation of 

long or hydrophobic peptides during SPPS and as soluble alternatives to protecting groups.
184

 

Despite their usefulness in inducing cis-amide bonds and facilitating cyclisation, to their 

detriment, like other N-alkyl amino acids, they can be very challenging to acylate. Again, 

their acylation should be performed with highly reactive HOAt-based couping reagents. In 

SPPS they are often introduced as a pseudoproline dipeptide that is preformed to avoid 

deletion sequence formation.
42

  

 

A family of eight all L-CTPs were synthesised by Fairweather et al.
51

 making use of 2 

pseudoproline residues within each. The linear structure of this family of synthetic CTPs was 

H2N-(Xaa-Yaa)2-COOH where Xaa was any of Phe, Ile, Leu or Val and Yaa was a serine or 

threonine derived Ψ
Me,Me’

Pro, so as to favourably place a pseudoproline in the C-terminal 

position (Scheme 1.11).
51

 Their synthetic approach made use of commercially available 

pseudoproline dipeptides and the 2-chlorotrityl chloride resin strategy for head to tail 

cyclistion, whereby the peptide was cleaved under dilute acidic conditions (hexafluoro-2-

propanol, trifluoroethanol and DCM 1:2:7, v/v/v) leaving the pseudoproline residues 

unscathed.
51

 Yields of the various peptides were found to be dependent upon both the linear 

precursor and the reagents used. In most cases the newer reagent 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMTMM BF4) provided superior or 

near equivalent yields ranging 20-73% for the purified products.
51

 Only in the case of 

cyclo(Val-Thr)2 did FDPP offer a significant advantage in yield of 35% over 20% for 

DMTMM BF4.
51

 FDPP reagent provides a means of forming the PfP ester in-situ, a method 

that has often been favoured over the use of reagents such as HATU for cyclisation.
48, 51
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Scheme 1.11: Cyclisation and deprotection reactions of pseudoproline containing 

tetrapeptides by Fairweather et al.
51

 

 

Aside from cyclo(Phe-Thr)2, threonine derived pseudoproline peptides saw yields 

approximately 2-3 fold lower than for their serine derived pseud-proline counterparts which 

yielded in the range of 60-73% (Table 1.3). Increasing the steric bulk with β-branched Ile or 

Val at the N-terminus exaggerated this effect. For serine derived pseudoproline peptides the 

presence of a β branched N-terminus alone was not sufficient to reduce yield significantly 

and in fact cyclo(Ile-Ser) was obtained in the greatest yield. Surprisingly, N-terminal Phe 

yielded far better than Leu for these peptides.  

The major downfall of this methodology was the deprotection reaction, taking up to 4 days 

for completion and despite quantitative yields for some peptides, others yielded as low as 

30% after RP-HPLC purification.
51

 There appears to be little trend in the sequence 

dependence of the deprotection reaction and the authors have attributed this large variation to 

insolubility of some sequences during RP-HPLC.
51

 Despite this, total yields as high as 60% 

were achieved for some sequences. It should be noted by direct comparison to previous 

works, that the pre-organisational power of these pseudoproline residues is greater than 

naturally occurring proline. As shown in the Table 1.3, cyclisation of H2N-(Leu-Pro)2 yielded 

only 5%, compared to 66% and 31% for the pseudoproline analogues.
185

 However, inversion 
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of the C-terminal proline stereochemistry to the D-configuration provided a 9-fold increase in 

yield (45%).
185

 

Table 1.3: Cyclisation and deprotection reactions of various pseudoproline containing 

tetrapeptides. 

Linear precursor 
Protected Cyclic 

product 

Yield % 

(RP-HPLC 

purified) 

Deprotected cyclic 

product 

Yield % 

(RP-HPLC 

purified) 

Ref 

H2N-(Ile-Ser(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Ile-

Ser(Ψ
Me,Me’

Pro))2 

73 cyclo(Ile-Ser)2 80 

51
 

H2N-(Leu-Ser(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Leu-

Ser(Ψ
Me,Me’

Pro))2 
66 cyclo(Leu-Ser)2 79 

51
 

H2N-(Phe-Ser(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Phe-

Ser(Ψ
Me,Me’

Pro))2 
60 cyclo(Phe-Ser)2 100% 

51
 

H2N-(Val-Ser(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Val-Ser(Ψ
Me,Me

-

Pro))2 
60 cyclo(Val-Ser)2 39 

51
 

H2N-(Ile-Thr(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Ile-

Thr(Ψ
Me,Me’

Pro))2 
20 cyclo(Ile-Thr)2 30 

51
 

H2N-(Leu-Thr(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Leu-

Thr(Ψ
Me,Me’

Pro))2 
31 cyclo(Leu-Thr)2 quant 

51
 

H2N-(Phe-Thr(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Phe-

Thr(Ψ
Me,Me’

Pro)) 
57 cyclo(Phe-Thr)2 53 

51
 

H2N-(Val-Thr(Ψ
Me,Me’

Pro))2-

COOH 

cyclo(Val-

Thr(Ψ
Me,Me’

Pro))2 
20 cyclo(Val-Thr)2 50 

51
 

H2N-(Leu-Pro)2-COOH
 

N/A N/A Cyclo(Leu-Pro)2 5% 
185

 

H2N-(Leu-Pro-Leu-D-Pro)-

COOH
 

N/A N/A Cyclo(Leu-Pro-Leu-D-Pro) 45% 

185
 

 

Structural investigations of the linear peptides synthesised by Fairweather et al.
51

 using  
1
H 

and 
13

C NMR revealed all peptides, excluding H2N-(Ile-Thr(Ψ
Me,Me’

-Pro))2-COOH (only 

70%), to show predominantly a single conformation (> 90%). H2N-(Phe-Ser(Ψ
Me,Me’

-Pro)) 2-

COOH was chosen as a model peptide for in-depth conformational analysis by 2D NMR, 

revealing  C
α

iH - C
α

i+1H NOE cross-peaks consistent with a ―cisoid‖ peptide bond 

conformation for both bonds preceding pseudoproline residues in CD3CN solution (Figure 

1.31).
51

 Therefore the linear peptides were assumed to adopt predominantly a cis-trans-cis 

peptide bond configuration consistent with a favourable cyclisation precursor. 
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Figure 1.31: Cis-trans-cis conformation of linear di-pseudoproline peptides with observed 

NOEs indicated by arrows redrawn from Fairweather et al.
51

 

 

This conformation was further confirmed by X-ray crystallographic studies of the Cbz and 

methyl ester derivatised analogue of (Phe-Thr(Ψ
Me,Me’

-Pro))2 (Figure 1.32).
51

 Furthermore, 

the 1D NMR spectra of this derivative closely resembled the non-derivatised peptides with a 

single set of resonances in DMSO-d6 solution. Despite the cis-trans-cis conformation of the 

linear precursor, the N and C termini were still 7.2 Å apart, while a standard amide bond 

length is approx. 1.35 Å and less than 3.5 Å would be required for a H-bonding contact 

between these two functional groups.  

  

Figure 1.32: X-ray crystal structure of Cbz-(Phe-Thr(Ψ
Me,Me’

-Pro))2 showing two 

conformations of the terminal Cbz and OMe groups, CIF file downloaded from supporting 

information of Fairweather et al.
51

 

 

A cyclic tripeptide has also been synthesised from a linear precursor containing proline at 

both termini and a threonine derived pseudoproline in between.
87

 



  

49 
 

1.6.6 CTP synthesis employing ring contraction strategies 

A ring contraction strategy based on the N-terminal incorporation of photolabile 2-hydroxy-

6-nitrobenzaldehyde (HnB) has been developed by Smythe and co-workers 
63, 186-187

 The 

general synthetic approach is outlined in Scheme 1.12. The HnB group is reductively 

aminated onto the peptidyl N-terminus. A number of optimisations were standardised for this 

procedure however, a number of challenges still exist via this strategy which include side 

product formation, racemisation, degradation prior to or during photolysis and poor cycliation 

yield of protected peptides.
63, 186-187

 Unsurprisingly, HATU was found to be most effective for 

forming the nitrophenylester intermediate. During the optimisations, synthesis of D-amino 

acid incorporating CTPs demonstrated that in the unprotected form, unwanted cyclisation 

from side chain to the C-terminus can occur with Arg in the second position. Cyclisation 

from the side chain protected form, afforded reduced yield at the cyclisation step presumably 

due to steric interference. However, improved yield at the photolysis stage was realised due 

to protection from degradation products of HnB, giving similar overall yields as the 

unprotected peptides.  

 

Scheme 1.12: HnB based ring contraction CTP synthesis developed by Smythe and co-

workers
186

.  

 

After having standardised a more idealised methodology, and employing microwave assisted 

ring contraction, the synthesis of a 44-membered library of all L-CTPs was attempted.
186

 Of 

these, 34 cyclic peptides were obtained in varying yields from the unprotected linear 

peptides.
186

 The low overall yields, ranging from 5-29% (only two of which exceeded 19%), 

were suggested to result from degradation / adduct formation during photolysis, despite high 

yield during ring contraction.
186

 Despite being less prone to adduct formation, synthesis of all 

hydrophobic sequences offered little advantage. In contrast to that previously observed for L-, 

D-mixed peptides, placement of nucleophilic side chains such as Arg in the second or third 

position did not lead to side-chain cyclised products for the all L-peptides, an effect most 

likely determined by the unfavourable backbone conformation of the all L-peptide. Side-chain 

cyclised products were only observed with placement of Arg in the first position (N-
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terminus), probably owing to the larger, more flexible ring. Possibly the largest drawback of 

this strategy is the apparent incompatibility with bulky β-branched N-terminal residues, 

possibly due to the inherent inflexibility of the HnB linker, a factor that may also contribute 

towards the observed racemisation.
186

 Three of four N-terminal Ile sequences failed to yield 

the desired product, in all three cases their Tyr or Gln substituted cyclic counterparts were 

obtained.
186

 

 

Synthesis of Cyclo(Tyr-Arg-Phe-Gly) was previously unsuccessful from the unsubstituted 

linear form but was accessible following the HnB ring contraction strategy.
63

 Undoubtedly, 

the ring contraction presented here offers synthetic access to a variety of peptides, many of 

which may be inaccessible by conventional means. However, for the majority of the 34 

membered library mentioned previously, no comparison to conventional cyclisations were 

made.
186

 In fact, some of these sequences may have been accessible by carefully executed 

conventional means, perhaps with lesser trouble reacting with β-branched N-terminal 

residues. Given the several possibilities and complexities arising from side reactions, it 

appears best this procedure be reserved as a last alternative when general solution phase or 

on-resin cyclisation fails to provide the desired peptide. Similar to an on-resin cyclisation, 

formation of the of HnB-peptide creates a pseudo-dilution or increased effective 

concentration of N and C-termini by pre-organising the N and C-terminus into close 

proximity and also offering entropic advantages.
63

 

 

For CTPs bearing a β-hydroxylated N-terminal amino acids such as Ser or Thr, Wong et al.
188

 

have described an imine-induced ring contraction which reduced the activation energy by 

approximately 7 kcal/mol. The requisite peptidyl salicylaldehyde (SAL) ester (Figure 1.33) 

can be synthesised by Boc-SPPS or introduced using a phenolysis procedure after preparation 

by Fmoc-SPPS. However, the Boc-SPPS strategy provided linear peptide-SAL esters in only 

9-21% yield. Furthermore this strategy, was found to be incompatible with Cys, Met and Trp 

containing peptides, prone to oxidation by ozone. Nonetheless, the authors were able to 

prepare nine CTPs, all of which were devoid of turn-inducing constraints such as D-AAs, 

glycine or N-alkyl residues such as proline.
188

 Furthermore, C-terminal racemisation was not 

observed during this imine captured ring closure and contraction strategy. A proposed 

reaction mechanism has been deduced by molecular modelling.
188
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Figure 1.33: peptide-SAL ester. R = H or CH3. R’, R‖ and R‖’ are various amino acid side 

chains.
188

 

 

1.6.7 Naturally occurring N-Methylated CTPs 

As previously alluded to, the turn inducing properties of N-methyl amino acids are similar to 

those of proline or pseudoproline residues, which can induce cis-peptide bond geometry.
59-60

 

It is important to note that this effect is highly dependent upon the position in which the N-

methylation is incorporated.
60

 For rationally designed peptides, use of N-methyl amino acids 

as turn-inducing constraints allows for inclusion of a greater variety of side chain 

functionalities than does proline, or even pseudoproline. Additionally, much like cyclisation 

itself, N-methylation may confer greater protease stability to the peptide and further reduced 

conformational freedom of the final product.
30

 A note of caution however, as for proline, N-

methylation also results in the loss of a potential hydrogen bonding contact for either 

intramolecular stabilisation or intermolecular interactions. Of the natural product CTPs 

reported in Table 1, surprisingly few present N-methylated residues, seven if 

pseudoxyallemycins A-F are included as a single family. Excluding asperterrestide A, all 

other isolated CTPs bearing N-methyl residues contain two such residues staggered one 

residue apart. Syntheses of both tentoxin and hirsutide have been reported and synthetic 

access to all L-CTPs bearing N-methyl amino acids highlights their role as turn-inducers. 

These two peptides are discussed in detail below. Asperterrestide A contains only a single N-

methyl amino acid and also possesses a β-amino acid. This compound will be discussed later 

alongside other 13-membered ring CTPs.  

 

1.6.7.1 Tentoxin 

Tentoxin, Cyclo(Leu-NMe-(Z)-ΔPhe-Gly-NMe-Ala), the structure of which has been 

reported with assigned stereochemistry as early as 1974, has been of great interest as a 

cytotoxic HDAC inhibitor and has undergone numerous synthetic studies along with 

analogues.
153, 189-191

 The structure of tentoxin is shown in Figure 1.34 with the dissection 

point used in all three synthetic papers; yields of the cyclisation step are shown in Table 1.4.  
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Figure 1.34: Chemical structure of tentoxin showing the common synthetic dissection point 

used by three synthetic papers.
189-191

 

 

All three authors chose to dissect tentoxin with an N-terminal N-methyl group, however, this 

strategy makes use of a non-bulky and achiral C-terminal residue (Gly). The first synthesis, 

published in 1974, saw the cyclisation step yielding only 18% after-purification. 
191

 In this 

study, the N-terminally Boc protected peptide was pre-activated as a 2,4,5-trichlorophenyl 

ester (similar to the Pfp ester) and, after Boc deprotection with acid, was refluxed for 24 h in 

pyridine with a molar equivalent of DIPEA. The use of high temperature to facilitate peptide 

cyclisation is not a common strategy as already discussed, however in this case elevated 

temperature was indeed employed but failed to improve the yield. Somewhat surprisingly, the 

temperature elevation did not lead to racemisation and NMR, IR and UV spectra resembled 

the desired natural product. Their synthetic studies also documented a linear analogue lacking 

N-methylation of the dehydrophenylalanine. Interestingly, compared to the natural product, a 

significant change in the chemical shift values of this linear peptide was observed. However, 

the linear precursor of the natural product (bearing the N-methyl group) showed leucine 

resonances shifted upfield similar to the natural product. Based on these observations, the 

authors suggest this linear peptide to form a pseudo-cyclic structure, which without N-

methylation may adopt a more disordered linear structure, resulting in the observed chemical 

shift differences.
191

 The introduction of this N-methylation appears to favour formation of a 

cis-amide bond.  

 

More recent synthesis in the early 2000s have focused on a simple linear  synthesis via SPPS 

and solution phase cyclisation giving a total yield of 25% based on resin loading and 41% 

efficiency at the cyclisation step after purification.
189

 Another all solution phase synthesis in 

2002 gave an improved 80% yield after purification at the cyclisation stage.
190

 Despite all 

three authors employing identical ring dissection strategies (Figure 1.34), significant 
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differences in success during cyclisation were realised (Table 1.4), highlighting how the 

reagents and reaction conditions used during cyclisation are crucial to the yield. The best 

conditions, employed by Loiseau et al.
190

, were HATU and triethylamine dissolved in DMF 

and reacted at room temperature, requiring a reaction time of only 30 minutes for an 80% 

yield.
190

 The lesser 41% yield of Jimenez et al.
189

, comes as no surprise considering their 

methodology employed the lesser reactive HOBt ester formed, via use of DIC, which is 

particularly poor for the acylation of N-methyl residues.  

 

Table 1.4: Synthetic yields during cyclisation of tentoxin. 

Linear precursor Reaction conditions 
Cyclisation 

yield 
Ref 

H2N-NMe-Ala-Leu-NMe-(Z)-ΔPhe-Gly-TcP
a
 24 hr reflux, pyridine, 1 eq. DIPEA 18% 

191
 

H2N-NMe-Ala-Leu-NMe-(Z)-ΔPhe-Gly-COOH 
1.5 hr rt, DCM, HOBt 4 eq., DIC 4 

eq., DIPEA 3 eq. 
41% 

189
 

H2N-NMe-Ala-Leu-NMe-(Z)-ΔPhe-Gly-COOH 
30 min rt, DMF, HATU 1.1 eq., 

TEA 6eq. 
80% 

190
 

a
 TcP = 2,4,5-trichlorophenyl ester. 

 

No reports of a crystal structure for tentoxin were evident in the literature, however, the 

dihydro-analogue produced by hydrogenation of dehydrophenylalanine has been reported; 

furthermore the structure of native tentoxin bound to spinach chloroplast F1-ATPase has also 

been reported.
154, 192

 First discussed is the NMR structure of tentoxin which has been studied 

in both chloroform and aqueous solution. In chloroform tentoxin was found to show a single 

conformation with alternating cis- and trans-peptide bonds and a ―boat-like‖ 

conformation.
193-194

 Both cis-peptide bonds occur preceding N-methyl residues, e.g. the 

bonds between Gly-NMe-Ala and Leu-NMe-(Z)-ΔPhe, these N-methyl residues effectively 

acting as typical X-Pro sequences. 
193-194

 In aqueous solution however, as many as four 

conformations were observed, conformers A-D having ratios of 51, 37, 8 and 4% 

respectively.
194

 All four conformers were shown to demonstrate the same cis-trans-cis-trans 

peptide bond geometries as in chloroform and ―boat-like‖ conformers likely favoured by 

all.
193-194

 These conformers differ more subtly, for example, the two major conformers are 

separated by a 180
o
 inversion around the peptide bond between NMe-Ala to Leu, which 
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although does not alter the general conformation of the molecule,  inverts the orientation of 

the carbonyl and NMe groups, altering its potential for hydrogen bonding with both solvents 

and protein targets. Perspective drawings of the NMR derived structures from Pinet et al.
194

 

are shown in Figure 1.35 for the two major conformers. It is suggested in fact that the 

different conformers, may be responsible for the various activities of tentoxin.
193

 Conformer 

B most closely resembles the chloroform structure. The structures and interconversion of 

these four conformers can be seen in Figure 1.36, redrawn from Loiseau et al.
195

. The 

computational studies by Loiseau et al.
195

 not only further elucidated structural information 

of tentoxin, but found that they could accurately predict the exact orientation of possible 

hydrogen bonding contacts and the molecular conformation of a variety of CTPs purely from 

the primary structure and stereochemistry, with potential merit for rational drug design.  

  

Figure 1.35: Perspective drawings showing NMR structures of tentoxin conformers A (left) 

and B (right), highlighting their conformational interconversion, redrawn from Pinet et al.
194
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Figure 1.36: Interconversion of the four tentoxin conformers, bidirectional arrows represent 

trans-peptide bond orientation flips, redrawn from Loiseau et al.
195

 

 

In stark contrast to tentoxin, the crystal structure of dihydrotentoxin, Figure 1.37, shows a 

―chair-like‖ conformation, dissimilar to the boat-like conformation of both tentoxin and 

cyclo(D-Phe-Pro-Sar-Gly) (see later). However, similarly to both tentoxin and cyclo(D-Phe-

Pro-Sar-Gly), it also demonstrates two staggered cis peptide bonds, but unlike tentoxin, these 

bonds now occur preceeding non-N-methylated residues, in  this case, between NMe-Ala-Leu 

and NMe-Phe-Gly, shown at each end of the chair in Figure 1.37 below. The main 

hydrophobic groups, the phenyl ring and the Leu side chain are on opposite faces of the 

molecule.  

 

Tentoxin acts as a non-competitive inhibitor of F1-ATPase in sensitive species, and is likely 

responsible for the observed phytotoxicity of tentoxin producing phytopathogens.
154

 The 

molecular structure of tentoxin bound to spinach chloroplast F1-ATPase is shown in Figure 

1.37 with the enzyme removed for clarity.
154

 Compared to the crystal structure of 

dihydrotentoxin, large structural differences exist. Obviously a lesser degree of freedom is 

present for the Phe side chain when the bond is unsaturated between the α- and β-carbons. 

The conformation of the ring is significantly altered compared to both NMR structures of 
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tentoxin and the crystal structure of dihydrotentoxin. When bound, the ring now forms a more 

U-shaped conformer or exaggerated boat conformer, compared to the NMR structures. A cis-

conformation is maintained between Gly-NMe-Ala as per NMR structures of tentoxin. The 

bond between Leu-NMe-Phe however, becomes distorted so as to orient Leu-C
α
 out of the 

plane of the peptide bond, adopting only a partially cis-like conformation. This 

conformational shift demonstrates the potential flexibility of the ring upon target binding, 

despite the tight constraint formed by a 12-membered ring. 

 

   

Figure 1.37: Upper: Crystal structure of dihydrotentoxin reproduced from Meyer et al.
192

 

with permission from The Royal Society of Chemistry. Lower: Two perspectives of the 

crystal structure of spinach chloroplast F1-ATPase bound tentoxin downloaded from PDB.
154
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1.6.7.2 Hirsutide 

The first and only reported synthesis of hirsutide (Figure 1.38) made use of a classical 

approach employing pre-activation as the Pfp-ester with subsequent amine deprotection by 

TFA.
145

 Employing N-methyl morpholine (NMM) as the base incubation in CHCl3 for 7 days 

at 0
o
C  yielded 81% of the product after purification by re-crystallisation.

145
 The yield was 

found to be highly dependent upon the base used during the cyclisation step with 

triethylamine and pyridine giving reduced yields of 53 and 67% respectively.
145

 Given the 

structure at hand, all dissection points produce potential challenges. The chosen point of 

dissection was the N-terminus of Phe, probably the least hindered residue to acylate; however 

placement of a C-terminal N-methyl amino acid is notorious for racemisation.
45

 The high 

yields obtained, especially for a gram scale synthesis highlight the efficiency of which N-

methylation can induce favourable pre-organisation for cyclisation.  

 

Figure 1.38: Chemical structure of hirsutide showing synthetic dissection point.
145

 

 

1.6.8  Synthetic N-Methyl CTPs 

In addition to natural product peptides containing N-methyl amino acids, a wide variety of 

CTPs incorporating sarcosine (NMe-Gly) have been synthesised and characterised in-

depth.
71, 196-199

 All combinations between either glycine or alanine and sarcosine have been 

synthesised and their structural preferences examined.
197

 Cyclotetraglycine, has been 

synthesised yielding only 5% despite being significantly more flexible than peptides bearing 

substitution at the α-carbon.
199

 On the other hand, the steric constraint provided by the turn-

inducing nature of N-methylation allowed cyclotetrasarcosine to be synthesised in 43% 

yield.
199

 Conformations of these types of structures have been studied in solution and by X-

ray crystallography. Rather than list all of these, focus has been placed on one interesting 

example.  
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1.6.8.1 Cyclo(D-Phe-Pro-Sar-Gly) 

Cyclo(D-Phe-Pro-Sar-Gly) has been synthesised and characterised by both NMR and X-ray 

crystallography.
71

 This crystallographic structure could not be found as a deposited file; 

instead a perspective view has been redrawn from the original paper, shown in Figure 1.39. 

The peptide demonstrates either a cis-trans-cis-trans or trans-cis-trans-cis conformation in 

CDCl3 solution, and only the prior conformation in solid state.
71

 Conformational analysis by 

2D NMR and X-ray crystallography revealed no intramolecular hydrogen bonds. The lack of 

temperature dependence of the Gly NH was instead revealed to be due to shielding by the 

ring structure, rather than a direct H-bond contact. The interconversion of conformers on the 

NMR timescale favours conformer 1 as the temperature is increased, but was found to be 

concentration independent. In the crystal structure, despite carrying two achiral residues, the 

peptide adopts a conformation consistent with alternating D- and L-residues. The crystallised 

peptide demonstrated d2-type twofold symmetry with all carbonyls on the same face of the 

ring.  The backbone of the peptide ring adopts a distorted boat-like conformation resulting 

from cis-peptide bonds at each corner. The lower face of the molecule is mostly hydrophobic 

while the upper-face demonstrates potential for ion binding by carbonyl groups. Band shifts 

in CD spectra for one conformer in the presence of divalent cations provides experimental 

evidence for the ion binding hypothesis.
71

 However, in contrast to the crystal structure, based 

on NMR constraints and model-building along with proposed empirical rules, the cis-trans-

cis-trans structure of solution conformer one, predicts only the carbonyls of Pro and Gly to be 

aligned on the same face for ion binding.
71

 

  

Figure 1.39: Perspective drawing demonstrating crystal structure conformation of cyclo(D-

Phe-Pro-Sar-Gly) redrawn from Jois et al.
71

 A boat-shaped ring conformation with carbonyls 

on the upper face is observed. 
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1.6.9 Disulfide cyclised CTPs 

A variety of cyclic tetrapeptides have been synthesised making use of an oxidative disulfide 

bond formation rather than a lactamisation as the cyclisation procedure. Some 11-membered 

cyclic tripeptides have also been prepared by disulfide cyclisation.
86

 These disulfide cyclised 

tetrapeptides have larger 14-membered ring structures and display different geometries to 

typical CTPs. The peptides discussed herein have the sequence cyclo(Cys-Pro-Xaa-Cys) 

where Xaa has been substituted for a variety of hydrophobic amino acids, serine, asparagine 

and non-protein amino acids such as Aib.
81, 83-86, 200

 Furthermore for some of these sequences, 

derivatives bearing N-terminal Boc protection or acetylation and C-terminal methyl ester or 

C-terminal N-methyl amide protections have been prepared and their structures studied in-

depth (Figure 1.40).
81, 83-86, 181, 200

 The peptide conformation is directly dependent upon the 

residue in position Xaa.  The cyclisation of such compounds bearing cysteine at both termini 

is performed oxidatively by a variety of methods. In recent strategies, oxidation has been 

performed in an iodine solution in less than 2 hours, removing both trityl (Trt) and 

acetamidomethyl (Acm) protecting groups from Cys-1 and Cys-4 respectively, the reaction is 

then quenched with sodium thiosulfate.
82-84

 Yields are dependent on the identity of Xaa, 

glycine afforded only 40.8% yield, while for leucine peptides, yields between 65-67% were 

realised and yields between 40-65% for Aib and Phe containing substrates.
82-84

 Older 

procedures saw the use of Na/liquid NH3 followed by oxidation with K3Fe(CN)6 or the use of 

H2O2 for oxidative ring closure.
86, 200

 Unlike conventional head-to-tail cyclisation, syntheses 

of CTPs via disulfide linkages benefit from the additional flexibility of the side chain and are 

unlikely to undergo racemisation during cyclisation. 

 

Figure 1.40: General structure of 14-membered disulfide peptides cyclo(R‖-Cys-Pro-Xaa-

Cys-R’). 
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Because these peptides have proven useful in studying the effects of both temperature and 

solvent polarity upon structure, they are discussed in detail below. Cyclo(Boc-Cys-Pro-Gly-

Cys-OMe) was found to be soluble in both polar and non-polar solvents and has also been 

studied crystallographically.
84

 This provided a useful tool for examining conformational 

changes in solution of β-turns under varying solvent polarity, and indeed as previously 

alluded to, such conformational changes were exhibited.
181

 β-turn structure definitions and 

examples of linear minimal β-turn motifs are discussed in section 1.7 (β-turns). It is important 

to note that X-Pro or X-D-Pro-Gly is a common motif in turns found in both proteins (only 

the former) and synthetic peptides.
54-58

 Glycine, bearing no side chain is additionally exposed 

to solvent and therefore this motif is particularly susceptible to solvent effects or 

intermolecular H-bonding.
84

 This CTP exhibited type II β-turn structure in apolar solvents, 

similar to its solid state structure, see below (Figure 1.41).
181

 However, in polar solvents an 

intramolecular H-bond was lost and instead stabilisation of a type I β-turn by H-bonding with 

the solvent was observed, disproving a previous assumption that a type II β-turn structure 

dominated in polar solvents.
84, 181

 While molecular dynamics (MD) demonstrated increasing 

temperature correlated with increasing hydrogen bond lengths, corresponding to a lesser 

degree of structural selectivity and greater distribution of conformers; circular dichroism 

spectroscopy found the β-turn structure to be stable up to 60
o
C.

84
  Interestingly, when glycine 

was replaced with a more hindered amino-acid, leucine, such solvent dependency was not 

observed. Instead, chirality dictated the turn preference, whereby type I and type II β-turns 

were preferred by L- and D-leucine respectively.
181

 Both L- and D-Leu analogues have been 

studied crystallographically (not shown) and in solution, demonstrating reduced 

conformational freedom for the D-Leu analogue.
83

 

In the solid state Cyclo(Boc-Cys-Pro-Gly-Cys-OMe) adopts a type II β-turn structure 

stabilised by a hydrogen bond between Cys(1)-CO and Cys(4)-NH with a donor-acceptor 

length of 3.2 Å (Figure 1.41).
84

 MD simulations suggested amide hydrogens of both Gly and 

Cys(1) are likely to interact with the solvent. All three peptide bonds in the backbone of the 

ring are in the trans-conformation. In the work of Li et al.
84

 the crystal structure of this 

peptide can be seen overlaid with similar peptides in which Gly is replaced with Aib, Val and 

Ser, the latter two of which bear N-terminal acetylation rather than Boc and all of which bear 

a C-terminal NHMe group. Similarities in both the backbone ring and even some side chain 

positionings are evident, additionally, for each peptide all peptide bonds occur in the trans-

conformation. However, comparison of X-ray structures downloaded from the CCDC, as 
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shown in Figure 1.42, demonstrates some major differences in the ring conformation.
81, 200

 

Both the Gly and Val peptides display a left-handed disulfide bond (as referred to by the 

original authors) while the Ser and Aib peptides demonstrate right handedness.
84

 This 

corresponds with the face on which the Pro carbonyl resides, in both the left handed peptides 

this carbonyl faces upwards in Figure 1.42, while it faces downwards for the other two 

peptides. The Aib peptide demonstrates a slightly more compacted ring structure, with a Cys-

Cys H-bond maintained at a reduced distance of 2.94 Å. Furthermore this peptide gains an 

additional hydrogen bond between the Pro carbonyl and the C-terminal NHMe resulting in a 

type III β-turn structure, also referred to as 310 helix when repeated. Much like Cyclo(Boc-

Cys-Pro-Gly-Cys-OMe), the Aib analogue demonstrates similar structures in solid state and 

apolar solvents such as CDCl3, while in more polar DMSO greater flexibility may occur.
200

 

On the other hand, both the Ser and Val analogues demonstrate type I β-turn conformations 

and also maintain the Cys-Cys H-bond with distances of 2.97 Å and 3.07 Å respectively. 

Previous works have suggested similar preferences for Pro-X sequences where Pro-Gly 

would usually adopt type II β-turns while other Pro-X sequences prefer type I β-turns.
201

 The 

incorporation of unnatural amino acids such as the α,α dialkyl Aib residue demonstrates 

potential for implementation in further structural designs such as type III β-turns. The choice 

of Pro-X sequences can be used to design a particular arrangement of side chains or 

functional groups for pharmacophore design. 

 

Figure 1.41: Crystal structure of Cyclo(Boc-Cys-Pro-Gly-Cys-OMe) provided in 

supplementary information by Li et al.
84

 highlighting an inter-residue H-bond (donor-

acceptor length). 
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Figure 1.42: Crystal structures downloaded from the CCDC database showing inter-residue 

hydrogen bonds (donor-acceptor lengths). Left: Cyclo(Boc-Cys-Pro-Aib-Cys-OMe), centre: 

Cyclo(Ac-Cys-Pro-Ser-Cys-OMe) and right: Cyclo(Ac-Cys-Pro-Val-Cys-OMe) 

 

1.6.10 Synthesis of 13-membered CTPs 

CTPs that contain a β-amino acid have the advantage of possessing a larger 13 membered 

ring, sometimes referred to as a α3β scaffold, which may assist in the potential for 

cyclisation.
41

 This effect is substantiated in the synthetic studies by Glenn et al.
80

, where two 

cyclic tetrapeptides containing the flexible β-homophenylalanine at either their N or C-

terminus cyclised with >  95% efficiency, while under identical conditions (BOP, DIPEA) 

their α-amino acid counterparts cyclised in approximately 50% efficiency (50% cyclodimer 

formation) (Figure 1.43). However after purification by HPLC the four diastereomeric α3β 

CTPs were only isolated in 28-36% yields, possibly attributable to poor solubility.
80

 

Furthermore, the solution structures of these three CTPs were investigated by 2D 
1
H-NMR.  

.  

Figure 1.43: Three cyclic peptides synthesised by Glenn et al.
80

 showing the point of 

dissection (dashed line) and β-amino acids with a bolded backbone (centre and right). 

 

The 12-membered CTP (Figure 1.43, left) along with the structure placing the β-amino acid 

next to D-Pro (Figure 1.43, centre) both demonstrated conformational heterogeneity. 

However the staggering of turn-inducing constraints rendered the final peptide (Figure 1.43, 
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right) conformationally homogenous. Conformational homogeneity is highly favourable for 

the use as pharmacophoric probes making a β-amino acid CTP template a potentially 

valuable chemical scaffold.
80

 One diastereomer of this synthetic 13-membered CTP 

synthesised by Glenn et al.
80

, (S)-Asu(OMe),  demonstrated backbone conformations with a 

high degree of similarity to the biologically active natural product 12-membered CTPs 

Trapoxin, chlamydocin and HC toxin, all of which are HDAC inhibitors.
97

 The 

superimposition of the average NMR structure of this compound with the crystal structure of 

chlamydocin is shown in Figure 1.44. NMR structures for both the R- and S-Asu 

diastereomers of  cyclo(Phe-(R)Pro-Asu-βhPhe) demonstrated all four amide bonds to be of 

the trans-configuration.
80

 In both peptides, the homogenous conformation was likely 

stabilised by an H-bond from the Asu NH, however its H-bonding partner differed for each 

diastereomer. For the R-diasteromer Asu NH H-bonds to the carbonyl of βhPhe, while for the 

S-diasteroemer it H-bonds with the carbonyl of Phe.  

 

 

 

Figure 1.44: X-ray crystal structure of chlamydocin (yellow; 12 membered) overlaid with 

average NMR structure of cyclo(Phe-(R)Pro-(S)Asu-βhPhe; 13 membered), reprinted with 

permission from Glenn et al.
80

 Copyright (2003) American Chemical Society. 

 

Similar 13-membered β-homophenylalanine peptides have been synthesised by Norgren et 

al.
202

, replacing Asu(OMe) with Lys. While, Glenn et al.
80

 studied the more common β
3
-

homophenylalanine, Norgren et al.
202

 found similar conformational homogeneity could be 

imposed by use of the α-substituted β
2
-homophenylalnine. The authors made use of a PyBOP 

(note: PyBOP avoids carcinogenic by-products of BOP) mediated solution phase cyclisation, 

yielding an improved 36-40% after purification for their four analogues, after preparing the 
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protected linear precursors on 2-chlorotritylchloride resin.
202

 Cyclisation again occurred at 

either the N or C-terminus of the β-amino acid. 

 

Other researchers have synthesised a variety of β
2
 and β

3
 amino acid containing CTPs 

designed to mimic somatostain and demonstrated high affinity for the human SRIF 

receptor.
203

 These peptides were cyclised on-resin using a Fmoc/Boc, t-Bu/allyl protecting 

group strategy.
203

 Pawar et al.
204

 have synthesised two novel cyclic-tetraglycopeptides 

bearing the α3β scaffold finding them to form predominantly γ-turn conformations and be of 

greater conformational homogeneity than their corresponding pentapeptide analogue.
204

 

 

White and Yudin
205

 have designed a synthetic procedure for the preparation of 13-membered 

α3β cyclic tetrapeptides bearing α-substituted β-amino acids. By inclusion of 3-

methylaziridine-2-carboxylic acid in the i+1 position from the N-terminus, cyclisation using 

HATU, HOAT and DIPEA in DMF yielded the aziridine containing CTP in 79% yield 

(Scheme 1.13). Cyclisation occurring between the C-terminus of glycine and N-terminus of 

leucine resulted in significant dimerisation. However, this could be avoided by reverse 

addition of the peptide and base (slowly) from a syringe pump to the coupling reagents, a 

commonly employed method which highlights the importance of the order of reagent 

addition.
80, 202, 205

 The authors refer to this technique as utilising pseudo-high dilution 

conditions. Nucleophilic ring opening of these constrained cyclic peptides by sodium azide or 

thiols lead to regioselective attack at the C2 position of aziridine and consequently forms the 

α-substituted β-amino acid (Scheme 1.13).
205

 Interestingly, an equivalent, but non-

constrained linear tripeptide provided the opposite regioselectivity (>  20:1) with C3 attack  

predominating, leading instead to the β-substituted α-amino acid (Scheme 1.13).
205

 The azido 

peptide may also be reduced to the corresponding amine and then further acylated to create a 

branch point for further functionalisation. 
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Scheme 1.13: (Upper): Synthesis of CTPs bearing β-amino acids employing nuclephilic ring 

opening of aziridines by sodiumazide or thiols giving C2 attack.  (Lower): Nuclephilic ring 

opening of linear peptide leading to C3 attack reported by White et al.
205

 

 

Ha et al.
206

 designed a procedure they refer to as ―Tandem Deprotection–Dimerisation–

Macrocyclisation‖ in which the N-terminally Cbz protected didpeptides were pre-activated as 

the respective benzotriazolides. The activated precursor is then deprotected and cyclised in a 

single step resulting in dimerisation and subsequent cyclisation to yield a variety of C2 

symmetric CTPs in yields ranging 22 – 86%.  

 

1.6.11 Naturally occurring 13-membered CTPs 

Rhodopeptins C1-C4 and B5 (Figure 1.45), isolated from the Gram positive bacterium, 

Rhodococcus Sp., demonstrate potent anti-fungal activity against species from the fungal 

genera Candida and Crytococcus.
149-151

 However, their antibacterial activity is negligible 

against a wide variety of species.
150

 These peptides all share a common structure consisting 

of glycine, two L-amino acids and a branched β-amino fatty acid of varying lengths. Their 

structures can be summarised as cyclo(Gly-Xaa-Yaa-βAFA), where Xaa is ornithine or 

lysine, Yaa is valine or isoleucine and βAFA is the 3-(R)-β-amino fatty acid.
151

 As one may 

expect by the subtle structural differences, their biological activities are very similar.
149-151

 

The stereochemistry at the β-position of the fatty acid was determined as (R) via synthesis of 

a simplified analogue, stereochemistry of the branch point in the fatty acids of C1, C2 and C4 
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is undefined.
151

 Chiba et al.
151

 synthesised a simplified analogue of rhodopeptin B5 in which 

the branched β-amino acid was replaced with racemic 3-aminododecanoic acid, which was 

optically resolved as the diastereomeric valyl dipeptide. Their convergent solution phase 

synthesis resulted in a ring dissection between the C-terminus of the β-amino fatty acid and 

the N-terminus of glycine providing the two diastereomer peptides after cyclisation with 

diphenylphosphoryl azide (DPPA) in respectable yields after deprotection and HPLC 

purification.
151

 Syntheses of further analogues have applied similar protecting group 

strategies with cyclisation by DPPA instead occurring at the C-terminus of glycine.
207-208

 

Structural investigations of analogues by NMR, MD and SAR have led to the development of 

non-peptide derivatives of these compounds.
207-209

 

 

Figure 1.45: Chemical structures of rhodopeptins C1-C4 and B5.
149-151

 

 

Azumamides A-E (Figure 1.46) are a family of five, β-amino acid containing, CTPs isolated 

from the marine sponge Mycale izuensis.
125

 These peptides belong to a class of potent natural 

product HDAC inhibitors, which possess a long fatty acid type side chain modified with a 

variety of different functional groups. However, the azumamides are the only family of 

peptides in which this fatty acid residue is also a β-amino acid, and is in fact both α,β 

substituted. The azumamides were reported in 2006 and later that year a total synthesis of 

azumamides A and E had already been reported, using a convergent solution phase 

approach.
125, 210

Cyclisation with FDPP yielded 37% after 3 days with dissection at the N-

terminus of the β-amino acid. Subsequent deprotection of the side chain acid yielded 

azumamide E and azumamide A was achieved by amidation.
210

 Previous attempts to cyclise 
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azumamide A with the side-chain amide function pre-introduced were unsuccessful.
210

 In 

2007 a solution phase total synthesis of azumamides A and E was again reported, instead the 

CTP was dissected at the N-terminus of D-Phe and cyclised with HATU, DIPEA in 

DMF/DCM yielding 52-80%.
211

 In 2013 Total synthesis of azumamides A-E were reported 

using a solution phase cyclisation after preparation of the protected linear peptide by SPPS on 

2-chlorotrityl chloride resin.
212

 Yields of the purified cyclic peptides varied from 11-25% 

using HATU and DIPEA in DMF, however this also includes yield of the linear precursor 

and is not a direct measure of cyclisation efficiency.
212

 

 

Figure 1.46: Chemical structures of azumamides A-E.
125

 

 

1.6.11.1 2-Abz containing CTPs 

Two naturally occurring CTPs bearing the rare β-amino acid 2-Abz exist. Asperterrestide A 

(Figure 1.47) is a novel cyclic tetrapeptide isolated from marine derived fungus Aspergillus 

terreus SCSGAF0162 
79

 containing the β-amino acid 2-amino benzoic acid (2-Abz or 

anthranilic acid) which confers planarity and structural rigidity.
79

 Peptides containing 2-Abz 

make attractive candidates as drug-like molecules, at least in part due to the conformational 

restriction imposed by 2-abz. 
213-215

 Natural products containing 2-Abz display a variety of 

interesting bioactivities, however, its occurrence in both natural product and synthetic 

peptides is rare. Additionally, this amino acid is notoriously difficult to acylate due to the 

electron withdrawing effect of the ortho carboxyl.
213, 216

 Asperterrestide A was reported to be 
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cytotoxic against two carcinoma cell lines with IC50 values of 6.2 and 6.4 μM. Additionally 

anti-viral activity was revealed against two influenza strains.
79

 The structure also includes a 

rare N-methyl-3-phenylserine residue and the configuration of the β-carbon of D-Ile remains 

unassigned. Total synthesis of asperterrestide A is yet to be reported.  

 

The work presented in this thesis focuses upon the synthesis and analysis of asperterrestide A 

analogues. Methodology developed during this work was applied unsuccessfully to the 

natural product synthesis. In 2016, during the studies presented in this thesis, Xin and 

Burgess
217

 documented a small variety of 2-Abz containing CTPs. Calculated structures for 

these compounds demonstrated similarity to known turn structures of proteins. Furthermore, 

they found that the direction in which the peptide bonds were oriented was predictable and 

dependent upon stereochemistry of the given residue.
217

 The ring was disconnected at the C-

terminus of 2-Abz and yields of 31-55% were realised under cyclisation with EDC, HOAt 

and the weaker base N-methylmorpholine in a DMF / DCM mixture. The peptides were 

found to exist as onepredominant conformation in solution and showed strong hydrolytic and 

proteolytic stability. In addition,these CTPs demonstrated cell permeability to a model 

membrane.
217

 The methodology employed during the works of this thesis was established 

prior to this publication and therefore their ideas are not drawn upon during the design of the 

synthetic strategy in Chapter 3. 

 

The toxin, aspercolorin (Figure 1.47.), isolated from A. versicolor is the only further example 

of a cyclic tetrapeptide including 2-Abz; however it is modified with a 5-methoxy 

substituent.
123, 218

 The 2-Abz is acylated by a further turn inducing proline residue. 

Interestingly, it also contains a second β-amino acid which is much more flexible, β-alanine, 

giving rise to a 14 membered ring. Much like asperterrestide A, it also carries a second 

aromatic amino acid, phenylalanine. No reports of its chemical synthesis or pharmacology are 

evident in the literature however the isolated peptide is available from a variety of suppliers 

with undefined stereochemistry. 

 

Further natural product tetrapeptides incorporating 2-Abz include the linear tetrapeptide (-)-

viridic acid which possesses a N,N-dimethyl-2-Abz residue at its N-terminus and a further 2-

Abz at its C-terminus
213

. Viridic acid has been isolated from a variety of Penicillium 

species.
213, 219-221

 During a synthesis of this compound the authors reported considerable 
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trouble acylating the C-terminal 2-Abz by conventional means with bulky β-branched 

valine.
213

 Further linear natural product peptides containing 2-Abz are dictyonamides A and 

B which like asperterrestide A  are also isolated from a marine fungus, in this case, K063, and 

possess N-methyl amino acids.
214

 

 

 

Figure 1.47: Chemical structures of asperterrestide A, left and aspercolorin, right.
79, 123, 218

 

 

1.6.12 Further small cyclic peptides containing 2-Abz 

Small cyclic peptides bearing the 2-Abz residue possess particularly interesting architectures 

and are presented within Chapter 4 of this thesis. While there are currently no documented X-

ray crystal structures of 2-Abz containing cyclic tetrapeptides (natural or synthetic), to give 

context to the work later presented in this thesis, a brief discussion of small natural product 

cyclic tri- and pentapeptides bearing the 2-Abz residue are included. Given the structural 

rigidity imparted to the peptide backbone by 2-Abz, it is of no surprise that X-ray crystal 

structures are documented for a number of these small cyclic peptides. 

 

1.6.12.1 Cyclic tripeptides bearing 2-Abz 

An interesting family of peptides are the psychrophilins (Psp’s) (Figure 1.48).
222-225

 

Although, they represent a family of cyclic tripeptides, they are actually comprised of a 13-

membered ring owing to the presence of 2-Abz and an interesting linkage of tryptophan 

making use of the α-carboxyl and the indole nitrogen of the side chain. The stereochemistry 

is conserved in the L-configuration for the remaining aliphatic residue. In all eight peptides, 

the α-amine is modified, oxidised to form a nitro group for psychrophilins A-D, acetylated 

for psychrophilin E and both methylated and acetylated for psychrophilins F-G.  
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Figure 1.48: Chemical structures of Psychrophilins A-E. ).
222-225

  

 

 

Psychrophilin A, isolated from Penicillium ribeum, was the first naturally derived cyclic 

peptide bearing a nitro modified amino group.
225

 No reports of biological evaluation are 

evident in literature. The structure of psychrophilin A has been studied by X-ray 

crystallography (Figure 1.49).
225

  The 13-membered ring has a flexible portion due inclusion 

of the β-carbon of Trp within the ring. Both the Pro and Trp rings face above the plane of the 

ring while the 2-Abz ring and the nitro group are directed towards the lower face of the 

distorted 13-membered ring. All peptides bonds occur in the trans-configurations. There does 

not appear to be any inter-residue H-bonds stabilising the ring. Psychrophilins B and C were 

isolated from Penicillium rivulum and biological evaluation is again not evident in 

literature.
222

 Psychrophilin D, isolated from Penicillium algidum, was found to be inactive in 

anitomicrobial, antiviral and antiplasmodial assays, but demonstrated an ID50 of 10.1 µg/ml 

against the murine leukaemia cell line P388. Psychrophilin E, isolated from a mixed 

fermentation broth of two Aspergillus strains, was tested for anti-proliferative effects against 

4 cell-lines with IC50 values ranging 28.5-67.8 µM.
224

 This compound showed a degree of 

selectivity towards colonic cell line HCT116 with nearly equivalent activity as cisplatin. 

However, later testing of psychrophilin E against three further cell lines demonstrated IC50 

values >  100 µM, likewise for psychrophilins F-H. 
226

 Psychrophilin G however 

demonstrated potent lipid lowering effects.
226

 Psychrophilins E-H were the first members of 

this family isolated from Aspergillus fungi rather than Penicillium species.
224, 226

 The 

structure of psychrophilin E reported by Ebada et al.
224

 deduced Trp to be of the D-

configuration based on an energy minimised model and ROESY correlations.
224

 However, 

Peng et al.
226

 have subsequently reported a crystal structure psychrophilin E (Figure 1.49), 
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confirming L-Trp configuration, in accordance with all other psychrophilins. This correction 

appears to have been overlooked by the authors, who were apparently unaware of the 

previous paper documenting isolation of psychrophilin E and failed to cite it. Unsurprisingly, 

the crystal structure of psychrophilin E is almost identical to psychrophilin A. Ngen et al.
227

 

reported a synthesis of psychrophillin E with L-Trp stereochemistry and NMR data in 

agreement with the natural products.
224, 226-227

 Somewhat surprisingly, the peptide was 

prepared by lactamisation of a racemic precursor, affording only the 2S-diasteromer. 

Theoretical calculations substantiated such findings by a significant decrease in stability of 

the 2R-diastereomer.
227

 Lactamisation at the N-terminus of proline mediated by HATU 

yielded 49%, which is a near quantitative conversion of the desired stereoisomer.
227

 The 

product of lactamisation from the chiral precursor was isolated in a respectable 79% yield.  

   

 

 

Figure 1.49: X-ray crystal structures of psychrophilin A (left) and psychrophilin E (right) 

highlighting an inter-residue H-bond (donor-acceptor length), both downloaded from the 

CCDC database.
225-226

 

 

1.6.12.2 Cyclic pentapeptides bearing 2-Abz 

Three families of anthranilic acid containing cyclic pentapeptides exist, the avellanins and 

cycloaspeptides share strong structural similarities, while the versicotides bear two 2-Abz 

residues. Three avellanins have been reported with conserved stereochemistry, containing 

two D-amino acids and two L-amino acids, one of which isNMe-D-Phe.
216, 228-229

 Structural 

similarity is obvious upon comparison of the structures of the avellanins (Figure 1.50), 

particularly avelannin C, with the cycloaspeptides (Figure 1.51) and also asperterrestide A 



  

72 
 

(Figure 1.47). The most significant dissimilarity between the avellanins and the 

cycloaspeptides is the substitution of alanine for proline and the presence of two D-amino 

acids. The presence of proline may simplify ring closure during synthesis and examples of 

both families have been successfully prepared synthetically.
216, 230

 

While avellanins A and B were reported in 1987, isolated from Hamigera avellanea, and 

have since been synthesised which allowed for assignment of the stereochemistry of avellanin 

B, avellanin C was only reported in 2015.
216, 228-229

 Avellanins A and B were reportedly 

highly toxic to mice and rats, leading to death after a considerable spike in blood pressure.
229

 

During the solution phase total synthesis of avellanins A and B, the difficult coupling of 

methyl anthranilate (2-Abz-OMe) was partnered with the Fmoc-amino acid chloride of Ile or 

Val.
216

 Surprisingly, their syntheses resulted in cyclisation between 2 hindered residues, the 

N-terminus of Proline and C-terminus of 2-Abz, giving a 26% purified yield using DPPA. 

Avellanin C demonstrated quorum-sensing inhibition towards Staphylococcus aureus.
228

 

 

 

Figure 1.50: Chemical structures of avellanins A and B Left and avellanin C right.
216, 228-229

  

 

The cycloaspeptide family comprises seven hydrophobic, 2-Abz containing, cyclic 

pentapeptides with conserved all L-stereochemistry and strong structural resemblance to the 

avellanins and also the CTP asperterrestide A. Cycloasapeptides A-C were originally isolated 

from an Aspergillus species and carry the structure cyclo(Ala-Phe-Leu-Tyr-2-Abz) bearing 

varying patterns of N-methylation upon both Phe and Tyr and ring substituents (Figure 

1.51).
231

 Cycloaspeptide A has also been isolated from a variety of Penicillium species and 
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studied by X-ray crystallography.
225, 232-234

 The X-ray structure published by Zhang et al.
234

 is 

shown below in Figure 1.52 and demonstrates a hydrogen bond between the carbonyl of 2-

Abz and the NH of leucine (2.8 Å). Furthermore an intra-residue H-bond between the amide 

and carbonyl of 2-Abz exists with a distance of 2.64 Å. Interestingly, none of the CTP 

structures predicted by Xin and Burgess
217

 demonstrated this bond intra-residue H-bond, 

however it was observed in works of Sanjayan group (see below). The Ala-NMe-Phebond 

appears in the cis-configuration, while the remaining four are of the trans-configuration. The 

three aromatic rings are in different planes. Cycloaspeptide D, isolated from Penicillim 

Ribeum, carries di-N-methylation and replacement of Leu with β-branched Val.
225

 

Cycloaspeptide A and D have demonstrated antiplasmodial activity with IC50 vales of 3.5 and 

4.7 µg/ml respectively.
223

 Cycloaspeptide E is the only structure in which Tyrosine is not 

present, instead replaced for Phenylalanine, it is also di-N-methylated.
230

 Interestingly, the 

loss of this phenolic hydroxyl group resulted in insecticidal activity that was not observed for 

cycloaspeptide A.
230

 The authors also report a partial synthesis of cycloaspeptide E from 

cycloaspeptide A and a total synthesis in which the ring dissection was unlike the synthesis of 

the Avelelnins by Nakao et al.
216

 Instead cyclisation occurred at the C-terminus of alanine, 

giving a much improved 67% yield using a cyclic anhydride coupling reagent.
230

 

Furthermore, this synthesis avoided hydrolysis of C-terminal 2-Abz during deprotection.
230

 

Cycloaspeptide F and G were isolated from Isaria farinosa, along with cycloaspeptides A and 

C, and demonstrate more highly modified structures, both carrying di-N-methylation. 

Cycloaspeptide F is a cyclic glycopeptide bearing a β-linked D-glucose sugar on the phenolic 

group of tyrosine (Figure 1.52).
235

 Cycloaspeptide G is identical to cycloaspeptide A except 

for replacement of Phe with Tyrosine.
235

 Cycloaspeptides A, C, F and G were tested for 

cytotoxicity against HeLa and MCF7 cell lines with IC50 values ranging 15.2 - >  63.4 µM.
235

 

Cycloaspeptide G was most potent against both cell lines, with IC50 values of 30.4 and 15.2 

µM (equivalent to 5-fluorouracil against MCF7) while the most simplified structure, C, was 

the least active.
235
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Figure 1.51: Chemical structures of cycloaspeptides left; A-D, Right; E-G.
222, 230-231, 235

 

 

 

Figure 1.52: X-ray crystal structure of cycloaspeptide A provided in the supplementary 

information by Zhang et al.
234

, highlighting two H-bonds (donor-acceptor length). 
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The versicotides A and B are of the general structure cyclo(Ala-2-Abz-Ala-Ala-2Abz), in 

each peptide two of the alanine residues bear N-methylation (Figure 1.53).
226, 236

 Versicotide 

C is a cyclic hexapeptide with an extra alanine unit.
226

 All versicotides were found to have no 

cytotoxic effects.
226, 236

 

 

Figure 1.53: Chemical structures of versicotides A and B. 
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1.7. β-Turns 

Reverse turns, of which the β-turn
237-239

 is the most common, are commonly observed 

structural motifs in nature that are involved in protein folding along with receptor, substrate 

and antigen recognition or binding events.
240-245

 Additionally they may present a site for post-

translational modifications.
243, 246-248

 Therefore the development of β-turn mimetics to provide 

further frameworks for drug design and as probes of molecular interactions in biological 

systems is of obvious interest.  

The cyclic tetrapeptide itself may mimic native protein reverse turns structures such as both 

β-turns and γ-turns.
217

 The β-turn comes in a variety of different forms in both nature and 

rational design.  Although CTPs may mimic a variety of β-turn conformations, they are a 

closed ring and the ability of a linear molecule to create a stable β-turn mimetic provides a far 

greater scope of synthetic designs with extended β-strands. Given the synthesis of CTPs 

involves the design of a pseudo-cyclic framework; it became obvious that it is valuable to 

study the structures of both the final CTPs and their linear precursors synthesised in this 

thesis (see later). 

 

1.7.1. Defining the β-turn 

A common feature of β-turns found in NMR and X-ray structures of proteins is hydrogen 

bonding between the carbonyl of turn residue i and the NH of residue i+3.
237, 241, 243, 249

 

Although in proteins, β-turns are often assigned following these criteria, it is not proven to be 

an essential structural feature.
241, 249

 Globular protein analyses have provided a further 

definition of a β-turn, a tetrapeptide sequence that is not in the helical region and bears C
α

i – 

C
α

 i+3 distance less than 7 Å.
240, 249-251

 An exemplary β-turn structure is shown below in Figure 

1.54. 



  

77 
 

 

Figure 1.54: An exemplary type I’ β-turn modified from PDB ID: 1LE1
252

, demonstrating a 

typical hydrogen bonding pattern. 

 

The various types of β-turn structures are defined by the backbone torsion angles of the 

peptide chain (Figure 1.55). The idealised torsion angle definitions of six common β-turn 

geometries are shown below in Table 1.5, generally deviations of up to ±30
o 

are accepted. 
237, 

245, 253
 Some of the other possible turn types are often excluded for various reasons; type III 

and III’ turns closely resemble type I and I’ turns respectively and type III turns are identical 

to the repeating geometry observed for 310 helix, type IV turns corresponds to other non-

classified turns and type V, V’ and VII are rare.
254

 However, Type III and III’ turns are 

described in Table 1.5 because they were discussed above with regards to disulfide bridged 

CTPs. Type VI turns are characterised by cis-proline at position i+2 and are divided into sub 

types VIa and VIb, while type VII are associated with a kink.
254

 Thornton group has defined 

the type VIII turn, proposed after the removal of the type VII turn.
255

 The definitions by 

Thornton group are the current standard.
253-254
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Figure 1.55: General peptide backbone torsion angles. 

 

Table 1.5: Idealised torsion angles of common β-turn motifs.
253

 

β-turn  (
o
) i +1 ψ (

o
) i +1   (

o
) i +2 ψ (

o
) i +2 

Type I -60 -30 -90 0 

Type II -60 120 80 0 

Type III (310 helix) -60 -30 -60 -30 

Type IV
* 

- - - - 

Type VIa1 -60 120 -90 0 

Type VIa2 -20 -120 -60 0 

Type VIb -135 135 -75 160 

Type I’ 60 30 90 0 

Type II’ 60 -120 -80 0 

Type III’ 60 30 60 30 

* 
Turns which do not fit under any of the above criteria.

 

# 
Type VIa1, VIa2 and VIb are characterised by cis-proline (i+2).

 

 

1.7.2 β-Turns from nature with additional complexity 

Two examples of more specific turn structures bearing additional complexities which have 

been identified in nature and synthesised (or mimetics synthesised) are the serine-proline (SP) 

turn and Asx-Pro turn (where Asx is either Asn or Asp). Both the SP and Asx-Pro turns 

maintain the typical i – i+3 H-bond commonly associated with β-turns but carry additional 

backbone-side chain hydrogen bonding interactions.
256-259

 The serine-proline turn (SP-turn) 

generally adopts a type I β-turn with two possible hydrogen bonding patterns for the side 
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chain hydroxyl referred to as either the 6 + 10 or 9 + 10 H-bond patterns (Figure 1.56, A, 

B).
258

 The Asx-Pro turn forms a hydrogen bond between the side chain γ-carbonyl group and 

the NH of the i+2 residue. 

 

 

Figure 1.56: (A) General structure of the 6 + 10 hydrogen bond pattern SP turn. (B): General 

structure of the 9 + 10 hydrogen bond pattern SP turns. (C): General structure of the Asx-Pro 

turn.
256-258

 

1.7.3 Peptidomimetic β-turns 

In addition to naturally occurring β-turns, non-protein amino acids bearing N-methylation, D-

configurations or α,α-dialkylation have been extensively studied and found to induce -turns 

and stabilise -hairpin  conformations in synthetic peptides.
56-58, 242, 260-261

 The D-Pro-X 

dipeptide unit where X can be Gly, Ala or Aib is particularly well documented and generally 

forms type II’ and sometimes type I’ β-turn structures.
56-58, 262-264

 The X-ray structure of an 

exemplary D-Pro-Gly induced type II’ β-turn described by Karle et al.
58

 is shown in Figure 

1.57.  

 

A      B            C 
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Figure 1.57: X-ray crystal structure of a type II’ β-turn induced by D-Pro-Gly reported by 

Karle et al.
58

. Copyright (1996) National Academy of Sciences. 

 

 

Other non-protein, peptidomimetic frameworks, including the use of β-amino acids and α-

aminoxy amino acids, have also been developed for creating reverse turn structures.
262, 265-270

 

Gellman and co-workers engineered a reverse turn structure employing a (R,S)-nipecotic acid 

dimer, which is essentially a dimer of two β-amino acids (Figure 1.58).
270

 Yang et al.
265

 

demonstrated a heterochiral D,L α-aminoxy amino acid dimer (Figure 1.58), structurally 

similar to a β-amino acid dimer, was also capable of inducing a reverse turn structure. 
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Figure 1.58: (A): Reverse turn structure designed by Gellman et al.
270

 using a (R,S)-nipecotic 

acid dimer. (B): X-ray structure of reverse turn induced by a heterochiral α-aminoxy amino 

acid dimer reprinted with permission from Yang et al.
265

 Copyright (2003) American 

Chemical Society. (C): Optimised lowest-energy conformation of model tetrapeptide 

reprinted with permission from Yang et al.
265

 Copyright (2003) American Chemical Society. 

 

1.7.3.1 β-Turns bearing 2-Abz 

Sanjayan group have worked extensively on peptides containing 2-Abz and analogous 

residues, documenting a variety of turn structures.
36-37, 271-277

 A variety of these turns, 

containing repeat 2-Abz units,demonstrate twisted geometries. 2-Abz is essentially a β-amino 

acid. Nonetheless, unlike typical β-amino acids such as β-alanine, it imparts significant 

rigidity to the molecule similar to (R,S)-nipecotic acid dimer (Figure 1.58) however, it also 

results in planarity due to aromaticity of the backbone. Peptides synthesised by Sanjayan and 

co-workers, similar to those later documented in this thesis, whereby 2-Abz is substituted 

with the sulfonic acid derivative (orthanilic acid, 
S
Ant) resulted in β-turn structures 

maintaining the standard i - i+3 H-bond but bearing an additional atom in their backbone and 

an intra-residue H-bond of 
S
Ant (Figure 1.59).

272
 It is noteworthy that the sulfonamide bears 

tetrahedral geometry and is probably responsible for the significant differences as compared 

to the structures later documented in this thesis. The turn nucleating motif in these short 

peptides was any of Gly-
S
Ant, Ala-

S
Ant, Aib-

S
Ant or Pro

-S
Ant.

272, 278
 Further peptides 

synthesised by this group containing repeats of a particularly unique motif, Pro-2-Abz, 

demonstrated a periodic pseudo β-turn network of 9-membered H-bonded rings that 

ultimately result in formation of right handed helical architecture rather than reverse turn type 

geometries (Figure 1.60).
36

 Similar structures have also been demonstrated for peptides 

A    B    C 
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bearing repeating frameworks containing the sulfonic acid derivative of 2-Abz (
S
Ant)with 

proline or alpha isobutyric acid (Aib).
275

 These peptides were essentially oligomers of either 

(Aib-
S
Ant-Aib)n or (Aib-

S
Ant-Pro)n.  

 

Figure 1.59: X-ray crystal structures of two compounds prepared by Sanjayan group. 

Reproduced from Kale et al.
272

 with permission from The Royal Society of Chemistry. 

 

 

Figure 1.60: (A): Crystal structure of Boc-Pro-2-Abz-Pro-2-Abz-OH (with tBu group 

removed) (B): Modelled structure of Piv-Pro-2-Abz-Pro-2-Abz-Pro-2-Abz-OMe. Both 

reprinted with permission from Prabhakaran et al.
36

 Copyright (2003) American Chemical 

Society.  

 

A      B  
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Sanjayan group has also developed peptides bearing a geometry referred to as the Ant-Pro-

Zipper motif, in which a central D-proline, flanked by two 2-Abz (Ant) residues produces a 

tight non-planar turn structure (Figure 1.61).
274

 The sequence Piv-Pro-2-Abz-2-Abz-D-Pro-2-

Abz-2-Abz demonstrates a hydrogen bond between the two termini with a very short donor 

acceptor distance, approx. 2 Å.
274

 However, substitution of Pro for Aib at the N-terminus 

resulted in a loss of this hydrogen bonding restraint despite retaining the turn geometry.
274

 

 

Figure 1.61: X-ray crystal structure of Pro-Ant-Zipper motif (Piv-Pro-2-Abz-2-Abz-D-Pro-2-

Abz-2-Abz) reproduced from Kheria et al.
274

 with permission from The Royal Society of 

Chemistry. 
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1.8 Project aims 

The overall aim of this PhD project was to investigate the three dimensional structure and 

bioactivities of 2-Abz containing tetrapeptides, related to and including asperterrestide A, as a 

tool for the discovery of novel peptide motifs to be implemented in structure based design. To 

this end, the following specific objectives were undertaken. 

1. The first objective was the generation of a library of 2-Abz containing linear and 

cyclic tetrapeptides analogues of asperterrestide A. The synthesis of these compounds 

is documented in Chapter 3. 

 

2. The second objective was to investigate the three-dimensional architecture of the 

compound library synthesised in objective 1 using X-ray crystallography and 2D-

NMR paired with restrained molecular modelling. These structural investigations are 

documented in Chapter 4. 

 

3. The third objective was to investigate the biological activities of the compound library 

synthesised in objective 1. These biological investigations are documented in Chapter 

5. 

 

4. The fourth objective was to apply the synthetic methodology established in objective 

1 to synthesis of the natural product asperterrestide A. The attempts made in this 

direction are documented in Chapter 6. 

 

5. Given the β-turn conformation of linear peptide 1 documented in Chapter 4; the fifth 

and final project aim was to synthesise and study β-hairpin peptides based on this 

novel turn motif as a proof of principle in structure based design and to provide 

unique antimicrobial β-hairpin peptides with therapeutic potential. The synthesis, 

structural and biological evaluation of these β-hairpin peptides is documented in 

Chapter 7. 
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Chapter 2  

Methodology 

 

This chapter provides background information regarding the experimental techniques 

reported in this thesis. Detailed experimental procedures employed during these studies are 

reported in experimental sections within each of the chapters which follow. 
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2.1 Peptide synthesis 

The large majority of peptide synthesis carried out in this thesis was performed according to 

the procedures described in section 1.3 (Solid phase peptide synthesis) using 2-chlorotrityl 

chloride resin. Detailed methods can be found in the relevant experimental sections of results 

chapters 3, 6 and 7. The basis for the general work up procedures and purification methods of 

peptides is described below.   

 

2.1.1General work up procedure 

After cleavage from the resin, the cleavage mixture is evaporated, usually yielding an oil. 

Peptides are precipitated out using an excess of cold diethylether (Et2O). The peptides are 

then triturated, where the precipitated peptide, suspended in Et2O, is centrifuged at approx 

4000 rpm and the solvent decanted. This process may be repeated. Peptides are not generally 

soluble in diethylether; however, the protecting groups and scavengers are more hydrophobic 

and therefore have greater solubility in Et2O. The protecting groups and scavengers are 

therefore removed from the precipitated peptide by decanting the solvent. The peptides are 

then re-dissolved in acetonitrile (MeCN) and water for freeze drying which further aids in 

purification by removing any remaining volatile components such as TFA.
9
 Unfortunately, 

sequences bearing a high proportion of hydrophobic sidechains or linear precursors for 

cyclisation (bearing side chain protecting groups) are often soluble in Et2O in which case they 

may be purified by RP-HPLC directly. Such was the case for the majority of the synthesis 

documented in the following chapters. 

 

2.2. Mass spectrometry 

Mass spectrometry (MS) is an analytical technique with very high sensitivity (10
-6

 – 10
-15

 

M).
279

 Peptides are routinely identified and characterised by confirmation of the expected 

mass by measuring the mass to charge ratio (m/z) of an ionised species.
279

 Electrospray 

ionisation (ESI) and Matrix-assisted laser desorption/ionisation  (MALDI) are two common 

techniques used to produce the ionised species.
279

 While MALDI is better suited to larger 

molecules and proteins, ESI can provide greater resolution and accuracy for smaller peptides 

and hence was the primary technique used throughout the works described in this thesis.
279

 

Other techniques include fast atom bombardment (FAB) and plasma desorption ionisation.
279
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The ionised species are accelerated by a short voltage gradient and separated by their time of 

flight (TOF) prior to detection.
279

 Ions with a greater m/z ratio travel slower and are detected 

later where they are displayed as a mass spectrum composed on m/z ratio on the X-axis and 

relative intensity on the Y-axis.
279

 Mass spectrum intensity is only semi-quantitative as some 

species are more prone to ionise than others.
279

 For ESI-MS, peptides are dissolved in 

suitable solvents, such as water, acetonitrile (MeCN) or methanol (MeOH) along with a small 

amount of formic acid (0.01%) for positive mode or ammonium hydroxide (0.3%) for 

negative ion mode.
279

 The sample solution is introduced to the instrument as a charged 

droplet via a high voltage needle at ambient temperature. Using nitrogen gas as a nebuliser or 

high temperature (100-300
o
C) the droplets are evaporated until a critical charge density is 

reached where repulsive forces result in the release of the sample ions into the gas phase.
279

 

The ions are then sperated by their m/z in the TOF chamber.
279

 When the detector is equipped 

for positive ions, peptides are often charged as (M+H)
+
, (M+Na)

+
, or (M+K)

+
 ions.

279
 

Especially for larger peptides bearing cationic or anionic side chains, multiply charged 

species may exist, with any combination of hydrogen sodium or postassium ions, for example 

(M+2H)
2+

 or (M+H+Na)
2+

.
279

 Multiply charged species can be identified by their isotope 

pattern, which in the case of 2+ ions will vary by 0.5 dalton, while, singly charged ions vary 

by one full mass unit as shown in Figure 2.1. Identification of species charge is critical when 

analysing cyclic peptides as the cyclodimer (M+2H)
2+

 has identical m/z ratio as the cyclic 

monomer (M+H)
+
.
48, 279

 For the purposes of this thesis ESI-MS was used for identification of 

intermediates and also of the final peptide after purification. 
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Figure 2.1: Mass spectrum peak analysis of (A) a singly charged ion and (B) a doubly 

charged ion. Upper panel shows the observed spectra while the lower panel shows the 

predicted spectra. 

 

2.3 Reverse phase high-pressure liquid chromatography (RP-

HPLC) 

Reverse phase high-pressure liquid chromatography (RP-HPLC) was used throughout this 

work for peptide purification and purity analysis. The technique provides a hydrophobic 

stationary phase, usually C18 or C8 alkyl chains covalently bonded to silica beads with 3-10 

µm particle size and 100-300 Å pore size.
280

 Peptides are eluted from the column using a 

mobile phase consisting of a gradient formed between solvent A (water + 0.1% TFA v/v) and 

a water miscible organic solvent to introduce hydrophobicity, solvent B (methanol or 

acetonitrile + 0.1% TFA v/v).
280

 Ideally the choice of solvent B should provide good 

solubility of the sample, low absorbance at 214 nm (used to detect peptide bonds) and a low 

viscosity that caters for high flow and low back pressure.
280

 TFA in low concentrations is 

used as an ion-pairing additive which increases peak resolution and symmetry, furthermore, 

for cationic peptides solubility is improved.
280
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Commonly, a linear gradient is used where the organic solvent is increased over a period of 

time, for example from 10-60% solvent B over 30 minutes. Through hydrophobic interactions 

the peptide is retained by the stationary phase, as the percentage of solvent B is gradually 

increased over time in the solvent gradient, the peptide begins to partition into the mobile 

phase and is eluted from the column.
280

 Peptides with a greater hydrophobic surface area are 

retained for greater time by the column and require a higher percentage of solvent B for 

elution.
280

 Peptide elution is monitored by UV detection (multiple wavelengths may be 

available depending on the instrument used), which can also partially aid in their 

characterisation. Absorbance at 214 nm is characteristic of all peptides, as the peptide bond 

has a strong absorption band from 190-215 nm.
280

 Peptides carrying aromatic amino acids 

such as phenylalanine show absorptions at 254 nm, while tryptophan (strongly) and tyrosine 

(weakly) demonstrate absorbance at 280 nm.
280

 These longer wavelengths are also useful for 

identifying peptides bearing aromatic protecting groups such as Fmoc and Trt or non-protein 

amino acids such as 2-Abz.  

 

For the purposes of this thesis, RP-HPLC was conducted using the following solvent systems. 

Solvent A: 100% milli-Q H2O + 0.1% TFA and solvent B:  was any of 99% MeCN , 1% 

milli-Q H2O + 0.1% TFA or 80% MeCN , 20% milli-Q H2O + 0.1% TFA or 100% MeOH + 

0.1% TFA. The elution gradient was varied between peptides of differing hydrophobicity to 

ensure optimal purification. 

 

 

2.4 Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is a powerful tool for studying peptide 

solution structure. A number of different features of the 1D
 1

H-NMR spectrum can be used to 

extract information about the geometry of the peptide backbone, these include the chemical 

shift values, 
3
JNH-C

α
H coupling constants and amide proton temperature dependence. A variety 

of two-dimension experiments such as the NOESY can be used to gain further insights into 

the peptide conformation. These techniques are discussed below and were employed during 

the works of this thesis presented in Chapters 4 and 7. 
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2.4.1 Chemical shifts 

Atomic nuclei possessing odd masses, such as 
1
H, have an intrinsic small magnetic field due 

to nuclear spin, which will align parallel when a large external magnetic field (B0) is 

applied.
281

 Electromagnetic radiation is applied to cause a spin flip into the higher energy 

antiparallel state and energy required for such is dependent upon the strength of the magnetic 

field.
281

 The magnitude of field experienced by a nucleus is dependent upon both the type of 

nuclei and also the influence of surrounding nuclei within a molecule.
281

 As the magnitude of 

the applied field is increased, the larger the energy separation between spin states and 

therefore the resulting frequency required to induce spin flip (referred to as resonance) 

increases.
281

 This frequency is known as a chemical shift (δ).
281

 Electrons around nuclei 

create a magnetic field that opposes the applied field (B0) and reduces the field experienced 

by the nuclei, hence shielding it.
281

 Therefore, the energy difference between spin states is a 

function of electron density, with less electron rich nuclei experiencing a lesser degree of 

shielding (deshielded) and hence their resonances occurring at higher frequency 

(downfield).
281

 Chemical shifts are measured in parts per million (ppm), they are independent 

of the spectrometer frequency and are reported relative to tetramethylsilane (TMS) as a zero 

reference.
281

 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) may also be used in aqueous 

systems.
281

  

The 
1
H-NMR spectrum is used extensively for peptide characterisation and requires relatively 

low sample concentrations (~1 mg/ml is usually sufficient). Chemical shifts from different 

environments of the peptide occur at characteristic frequencies. Amide protons usually reside 

in the range of 6 – 10 ppm while C
α

 protons are found in the range of 3.5 – 5 ppm.
282

 The C
β
, 

C
γ
 etc protons can be found in the range of 0.5-3.5 ppm.

20
 The chemical shift value has a 

small dependency upon the peptide secondary structure. In comparison to unstructured 

peptides, those with α-helix or β-sheet structures see the C
α
H shifted upfield or downfield by 

~0.4 ppm respectively.
283

  

 

2.4.2 Coupling constant (3JNH-CαH) 

A coupling constant (J) is a through bond interaction between covalently linked nuclei. The 

magnitude of the three bond (vicinal / scalar) coupling between the amide NH and the C
α
H 

proton (
3
JNH-C

α
H) can convey information with regards to the Φ dihedral torsion angle.

282, 284
 

The Karplus equation, shown below, describes this relationship, where θ = (Φ - 60
o
) and 
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3
JNH-C

α
H is reported in Hz.

285
 Coefficients A, B and C have approximate values of 6.4, -1.4 

and 1.9 respectively, derived from experimentally determined values from globular protein 

analysis.
286

 

3
JNH-C

α
H = A cos

2
 θ – B cos θ + C 

3
JNH-C

α
H values and corresponding torsion angles characteristic of various peptide secondary 

structures are shown in Table 2.1. 

 

Table 2.1: Characteristic 
3
JNH-C

α
H and corresponding torsion angle values of various 

secondary structures. 

Secondary structure 
3
JNH-C

α
H  (

o
) 

Random coil 7 -155 

α-helix 3.9 -57 

310-helix 4.2 -60 

Parallel β-sheet 9.7 -119 

Antiparallel β-sheet 8.9 -139 

 

 

2.4.3 Amide NH chemical shift temperature dependence 

The temperature dependence of the amide proton chemical shifts can be used to identify 

amide protons that are hydrogen bonded or solvent shielded from those that are solvent 

exposed, which may interact with the solvent.
287-288

 Upon heating, interactions  between 

amide protons and the solvent weaken resulting in an upfield shift with a linear relationship 

between temperature and the shift value.
287-288

 The slope of such a linear plot over a 

temperature range is the temperature coefficient (dδ/dT) of a given amide NH.
287-288

 Low 

temperature coefficients (< 3 ppb/K) are indicative of intramolecular hydrogen bonds and 

solvent shielding, while temperature coefficents >  5 ppb/K indicate amides that are solvent 

exposed.
287-288
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2.4.4 Two dimensional NMR (2D-NMR) background 

2D-NMR allows for more complex structural analysis of peptides. Four variations of two-

dimension NMR (2D-NMR) were used throughout the works in thesis and are described 

below. 

 

2.4.5. Total Correlation Spectroscopy (TOCSY) 

Total correlation spectroscopy (TOCSY) results in a 2D spectrum with cross peaks shown as 

contours arising from through bond J-couplings of all spin systems in an unbroken chain.
288

 

The TOCSY cross peaks from the amide NH give a characteristic fingerprint for each amino 

acid side chain aiding in their identification.
288

 

 

2.4.6 Double quantum filtered correlation spectroscopy (DQF-COSY) 

Double quantum filtered correlation spectroscopy (DQF-COSY) correlate J-coupled spin 

systems giving antiphase diagonal and cross peaks, but does not connect spin systems greater 

than one J-coupling apart.
288

 The DQF-COSY can therefore be used to make unambiguous 

assignments of side chain connectivities that cannot clearly be distinguished from the 

TOCSY, for example the side chain of leucine and C
γ
 and C

δ
 protons occur at similar ppm.

288
 

 

2.4.7 Nuclear Overhauser Effect Spectroscopy (NOESY) 

Nuclear Overhauser effect spectroscopy (NOESY) and rotating frame Overhauser effect 

spectroscopy (ROESY) are two variations of a powerful technique used to study peptides. 

These techniques provide information about the proximity of protons indicated by off 

diagonal contours (cross peaks). In both NOESY and ROESY, the nuclear spin polarisation is 

transferred from one proton to another via cross-relaxation, known as NOEs and ROEs 

respectively. However, in the molecular weight range 1000 – 2000 Da, little or no NOEs are 

observed and instead a ROESY spectrum is used. For the purposes of this thesis, small 

tetrapeptides were studied by NOESY and larger peptides >  1 kDa were studied by ROESY. 

The intensity of NOE (or ROE) is dependent upon the distance between the two interacting 

protons and a cross peak is generally observed when this distance is less than 5 Å. NOE 
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intensity is related to distance by the equation below, where r is the inter-nuclear distance and 

f(τc) is the function of rotation correlation time of the molecule.  

NOE ∝ (1/r
6
) x f(τc) 

Since NOE is inversely dependent on the 6
th

 power of internuclear distance, the NOE 

intensity increases very significantly with decreasing inter-proton distance. NOE intensity is 

usually defined as strong for distances < 2.5 Å, medium for 2.5 – 3.5 Å and weak for 

distances >  3.5 Å.
289

 NOE cross peaks can be used both for making sequential residue 

assignments and medium or long range NOEs can be used for identifying the three-

dimensional structure of the molecule. The C
α
H of residue i will often see the amide proton 

of the i+1 residue (dαN), this is due to the short distance between these two protons, however, 

the reverse interaction is far more unlikely as shown in Figure 2.2. In addition, correlations 

between adjacent amide protons may occur in the forward or backward stepping directions 

(dNN). The strength of these sequential NOEs and hence inter-proton distances are dependent 

upon peptide secondary structure and can be used to identify particular secondary structural 

elements within fragments of the peptide. The extended backbone conformation of β-sheets 

will typically demonstrate strong C
α

iH – Ni+1H NOEs and much weaker NiH – Ni+1H 

NOEs.
282, 290

 Such secondary structures can be further confirmed by the presence of medium 

or long range NOEs that exist in alpha helical or β-sheet peptides, where by residues further 

apart in the linear sequence are brought into close proximity by the folding of the secondary 

structures. Distances characteristic of various peptide secondary structures are summarised 

below in Table 2.2.
282, 290

 

 

Figure 2.2: The backbone of a peptide showing a NOE correlation between the C
α
H of residue i and 

the NH of the i+1 residue. The reverse interaction is unlikely due to larger distance. 
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Since this thesis later discusses the design of anti-parallel β-sheet peptides a diagram showing 

key inter-proton distances as observed by NOEs is shown in Figure 2.3. 

 

Table 2.2: Characteristic inter-proton distances as calculated  from NOEs for various peptide 

secondary structures.
290

 

Distance α-Helix 310-Helix β (antiparallel) β (parallel) turn I turn II 

dαN (i, i+1) 3.5 3.4 2.2 2.2 3.4 2.2 

dαN(i, i+2) 4.4 3.8   3.6 3.3 

dαN(i, i+3) 3.4 3.3   3.1-4.2 3.8-4.7 

dαN(i, i+4) 4.2      

dNN (i, i+1) 2.8 2.6 4.3 4.2 2.6 4.5 

dNN(i, i+2) 4.2 4.1   3.8 4.3 

dβN 2.5-4.1 2.9-4.4 3.2-4.5 3.7-4.7 2.9-4.4 3.6-4.6 

dαβ(i, i+3) 2.5-4.4 3.1-5.1     

dαN (i, j)
* 

  3.2 3.0   

dNN (i, j)
 *
   3.3 4.0   

dαα (i, j)
 *
   2.3 4.8   

* 
(i, j) indicates inter-strand distances of β-sheets for residues aligned to give the shortest 

distance of specified type e.g. dNN (i, j) is shown as dNN (i+1, j-1) in Figure 2.3. 
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Figure 2.3: Anit-parallel β-Sheet key inter-proton distances 

 

2.4.8 NMR restrained structure calculation with YASARA 

After having made sequential residue assignments, the NOEs can be used to generate 

restraints to be used for NMR solution structure calculations. Using a known inter-proton 

distance e.g. C
βa

H - C
βb

H of Phe, the NOE intensities can be used to generate a distance 

restraint file that can be input to a modelling software such as YASARA.
291

 The lowest 

energy conformations of a given molecule can then be calculated from a variety of 

randomised starting structures to avoid the problem of being stuck in local minima upon 

simulated annealing. Although X-ray crystallography can provide high resolution data 

beyond dispute, NMR restrains allow for calculation of the solution conformation and may 

more accurately resemble the biologically active conformation. However, small to medium 

sized peptides often rapidly interconvert between several conformers and NMR spectra may 

represent a time weighted average of such conformers. Due to the relationship between NOE 

intensity and inter-proton distance, it is possible that minor conformers which contribute only 

a small percentage to the total conformational heterogeneity can give rise to substantial NOEs 

and be over-represented in structure calculations.
284, 288

 Therefore conformationally rigid 

peptides, unlikely to exist as a variety of structurally disperse conformations, such as CTPs, 

dNN (i, i+1) 

4.3 Å 

dαN (i, i+1) 

2.2 Å 

dαN (i, i) 

2.8 Å 

dNN (i+1, j-1) 

3.3 Å 

dαα (i, j) 

2.3 Å 

dαN (i, j+1) 

3.2 Å 
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make for far better modelling candidates. Further restraints such as backbone dihedral angles 

can be generated from chemical shifts or coupling constant data as discussed previously.
288

 

An example of CTP modelling similar to the work presented in this thesis was recently 

published by Xin and Burgess
217

. 

 

2.5 Circular dichroism 

Circular dichroism (CD) is a tool used to estimate the relative proportions of secondary and 

tertiary structures found in both proteins and peptides. Structural alterations in the presence of 

varying temperature, solvent polarity or sample concentration can rapidly be observed semi-

quantitatively using only minimal sample concentration (often 10-500 µM).
292-294

 Plane 

polarised light consists equally of both left (counter clockwise) and right (clockwise) 

circularly polarised light. Circular dichroism measures the difference in absorbance between 

the left and right polarised components of polarised light after it is passed through a chiral 

and hence optically active sample such as a peptide.
292, 294

 This difference, known as elliptcity 

(θ) is measured in millidegrees. Because the peptide bond demonstrates two key absorptions 

in the far UV region (190-250 nm), ellipticity measured in this region can be correlated to the 

secondary structure of the peptide.
292, 294

 The first is a weaker and broad absorption band near 

220 nm from n→π* transitions, the second is a more intense absorption around 190 nm due 

to π→π* transitions.
292, 294

 Specific dihedral angle ranges of the peptide backbone associated 

with various secondary structures affect the intensities of the two transitions and result in 

characteristic patterns in the far UV region of the CD spectrum which are shown in Figure 

2.4.
292-294

 The n→π* transition produces the negative bands at 222 nm and between 216-218 

nm observed for α-helical and β-sheet structures respectively. The π→π* transition gives rise 

to a large positive band at 190 nm and a negative band at 208 nm for α-helical structures 

while β-sheet conformations result in positive bands at 198 nm. Random coil or unstructured 

peptides typically demonstrate a negative band at ~195 nm and a less intense positive band at 

~217 nm.
292, 294-296
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Figure 2.4: Charateristic CD spectra of various peptide or protein secondary structures.
294, 296

 

 

2.6 X-ray crystallography 

The techniques used for peptide crystallography derive from those developed in protein 

crystallography. The process involves three critical steps, the first of which is producing a 

crystal of the purified peptide of adequate quality and size for X-ray diffraction of high 

resolution.
297

 After the peptide is crystallised, data collection is the next step followed by 

generating an electron density map and extraction of the crystallographic structure.
297

 As a 

rule, peptides must be >  95% pure as small impurities may inhibit crystal growth.
297

  

Many peptides, especially those with more delicate secondary structures that may be solvent 

or pH sensitive such as β-sheets are crystallised similarly to proteins, from a variety of buffer 

conditions, sample concentrations and additives which often requires robotic screening and 

rounds of refinement.
297

 For more stable, small-molecule-like peptides, they may be 

crystallised similarly to small molecules, from organic solvents and / or a combination of 

organic and / or aqueous solvents as appropriate for both solubility and boiling point. In such 

systems, with relatively hydrophobic peptides, it may be first dissolved in a lower boiling 

solvent in which it is soluble such as methanol and then gradually brought to saturation with a 
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higher boiling and miscible solvent in which the compound is insoluble such as water. For 

more hydrophilic small-molecule-like peptides such as the linear tetrapeptide in this thesis, 

the compounds are often soluble in water and rely upon either pure evaporation or a two-

solvent system. In such a two-solvent system, the lesser soluble and higher boiling solvent 

may be a higher hydrocarbon such as heptane mixed with a miscible polar organic solvent 

such as acetone or ethanol. 

Data collection may be performed using an X-ray diffractometer or a synchrotron. For the 

purposes of this thesis, data collection was performed at the Australian synchrotron. 

Synchrotron radiation offers higher resolution however the X-ray flux is so high that it may 

cause radiation damage to the crystal prior to completing the data set.
297

 

The diffraction data is then processed using an appropriate software package.
297

 The data 

must be indexed to find the unit cell dimensions and space group to determine which of the 

14 Bravasi crystal lattice diffraction patterns is appropriate, the diffraction images are then 

integrated and scaled to create a merged single reflection file.
297

 The electron density map is 

then generated from the amplitude and phase information which describe the magnitude and 

positions of electron density within the lattice. From the electron density map, the atomic 

coordinates are generated and a crystallographic structure produced.
297

 The initial structure 

then goes through a number of refinements in order to best fit the data whilst maintaining 

appropriate bond lengths and angles.
297

 The fully refined structure is usually then depositied 

into either the Protein Data Bank (PDB) or the Cambridge Crystallographic Data Centre 

CCDC. Crystal structures described in this thesis can be found deposited in the CCDC.  

 

2.7 Biological investigations 

2.7.1 Minimum inhibitory concentration (MIC) assay 

The Minimum inhibitory concentration (MIC) assay is performed to quantify the potency 

with which a given compound acts as an antimicrobial agent.
298-299

 For the purposes of this 

thesis, MIC assay was carried out against three bacterial strains and one fungal strain. The 

MIC is defined as the lowest tested concentration at which no microbial growth is observed 

relative to a sterility control and an untreated growth control.
298

 Bacterial growth can be 

determined both visually or plate reading optical density at 600 nm, while fungal growth is 

better observed visually.
298

 Typically the assay is conducted in 96-well microtitre plates and 
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2-fold dilutions of compounds are made across the plate prior to inoculation of wells.
298

 Each 

compound is tested in triplicate and the experiment repeated three times. Concordant results 

are required for an MIC to be accurately determined. 

 

2.7.3 Cytotoxicity assay 

The cytotoxicity of a compound is commonly quantified by the IC50. The IC50 is determined 

as the concentration required on average to inhibit cell proliferation by 50% relative to a 

untreated growth control.
300

 Mammalian cell lines require incubation at 37
o
C with an 

atmosphere supplemented with 5% CO2. For the purposes of this thesis, mammalian cell lines 

were seeded at low cell density and allowed to grow to approximately 80% confluence over 5 

days. For adherent cells lines such as HCT116 used in this thesis, the cell proliferation can 

easily be measured by staining and re-dissolving the stain into solution for quantification 

spectrophotometry. However, since this work also involved testing on the non-adherent, 

leukaemia cell line U937, a MTT based assay was used. NAD(P)H-dependent mitochondrial 

reductase enzymes convert the tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide to an insoluble purple formazan product which can be re-

dissolved and measured by spectrophotometry.
300-302

 The rate of conversion and hence 

spectral absorbance is therefore directly correlated to the number of viable cells in each well 

of the 96-well microtitre plate.
301

 For non-adherent cell lines however, a water soluble 

tetrazolium (WST) can be used for the accurate determination of cell proliferation. For the 

purposes of this thesis, WST-1 was used, conversion to its bright yellow formazan product is 

shown in Figure 2.5.
302-303

 Absorbance of the formazan product can be measured in the range 

of 420-480 nm and the background at above 600 nm subtracted.
302
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Figure 2.5: NADH dependant reduction of WST-1 by mitochondrial enzymes.
302

 

 

2.7.4 Anti-viral cytopathic effect (CPE) assay 

Infection of mammalian host cells with influenza virus (INF), typically MDCK cells, with a 

viral pathogen such as influenza results in a cytopathic effect (CPE) upon the cells.
304

 The 

cell death occurring post-infection results in a reduced cell count adhered to the cell culture 

plate surface.
304

 The anti-viral effects of a compound can be assayed in a 96-well microtitre 

plate, again making two-fold dilutions across the plate. The reduction of viral CPE can be 

quantified and an IC50 calculated by staining the cells after fixation with methanol.
304

 

Commonly crystal violet is used to stain the remaining cells adhered to the plate. After 

washing off excess stain, the stain taken up by the remaining adherent cells can be re-

dissolved with a solution of 50% ethanol and the absorbance measured by plate reader at 600 

nm.
304-306

 Comparison to a non-infected control group is used to quantify the reduction of 

CPE by the compounds relative to an untreated control group of infected cells. Typically each 

compound would be tested in triplicate and the experiment repeated three times. Mean CPE 

reduction values and standard deviations are used to generate an IC50 plot. For the purposes 

of this thesis, confluent cells in 96-well microtitre plates were infected with INF A PR8 at a 

low multiplicity of infection (MOI), approximately 0.1 MOI and incubated 48-72 hr as has 

been previously described.
305-306
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2.7.6 Transmission electron microscopy 

Due to the small de Broglie wavelength of electrons, rather than the larger wavelength of 

visible light, electron microscopy provides a powerful tool to view small biological samples 

such as bacteria in the range of 0.5-3 µm.
307

 Transmission electron microscopy (TEM) uses a 

beam of electrons which are transmitted through and ultra-thin specimen usually prepared 

using a microtome.
307

 An image is created by the interaction of the electron beam with the 

sample, which is magnified and focused onto an imaging sensor such as a charge coupled 

device.
307

 Bacterial samples are commonly stained with uranyl acetate and lead citrate to 

provide contrast.
308-310

 The stains are absorbed by the cell membrane and internal organelles 

becoming rich in atoms of high atomic mass which interact strongly with the electron beam 

resulting in dark areas in the image.
307

 After treatment with a compound of interest, the ultra-

thin section viewed under TEM, allows the user to visualise a cross section of the cell, seeing 

any changes in cell membrane and internal structures as compared to an untreated control. 

This technique has been used extensively to visualise changes in cellular morphology after 

treatment with antimicrobial peptides (AMPs).
308-310

 

 

2.7.7. Haemolysis assay 

Haemolysis is a major drawback of many antimicrobial peptides.
311

 As a measure of 

therapeutic index, a haemolysis assay is commonly used as a measure of toxicity.
311

 The 

haemolysis assay takes red blood cells (RBCs) at a concentration (1-10% v/v) much lower 

than in blood (40-50%) and incubates them with the compounds of interest, typically for one 

hour.
311

 The percentage of haemolysis is reported against a reference which gives 100% 

haemolysis such as Triton X-100 (0.1 – 1%).
312

 For the purposes of this thesis 0.5% Triton X-

100 was used as the 100% haemolysis control. After spinning down, the supernatant is 

transferred to a new plate and haemolysis measured by spectrophotometry at 540 nm.
312

 

Percentage haemolysis at each peptide concentration can be calculated from the following 

equation, where Aexp is the experimental A540 measurement, ATris is the negative control 

where only Tris buffer was added to RBC, and A100%, is the positive control where 0.5% 

Triton X-100 was used to cause lysis of 100% RBC present.
312

 

 

% haemolysis = (Aexp − ATris)/(A100% − ATris)× 100 



  

103 
 

 

 

 

 

 

 

Chapter 3 

Synthesis of asperterrestide A 

analogues 
 

This chapter describes the standardisation of synthetic procedures for a variety of linear and 

cyclic analogues of asperterrestide A. Varying the chemical structures of the linear precursors 

was found to significantly impact the propensity of the precursors for cyclisation. 
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3.1. Background                                                                                                                                                                                                                                                                                                                                    

Marine organisms provide an enormous repertoire of medicinally valuable secondary 

metabolites and among the most promising of these candidates are small cyclopeptides.
44

 

asperterrestide A (Figure 3.1), reported in June 2013, is a novel cyclic tetrapeptide isolated 

from marine derived fungus Aspergillus terreus SCSGAF0162 and is comprised entirely of 

non-protein amino acids.
79

 This compound was reported to be cytotoxic against two 

carcinoma cell lines with IC50 values of 6.2 and 6.4 μM.
79

 Additionally anti-viral activity 

was revealed against 2 influenza strains. Aside from structure confirmation, asperterrestide A 

provides a stimulating target for synthesis due to the difficulty associated with the cyclisation 

of tetrapeptides and incorporation of unnatural amino acids.
42, 45, 48, 313

  The studies presented 

in this chapter aim to further understand how amino acids, in particular N-methyl-D-Phe and 

2-Abz, induce turns in peptides that subsequently facilitate cyclisation or β-hairpin formation, 

both significant aspects in peptide design. In order to do so, a library of analogues of 

asperterrestide A was to be synthesised, simultaneously standardising synthetic methodology. 

 

 

Figure 3.1: Structure of asperterrestide A.  

 

3.2 Analogue design 

Before a library of asperterrestide A analogues could be synthesised for biological and 

structural evaluation, a synthetic method needed to be standardised. Such a standardised 

protocol would likely be applicable for synthesis of the natural product asperterrestide A (see 

Chapter 5), and, if so, will be beneficial by minimising the consumption of valuable and 

synthetic non-protein amino acids. Although incorporation of unnatural amino acids, in 
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particular 2-Abz and NMe-residues, may pose challenges, devising a suitable dissection point 

was the key focus of these studies, as it dictates the most crucial and typically challenging 

step. Using certain criteria established from the literature survey presented in Chapter 1, a set 

of eight linear tetrapeptide analogues were designed, making use of commercially available 

amino acids of reduced cost.  

 

The amino acid replacements (compared to asperterrestide A) were made as follows. For cost 

and simplicity, 3(S)-3-OH-NMe-D-Phe was replaced by either D-Phe or NMe-D-Phe to 

explore the importance of the constraint conferred by the N-methyl group and standardise the 

N-methylation procedure. N-Methylation can produce similar steriochemical effects on the 

peptide backbone as proline and may introduce cis-amide bonds and β-turn structures that 

promote cyclisation.
42, 44, 59, 69, 314

 Due to the high cost of D-Ile and D-allo-Ile, D-Leu was used 

as a similar replacement. However, unlike D-Ile, D-Leu is not β-branched, an important steric 

factor, and therefore substitution with D-Val was also investigated.  

 

Two points of cyclisation, thus producing a total of eight linear tetrapeptide analogues 

(Figure 3.2), were decided upon as follows. The most ideal sites were identified between the 

C-terminus of D-Ala to the N-terminus of D-Ile (D-Leu or D-Val for analogues), referred to 

from here forward as Cyc-site-1, and between the C-term of 2-Abz and D-Ala (Cyc-site-2). 

Cyc-site-1 (analogues 1-4) has two clear advantages, the first being placement of D-amino 

acid at the C-terminus. A general consensus in literature regarding synthesis of small lactams 

is that a D-amino acid at the C-terminus if often necessary for cyclisation to occur, so much 

so that, racemisation of C-terminal L-amino acids is often the only way many peptides 

cyclise.
42, 69, 315

 However, generally most of these peptides have an L-amino acid N-terminus, 

unlike the designed analogue series.
42, 69, 315

 Secondly, this sequence places 2-Abz, a non-

flexible turn inducing β-amino acid, mid-sequence and will likely promote a favourable 

conformation for cyclisation to occur. Additionally it should be noted that the presence of a 

β-amino acid, creates a 13-membered tetrapeptide ring, making cyclisation more feasible than 

a traditional 12-membered tetrapeptide.
41

 The disadvantage of Cyc-site-1, for both the natural 

product and the D-Val analogue, is possible steric interference of the β-branched N-terminal 

AA, something which would usually be avoided where possible.
45

 Cyc-site-2 (analogues 5-8) 

results in the most favourable C and N terminal chemistry for coupling however, it requires 
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the unfavourable placement of 2-Abz at the C-terminus. 2-Abz is a turn inducer and the 

presence of such residues mid-sequence is generally considered complimentary for 

cyclisation.
42, 45

 The two further potential cyclisation sites were ruled out as they result in N-

termini with reduced reactivity. Cyclisation to the N-terminus of 3(S)-3-OH-NMe-D-Phe in 

the natural product or NMe-D-Phe in the analogues is unattractive due to the reduced 

coupling rate of NMe amino acids. Despite the enhanced nucleophilicity of the NMe AA, this 

is outweighed by the additional bulk of the NMe group towards the incoming activated 

carboxyl.
45

  Additionally, in the natural product, the β-hydroxyl confers added bulkiness to 

the N-terminus. Cyclisation to the N-terminus of 2-Abz is also undesirable because the amine 

has significantly reduced nucleophilicity compared to common aliphatic amino acids. 

Coupling to the N-terminus of 2-Abz is reported to be difficult in literature and from previous 

experience within our laboratory.
213, 216

 Additionally, this would require placement of an N-

methylated residue at the C-terminus, leaving it prone to acid cleavage by TFA during 

subsequent deprotection reactions.
45, 316-317

 The structures of the eight linear analogues 

arrived upon using these criteria are shown in Figure 3.2. Cyclisation of linear peptides 1-4 

and 5-8, if successful, will yield compounds 9-12 respectively (Figure 3.3). 
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Figure 3.2: Chemical structures of target linear tetrapeptide analogues 1-8 
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Figure 3.3: Structures of target cyclic tetrapeptide analogues 9-12 

 

3.3 Synthetic strategy 

The synthetic strategy adopted for the analogues was designed to be adaptable for the future 

synthesis of the natural product asperterrestide A (Chapter 6). Without access to Boc-SPPS, 

the approach was designed employing Fmoc-SPPS and solution phase protocols. Fmoc 

protected N-methylated amino acids, although commercially available, are expensive, and the 

particular AA of interest NMe-D-threo-3-phenylserine, for synthesis of asperterrestide A, is 

not commercially available. Solution phase N-methylation of amino acids can be 

complicated. First, the primary α-amine must be protected, usually with a urethane type 

protecting group (e.g. Boc), to avoid dimethylation, which would preclude any further amide 

bonding ability thereby preventing peptide elongation or lactamisation reactions.  

 

Common solution phase N-methyaltion procedures employ a methylating reagent such as 

methyl iodide or dimethylsulfate and a base such as sodium hydride.
318-320

 This type of 

reaction is suitable for Boc-SPPS, where the α-amine is Boc protected during the N-

methylation procedure to prevent dimethylation.
319

 However for Fmoc-SPPS, N
α
-Fmoc 

protected amino acids cannot be directly alkylated. The Fmoc protecting group is highly base 

labile and will be removed under common alkylation conditions. Therefore a different 
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protecting group must first be added to the primary amine, the N-methylation reaction 

executed, and the protecting group be removed, only to be subsequently Fmoc protected. 

Such a procedure would thus require a lot of additional steps, hindering both yields and 

efficiency of the synthesis. Alternatively, synthetic methods developed by Freidinger et al.
321

 

at Merck, using the 5-oxazolidinone approach can be applied, however applicability is 

generally only towards aliphatic amino acids, with harsh conditions leading to inherent risks 

of racemisation. Despite recent advances, using Lewis acid catalysis, slightly expanding the 

scope of such chemistry, additional purification steps may prove cumbersome.
322

  

 

More recent approaches have focused upon applying selective N-methylation reactions to 

existing Fmoc-SPPS strategies, despite the inherent disadvantage being limited reaction 

scales. These strategies employ the 2-nitrobenzylsulfonyl (o-NBS) group to both activate and 

protect the amine for alkylation until subsequent deprotection.
314, 323

 To increase applicability 

for producing vast peptide libraries this chemistry has been applied to the solution phase 

preparation of N-alkylated amino acids, which can then be anchored to a solid support and 

deprotected on-resin to avoid tedious and yield compromising work up steps.
323

 However, N-

methylation on-resin, after coupling of the residue (to be alkylated) is preferable for avoiding 

side reactions that can result during acylation with N-methylated amino acids. N-methylated 

residues show  increased susceptibility to racemisation under both basic and acidic 

conditions, which is generally attributed to the forfeit of the acidic amide proton which would 

usually ionise first, suppressing loss of the α-proton.
45

 Carboxyl activation of N-alkyl amino 

acids makes them prone to racemisation through the oxazolone route (scheme 3.1).
45

  

Scheme 3.1: Racemisation of N-methyl amino acids via oxazolones. Adapted from 

Humphrey et al.
45

 

Recent studies by Chaterjee et al.
161

 have optimised the all solid-phase N-alkylation strategy 

at every point with respect to both time and cost. Of additional benefit, this method was 
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shown to be compatible with a large variety of amino acids and peptide sequences 

synthesised using HATU coupling were devoid of detectable racemisation. This solid-phase 

N-methylation procedure was therefore incorporated into the synthetic approach shown 

below (Schemes 3.2 and 3.3). The same procedure, excluding the N-methylation steps was 

followed for analogues lacking N-methylation. 

 

For the synthesis of analogues 1-8 2-chlortrityl chloride resin was chosen. This resin can be 

selectively cleaved under very mild acidic conditions such as 20% trifluoroethanol (TFE) or 

1% trifluoroacetic acid (TFA), to afford the side chain protected peptide, suitable for head to 

tail cyclisation in solution phase.
9, 15-16

 All of the amino acids incorporated into the analogue 

synthesis are hydrophobic and therefore no protecting groups are required. Despite this, 2-

chloro-trityl resin was selected for the analogue synthesis, permitting standardisation of the 

procedure for the natural product synthesis, which likely requires hydroxyl protection of the 

3-Pse residue. Furthermore, this resin was chosen for the additional purity benefits the bulky 

trityl linking group and simple SN1 loading procedure can confer.
9
 Since these analogues bear 

no protecting groups, a 95% TFA cocktail was used to maximise yield at the cleavage step. 

 

The absence of appropriate side chain functionalities for resin linkage in the analogue series 

and natural product, precluded on-resin cyclisation as a possibility in their synthesis unless 

the less popular backbone amide linker (BAL) strategy was employed.
167

 Based on the 

conclusions of the literature review presented in Chapter 1, a solution phase cyclisation 

employing high dilution (1.25 mmol), DIPEA as the base and PyAOP as the coupling reagent 

was chosen. Evidence from the literature suggested that although use of a weaker more 

hindered base should in theory reduce racemisation, this would be offset by a reduced 

reaction rate and generally was shown leading to greater racemisation for hindered peptides.
72

 

Therefore the stronger and universally applied base DIPEA was chosen. The phosphonium 

reagent PyAOP was chosen to avoid N-terminal guanidine capping when used in excess 

under high dilution and for the superior reactivity of the HOAT derived active ester. Attempts 

at HnB based ring contraction strategies (discussed in Chapter 1) were not employed due to 

their apparent incompatibility with β-branched N-terminal residues.
186
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Scheme 3.2: Proposed solid phase synthesis of Asperterrestide A analogues, including N-Methylation. 
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Scheme 3.3: Proposed cleavage and solution phase cyclisation of asperterrestide A 

analogues. 
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3.4 Synthesis of analogues 1-12 

3.4.1 Synthesis of analogues 1-4 

Synthesis of Analogues 1-4 was undertaken following the general approach established in 

Schemes 3.2 and 3.3 using 2-chlorotrityl chloride resin on a 0.2 mmol scale. Analogues 1 and 

2 did not require the N-methylation steps described in Scheme 3.2, and followed only 

conventional SPPS, similar to Scheme 1.2 (Chapter 1). D-Alanine was loaded to 2-

chlorotrityl chloride resin via an SN1 mechanism as shown in Scheme 1.3 (Chapter 1).
15-16

 

The SN1 loading procedure does not require any pre-activation of the incoming carboxyl and 

therefore helps to prevent both side reactions and racemisation. 

 

Side products caused by deletion sequences missing the first amino acid of the peptide may 

result from incomplete (i.e. less than 100%) substitution of the first amino acid onto the resin. 

In order to minimise these side products, the resin was capped with methanol twice. 

DCM/MeOH/DIPEA (8/1.5/0.5) is added to the resin and agitated for 10 minutes, the 

methanol capping occurs via the same mechanism as loading of the first amino acid (Scheme 

1.3, Chapter 1). 

 

It should be noted that coupling to the N-methylated AA should be carried out explicitly with 

HATU / HOAt reagents because the –OAt ester displays greatly enhanced reactivity towards 

N-methyl amines compared to –OBt esters.
45

 The improved reactivity and configuration 

retention of HATU compared to similar uronium type coupling reagents such as TBTU is 

attributed to a unique hydrogen bonded transition state and the further electron withdrawing 

effective of the additional nitrogen atom (Scheme 1.10, Chapter 1).
68

 Additional couplings 

could be performed using TBTU/HOBt type reagents, however, HATU/HOAt couplings were 

used to maximise both the yield and retention of stereochemistry. This is especially important 

when coupling to the N-terminus of 2-Abz, whose amine has significantly reduced 

nucleophilicity compared to common aliphatic amino acids due to resonance stabilisation of 

the aromatic amine and electron withdrawing group in the ortho position.
213, 216

 Despite being 

highly acidic, acylation with 2-Abz has also proven difficult in the past attempts of our lab 

(possibly due to its inflexibility). Additionally, because 2-Abz is non-chiral, increased 
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coupling times do not risk racemisation. Therefore acylation both with 2-Abz and to the N-

terminus of 2-Abz was performed with an increased time of two and three hours respectively. 

 

Analogues 1-4 were successfully synthesised according to this strategy. Due to their 

hydrophobicity, after cleavage with 95% TFA, peptides could not be precipitated in diethyl 

ether, or diethyl ether / n-hexane mixtures. Instead, any residual TFA and scavengers were 

azeotropically evaporated and dried thoroughly under high vacuum. Peptides were generally 

obtained as pale orange gums in moderate to high crude yields. However, mass spectral 

analysis showed that side products resulted in all peptides from the incomplete acylation of 2-

Abz with D-Phe, owing to the inherent poor reactivity of the 2-Abz N-terminus. As a result, 

yields of purified linear peptides were poor (see later, 3.4.4) Furthermore, for compound 4 the 

mass spectrum of the crude product revealed incomplete coupling of the terminal D-Val to 

NMe-D-Phe. Such was the case in multiple separate syntheses of compound 4 and double 

coupling at this stage with HATU offered little improvement. Interestingly, a similar deletion 

sequence was not observed for compound 3 in which D-Leu is the terminal amino acid. This 

observation was attributed to the increased steric effect of the β-branched side chain of valine 

compared to leucine (Figure 3.4). 

 

Initially, the crude linear peptides synthesised were used in attempted cyclisations (see 

section 3.4.3). Because of multiple failed attempts (section 3.4.3), further cyclisation attempts 

were carried out using fresh batches of compounds 1-4 after purification (see section 3.4.4 

and 3.4.5). Samples of these purified linear peptides were also retained for structural 

investigations (Chapter 4). 

 

 



  

116 
 

 

Figure 3.4: Chemical and 3-D structures of D-valine (upper) and D-leucine (lower), 

highlighting additional steric bulk of β-branched side chain of Val. 

 

3.4.2 Synthesis of analogues 5-8 

Given the success achieved for analogues 1-4, the same methodology was followed when 

synthesising analogues 5-8. However, mass spectrometry failed to identify the desired 

products. In attempts in which the methanol capping of the resin was not employed, instead a 

tripeptide corresponding to the loss of 2-Abz from the C-terminus was observed. Given that 

none of these conditions were conducive to the hydrolysis of amide bonds, it was established 

that 2-Abz was failing to load to the resin. Instead, the second incoming amino acid, despite 

pre-activation with HATU and DIPEA, was found to load to the 2-chlorotrityl chloride resin 

with reasonable success to generate the tripeptide and could even be successfully N-

methylated as the first AA on the resin (Figure 3.5).  
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Figure 3.5: Undesired side product from attempted on-resin synthesis of compound 8. 

 

Given the achiral nature of 2-Abz, loading of up to 6 hours was attempted but still failed to 

produce the desired tetrapeptides. It was concluded that the bulkiness of this resin, in 

combination with both the steric bulk and lack of flexibility of the planar Fmoc-2-Abz-OH 

may be responsible for this outcome (Figure 3.6). It is worth noting, that these early attempts 

with 2-chlorotrityl chloride resin were performed using resin obtained from GL Biochem, 

Shanghai, China. Later synthesis of compounds on 2-chlorotrityl resin, e.g. compounds 1-4 

which were synthesised multiple times for accumulation purposes, were performed using 

resin obtained from Peptides International, USA. The yields reported for synthesis of 

compounds 1-4 pertain to these syntheses and were noted to yield higher than GL Biochem 

resins, which also exhibited a lesser degree of swelling visually. Synthesis of compounds 5-8 

were not attempted on this new resin; however a recent paper published in 2016 drew 

attention back to this strategy. Xin and Burgess
217

 reported successful synthesis of similar 

compounds in which 2-Abz was loaded to a 2-chlorotrityl chloride resin; although, the resin 

manufacturer was not reported. It can be hypothesised that a lack of resin swelling and hence 

poor diffusion of Fmoc-2-Abz-OH into the GL Biochem resin may be responsible for the 

failed synthesis documented here. 

 

        

Figure 3.6: (Left) Chemical structure of failed Fmoc-2-Abz-2-Cl-trityl linked resin. (Right) 

Energy minimised 3D-structure of Fmoc-2-Abz-OH and 2-Chlorotrityl chloride linker. 
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In an attempt to rectify complications at the loading step, loading to a less bulky resin was 

attempted. Fmoc-2-Abz-OH was loaded onto Wang resin using the symmetrical anhydride 

method with DIC, DMAP following reported procedures.
9
 Despite being a method notorious 

for loss of configuration, again this is not applicable to 2-Abz.
324

 However, Wang resin 

requires 95% TFA for cleavage, causing a major drawback if this strategy was to be 

employed for the natural product which would require side chain protection after liberation 

from the resin.  With respect to resin loading capacity, 5 equivalents of Fmoc-2-Abz were 

added, along with 2.5 eq. of DIC and 1 equivalent of DMAP and the loading allowed to 

proceed for two hours. This strategy also failed to produce the desired product, instead 

resulting in the corresponding tripeptide again. Interestingly, despite the second incoming 

amino acid being activated with HATU, rather than the usual DIC, DMAP approach, ability 

to successfully ester bond to the Wang resin was demonstrated. 

 

To help improve access of Fmoc-2-Abz-OH to the resins reactive group, a linker / spacer was 

employed, the new strategy is shown in Scheme 3.4. For added ease of synthesis a PEG/PS 

resin (Tentagel) loaded with Rink amide linker was employed, furthermore this resin offers 

excellent swelling compared to the conventional PS resins used in previous attempts. This 

allowed 4-(hydroxymethyl)benzoic acid (HMBA linker) to be attached via a HATU mediated 

amide bond formation. Fmoc-2-Abz-OH was then attached to the hydroxyl group of the 

HMBA linker as above (DIC / DMAP). The HMBA linker, can be selectively cleaved with 

1M NaOH / dioxane (1:3), ammonia or alkoxides, making this strategy more appropriate for 

use with the natural product.
9, 325

 The cleavage mixture was then neutralised with dilute HCl, 

and residual NaCl, filtered off after dissolution in an appropriate organic solvent such as 

ethanol. Once again, this strategy failed to produce the desired product and the corresponding 

tripeptide was instead observed. Resin cleavage with 95% TFA, to yield peptide with the 

HMBA linker remaining on the C-terminus, again produced the corresponding tripeptide as a 

C-terminal HMBA-NH2 derivative.  
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Scheme 3.4: Proposed attachment of HMBA linker and Fmoc-2Abz to Rink amide linked 

Tentagel resin. 

 

Given the failed attempts to load 2-Abz to multiple different resin and linker strategies, a new 

synthetic scheme was devised. Side product formation had exemplified the ease with which 

the N-terminal tripeptide fragment could be synthesised and N-methylated in solid phase. As 

a result, the newly devised synthetic approach employs a convergent approach employing the 

simplicity of the solid phase peptide synthesis and N-methylation procedure with a single 

solution phase coupling, which avoids any activation steps of the carboxyl group of 2-Abz. 

The final and successful strategy is shown in Scheme 3.5 using compound 6 as an example 

(see later). The tripeptides corresponding to the N-terminal tripeptide fragment of analogues 

5-8 were synthesised as per analogues 1-4 in SPPS. D-Phe was loaded to the 2-chlorotrityl 
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chloride resin successfully, and N-methylation of this residue (directly linked to the bulky 

resin linker) was also successful. The final Fmoc group was retained, in order to produce a 

single functional group (COOH) for solution phase coupling, affording compounds 13-16 

(Figure 3.7). The compounds were used without further purification in the subsequent 

reactions. Similar to compounds 1-4, these could not be precipitated in diethyl ether, TFA 

was azeotropically evaporated and the resulting pale orange gums dried on high vacuum. 

 

 

Figure 3.7: Structures of compounds 13-16. 

 

The convergent synthesis approach required H2N-2-Abz-OMe (Compound 17, Figure 3.8) for 

the final coupling in solution phase without polymerisation side products. H2N-2-Abz-COOH 

(2-Abz) was taken up in dry methanol and refluxed for 6 hours under a constant stream of dry 

HCl gas to form to methyl ester. However, TLC analysis revealed only partial conversion to 

product and overnight reaction times were not appropriate as they would require manual 

monitoring to ensure constant HCl gas flow from a NaCl / H2SO4 reaction. Instead, a 

common method of forming amino acid esters was employed, using SOCl2 to form the acid 

chloride which then undergoes substitution with the dry alcohol giving the ester.
326

 This 

successfully afforded compound 17 in high yield and purity after 6 hours on reflux or 24 

hours at room temperature. 
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Figure 3.8: Chemical structure of Compound 17. 

 

Attempts to neutralise the HCl salt with aqueous bicarbonate and extraction with organic 

solvents were unsuccessful. In all cases, the product appeared to be far more soluble in the 

aqueous layer, despite neutralisation and repeated extractions. Instead, the HCl salt was 

neutralised in-situ with DIPEA during coupling. However this was observed to lead to greater 

racemisation than employing pre-neutralised 2-Abz-OMe. Instead, 2-Abz-OMe.HCl was 

neutralised with aq. NaOH, the solvent evaporated and the residue dissolved in ethanol, 

allowing the residual NaCl to be filtered off. 

 

Successful coupling of 2-Abz-OMe in solution phase has been previously reported using 1 

eq. of 2-Abz-OMe, 1.2 eq. of TBTU and 1.5 eq. of DIPEA in dry MeCN for 12 hours. 
36

 The 

initial attempts to couple 2-Abz-OMe.HCl for synthesis of compound 6 loosely followed this 

protocol, with additional DIPEA (1eq. to the amino acid, plus the specified 1.5eq.). The 

coupling reagent was replaced with 1.5 eq. of the more reactive and racemisation supressing 

reagent, HATU. Due to poor solubility in MeCN, the solvent was replaced with a 1:3 mixture 

of DCM:DMF. This protocol afforded the desired product 6, albeit both TLC and mass 

spectrum showed significant presence of the starting material, compound 14. Given the high 

aqueous solubility of 2-Abz-OMe, and the poor water solubility of both the tripeptide and 

desired tetrapeptide, use of a large excess of 2-Abz-OMe.HCl was suitable and could easily 

be removed during a washing step with 0.1 g/L KHSO4.  

 

In order to standardise the optimum coupling conditions for improved yield and minimised 

racemisation, a variety of conditions were trialled, employing a large excess (3 eq.) of 2-Abz-

OMe (Table 3.1). Fmoc-L-Phe-OH was used as a cost effective alternative for these studies. It 

should be noted that although 2-Abz-OMe could easily be extracted by washing with aqueous 
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acids, the residual highly hydrophobic Fmoc-Phe or tripeptides (later) generally precipitated 

upon basic extraction. Instead, this impurity was separated by HPLC (Figure 3.9) and the 

relative peak area in combination with crude yield used to quantify yields reported in Table 

3.1.
 

 

Table 3.1: Trialled conditions for coupling between Fmoc-Phe-OH and 2-Abz-OMe.
a 

Entry 

no. 
Coupling reagent Additive Base Yield

b 

1 EDC.HCl (1.3 eq.) HOBt (1.3 eq.) Sym-collidine (1.3 eq.) < 3% 

2 EDC.HCl (1.3 eq.) HOBt (1.3 eq.) Sym-collidine (2.6 eq.)
c 

< 4% 

3 EDC.HCl (1.3 eq.) HOAt (1.3 eq.) Sym-collidine (2.6 eq.)
 c
 31.9% 

4 HATU (1.3 eq.) N/A DIPEA (1.3 eq.) 36.4% 

5 HATU (1.3 eq.) N/A Sym-collidine (2.6 eq.)
 c
 54.6% 

 

a
 Reaction performed based on 100 mg scale of Fmoc-Phe-OH and 3 eq. 2-Abz-OMe, all reagents 

dissolved in DCM:DMF 1:3 (2ml) with a total reaction time of 24 hours.  

b
 % Yield calculated from HPLC relative peak area multiplied by the crude yield 

c
 Base addition made in two 1.3 eq. aliquots. First addition made with 2-Abz-OMe and the second 

addition made after 1 hour. 

 

Coupling with the water soluble carbodiimide reagent EDC.HCl was chosen over DIC as it 

can easily be extracted in the aqueous phase during work up procedures. These carbodiimide 

procedures (Table 3.1, Entry 1-3) additionally employed the additives HOBt or HOAt, so as 

to avoid the racemisation prone DMAP symmetric anhydride methods.
9
 Using EDC.HCl / 

HOBt mediated coupling, very poor yields were observed >  4% irrespective of the amount of 

base used (Table 3.1 Entry 1 and 2, Figure 3.9). With the more reactive1-hydroxy-7-

azabenzotriazole (HOAt) additive, yields were improved to approx. 32% (Table 3.1, Entry 3). 

Replacement of the coupling reagents with HATU (Table 3.1 Entry 5, Figure 3.10), which 

forms the same active-ester species, resulted in a further improvement to approx. 55% under 

otherwise equivalent conditions. It appears likely that this improvement results from an 

increased basicity of the reaction mixture since the HCl salt of EDC.HCl is removed when 
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using HATU. Furthermore, to this conclusion, reduction of base to 1.3 eq. (base switched for 

DIPEA, Table 3.1 Entry 4), which should result in a similar overall basicity (to Table 3.1 

Entry 3), provided a similar yield as the EDC.HCl mediated reaction, approx. 36%. This 

similarity in reaction profile is also obvious in Figure 3.10. 

 

 
 

Figure 3.9: Analytical HPLC traces of crude coupling reaction between Fmoc-Phe-OH and 

2-Abz-OMe, showing Entry 1 of Table 3.1. 

 

 

 

Figure 3.10: Analytical HPLC traces of crude coupling reactions between Fmoc-Phe-OH and 

2-Abz-OMe, showing Entries 3-5 of Table 3.1 from left to right respectively. 

 

Employing the optimised coupling conditions, the fragment condensation procedure (Scheme 

3.5) provided a successful route to the corresponding N-terminally Fmoc protected and C-

terminal methyl ester derivatives of analogues 5-8 in moderate to low yields. Due to 
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inherently poor coupling at 2-Abz, despite the idealised procedure, residual tripeptide starting 

material was observed in both the crude MS and HPLC of these peptides (see later, Figure 

3.12). The ester saponification followed standard conditions, using a solvent mixture of 2:1 

alcohol and 2N NaOH to liberate the free carboxylate group. Due to low water solubility, an 

alcohol mixture comprised of 3:1 isopropanol and methanol was found to be most effective, 

providing rapid dissolution and allowing for reduced reaction times to prevent racemisation 

by direct α-proton abstraction. TLC monitoring showed complete disappearance of the 

starting material after 3 hours for all analogues 5-8. In some cases, shorter reaction times 

could be realised, generally when the reaction scale was smaller. Although Fmoc is generally 

removed with organic bases following a mechanism such as that shown in Scheme 1.8 

(Chapter 1), mass spectral analysis of the product showed complete conversion to both the 

free amine and free carboxylate, which is in accordance with literature.
327

 Upon acidification, 

the peptide remained moderately soluble in water and proved difficult to extract into the 

organic layer in high yield. Instead, the acidified peptides were obtained as the HCl salt free 

of NaCl after filtering from ethanol, with high yields of the saponified products. Analogues 5-

8 were successfully obtained following the general procedure outlined in Scheme 3.5 and 

appeared as off-white crystalline powders in moderate-low yields. It should be noted that 

synthetic data of compounds 5 and 7 are not reported within the experimental section (see 

Chapter 3.4.4).  
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Scheme 3.5: General synthetic route towards analogues 5-8, showing synthesis of analogue 

6. 

 

3.4.3 Attempted cyclisation of crude linear asperterrestide A 

analogues 

Initial attempts at cyclisation of the synthetic linear precursors were made using the crude 

peptide. The crude peptide gums were difficult to weigh and instead the reaction scale based 

upon a 100% yield relative to resin loading. Due to likely impurities, the peptide of interest 

would have been more diluted than the specified conditions. The complete set of trialled 

conditions is documented in Table 3.2. 
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Table 3.2: Attempted cyclisation of crude linear peptides 1, 3, 5 and 7. 

Compound Coupling reagent 
Solvent, temperature and heating 

method 
Product (Y/N) 

1 PyAOP DMF, RT N 

1 HATU DMF, RT N 

1 TBTU DMF, RT N 

1 PyAOP DCM, RT N 

1 PyAOP DMF, RT 60
o
C, conventional N 

1 PyAOP DMF, RT 80
o
C, conventional N 

1 PyAOP DMF, 60
o
C, sonication N 

3 PyAOP DMF, RT N 

3 PyAOP DCM, RT N 

5 PyAOP DMF, RT N 

5 PyAOP DCM, RT N 

5 PyAOP DMF, RT 60
o
C, conventional N 

5 PyAOP DMF, RT 80
o
C, conventional N 

5 PyAOP DMF, 60
o
C, sonication N 

7 PyAOP DMF, RT N 

7 PyAOP DCM, RT N 

 

As per Scheme 3.3 above, peptides were diluted to 1.25 mM in DMF and stirred at room 

temperature along with 3 eq. of PyAOP and 1% v/v DIPEA. Compounds 1, 3, 5 and 7 were 

subjected to these conditions and the reaction progress monitored by MALDI-TOF over an 

18 hour period. All four peptides failed to demonstrate any observable formation of the 

desired product. Switching the coupling reagent to HATU or the HOBt derived TBTU also 

failed to provide the desired cyclic peptide for compound 1 (other compounds not tested). 

 

As noted in Chapter 1, the solvent polarity can have strong influences on both reaction rate 

and structural preferences of the linear precursor.
180-182

 However, substitution of DMF for the 

more hydrophobic and  non-hydrogen bonding solvent, DCM, offered no advantage with 

cyclisations attempted for compounds 1, 3, 5 and 7. 



  

127 
 

Although at greater risk of racemisation, heating, particularly microwave dielectric heating, 

can significantly improve yields or even access to small cyclic peptides by enhancing 

backbone flexibility.
84, 170, 176

 Although microwave dielectric heating is favourable, such an 

instrument was not accessible and thus a conventional heating approach was adopted. Under 

identical conditions, with the temperature raised to 60
o
C, compounds 1 and 5 were stirred for 

18 hours and monitored by MALDI-TOF. Again, the desired product was not observed in the 

mass spectral data. Heating to as high as 80
o
C provided no advantage, but appeared to 

discolour the coupling reagent solution. 

 

As an alternate form of heating, probe sonication was employed at a power of 30 watts and 

amplitude of 75, with a temperature cut off of 60
o
C. Aside from the direct heating effect, 

sonication has demonstrated the ability to provide a unique form of energy to homogeneous 

chemical reactions, resulting from cavitation.
328

 The formation and collapse of cavitation 

bubbles creates a unique microenvironment or microreactor , both for volatile compounds 

within the bubble or at the  interface of the cavity and the bulk liquid.
328

 Again, these 

conditions failed to provide the desired cyclic product of compounds 1 and 5.
 

 

Given the failed cyclisations, attention was turned to purification of the linear peptides for 

their structural analysis and also as purified starting material for cyclisation reactions. 

 

3.4.4 Purification of linear asperterrestide A analogues 

Compounds 1-4 show poor solubility in H2O:MeCN mixtures and instead were purified from 

a linear gradient of H2O:MeOH. Having noted previously in the mass spectra of the crude 

peptides that D-Phe deletions were present in all of peptides 1-4 and a D-Val deletion 

occurred for 4, it came as no surprise that the crude HPLC traces were very poor, as were 

yields after purification. A large impurity corresponding to the D-Phe deletion was observed 

in the crude HPLC trace of all four peptides. Both HPLC (Figure 3.11) and mass spectra 

showed a higher degree of impurity after N-methylation compared to the corresponding 

sequence devoid of N-alkylation. Interestingly, mass spectral analysis of 4 demonstrated that 



  

128 
 

this deletion species could be partially N-methylated at 2-Abz; however, the corresponding 

peak in HPLC was not identified. 

 

The crude HPLC traces of compounds 1 and 2 were very similar; demonstrating the desired 

product peak corresponding to approx. 50% of the total peak area, the crude HPLC trace of 1 

is shown in Figure 3.11. The N-methylated analogues, compounds 3 and 4, demonstrated 

significantly reduced peak areas corresponding to the desired products, 37% and 20% 

respectively (Figure 3.11). 

 

 

Figure 3.11: Annotated crude HPLC traces of compounds 1, 3 and 4 from left to right. 

 

Peptide yields ranged 28.5 and 16.5% after purification by HPLC, with compound 4 yielding 

significantly lower than any of the others, in accordance with its reduced peak area in HPLC 

(Figure 3.11). As a result of the terminal amino acid deletion only observed for compound 4, 

due to the bulky coupling between D-Val and an N-methyl amino acid, the yield was 

significantly reduced. Compound 4 yielded only 16.5%, compared to 25.2% and 25.3% for 

compounds 2 and 3 which include either terminal D-Val or D-Leu with a preceding N-methyl 

residue respectively. 

 

While the overall yields of peptides 1-4 were poor, the synthetic procedure proved straight 

forward, as did separation by RP-HPLC. The desired compounds generally eluted as single 

peaks well resolved from the larger impurities and showed little evidence of racemisation.  
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Unlike compounds 1-4, during purification of compound 6, the desired product (as confirmed 

by mass spectrum) appeared as two major peaks in an approximately 1:3 ratio (Figure 3.12). 

The smaller peak with the lower retention times appeared to be a racemisation product (6B). 

Most likely, racemisation occurred at D-Phe due to the prolonged solution phase coupling 

required (Scheme 3.6). Alternatively, N-terminal racemisation may have occurred at the 

deprotection step in the presence of NaOH. After repeated purifications, the major product 

was isolated in approximately 13% overall yield and 96% purity.  

 

Figure 3.12: Annotated crude HPLC trace of compound 6.  
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Scheme 3.6: Synthesis of compound 6 showing the product observed due to racemisation. 

 

A similar crude RP-HPLC trace was observed during purification of compound 8 in which 

approx. 25% racemisation appeared to have occurred. Racemisation during synthesis of 8 via 

coupling of 16 and 17 comes as no surprise, since upon carboxyl activation of N-alkyl amino 

acids, they are prone to racemisation through the oxazolone route (Scheme 3.1). After 

multiple purifications, compound 8 was obtained in mere 6.6% yield and 96.8% purity. 

 

Given the reduced yield, requirements for extensive purification (due to racemisation) and 

additional steps during synthesis, compounds 5-8 appeared to be a less desirable route 

towards cyclic peptides 9-12. However, these compounds were synthesised as they may 

provide the only viable route at the cyclisation step. This was found not to be the case (see 

later, 3.4.5) and the re-synthesis of compounds 5 and 7 (which were used crude for initial 
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cyclisation attempts) was abandoned. Accordingly, physical data of these compounds is not 

entered in the experimental section or Appendices. 

 

3.4.5 Cyclisation of purified linear asperterrestide A analogues 

Purified compound 1 was subjected to the cyclisation procedure outlined in Scheme 3.3 

above, with 3 eq. PyAOP in DMF. Delightfully, MALDI-TOF analysis of the reaction 

mixture after just 1 hour showed the desired cyclic monomer 9 as the major species. The 

reaction was allowed to proceed for a total time of 4 hours. The MALDI-TOF spectrum of 

crude compound 9 after an aqueous work up is shown below in Figure 3.13.  The spectrum 

demonstrates an isotope pattern consistent with the desired cyclic monomer. Neither the 

linear precursor nor cyclodimer were observed in the crude MALDI-TOF spectrum. The 

crude RP-HPLC trace of 9 (Figure 3.13) revealed near quantitative conversion to the cyclic 

monomer 9 and < 3% cyclodimer formation, both of which were confirmed by ESI-MS. 

 

 

Figure 3.13: MALDI-TOF spectrum of compound 9 with expansion showing isotope pattern 

of [M+Na]
+
 peak and the crude HPLC trace (top right). 
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Due to the difficulties in removal of the high boiling solvent (DMF), the reaction mixture was 

diluted 15-fold in DCM. Multiple extractions with water allowed < 90% of the DMF to be 

removed along with coupling reagent by-products, but resulted in slightly reduced yields of 9 

compared to high temperature evaporation of DMF and direct purification of the resulting oil 

(without aqueous work up). When the compounds were purified directly (Figure 3.14), 

coupling reagent by-products posed no complication and were eluted rapidly (tR approx. 6 

min). 

  

 

Figure 3.14: Annotated crude HPLC trace of compound 9 without aqueous work up. 

 

Following the same procedure for compounds 2-4 resulted in near quantitative conversions to 

their respective cyclic counterparts (compounds 10-12). The yield of the cyclisation reactions 

after isolation by RP-HPLC are shown in Table 3.3 and ranged a respectable 73.7 - 86.1%. 

For the cyclisation of compound 2, a minor reduction in the yield of 10 (compared to 9 was 

observed) resulted from minor racemisation, likely due to the bulkier N-terminal valine. This 

observation was not due to any alteration in pre-organisation of the linear precursor (see 

Chapter 4). 
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Table 3.3: Cyclisation yields of purified compounds 1-4 and 6. 

Linear precursor Cyclic 

product 

% Yield
a
 

1 9 86.1% 

2 10 73.7% 

3 11 74.4% 

4 12 88.3% 

6 10 26.3% 
a
 % Yield reported is for cyclisation step after purification by RP-HPLC. 

 

Due to the difficulties associated with work up procedures involving DMF, the ability to 

perform the cyclisation reactions in an alternate solvent such as DCM would be highly 

favourable. Although reaction rates in DCM are known to proceed slower and the pre-

organisation of linear precursor may differ between DMF and DCM, other authors have 

demonstrated in some cases these solvents can be interchanged without considerable 

detriment.
170, 180-182

 Compound 3 was subjected to the same cyclisation procedure, replacing 

the solvent with DCM, finding near equivalent performance (Figure 3.15). When cyclised in 

DMF approximately 3% cyclodimerisation occurred, while in DCM approx. 8% cyclodimer 

formation was observed. With >  90% conversion to the cyclomonomer in both DCM and 

DMF, the cyclisation of compound 11 from linear peptide 3 was deemed to be solvent 

independent. This result also strongly suggested that the structure and pre-organisation of the 

linear peptide is retained upon variation of solvent polarity and hydrogen bonding capacity.  

 

 

Figure 3.15: Annotated crude RP-HPLC trace of compound 11 cyclised in DMF (left) and 

DCM (right). 
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The alternate ring dissection point was evaluated by subjecting purified compound 6 to 

conditions identical to those employed successfully for compounds 1-4 (3 eq. PyAOP 

dissolved in DMF with a peptide concentration of 1.25 mM). The crude RP-HPLC after 

cyclisation of 6 revealed the desired product 10 appeared as two peaks (as confirmed by ESI-

MS) in an approximately 7:3 ratio (Figure 3.16) indicating approximately 30% racemisation 

(to compound 10B)  occurring during cyclisation via this route (Scheme 3.7). Although the 

C-terminus, where racemisation is commonly documented, is achiral for 6 (2-Abz), N-

terminal racemisation may also occur.
45, 48, 65, 69

  The results strongly suggest that the pre-

organisation of compound 6 is less favourable than compound 2 for accessing compound 10. 

Most likely, this results from moving the turn inducing 2-Abz residue away from a more 

central position (as in 2) resulting in a more linear peptide structure. Alternatively, 

racemisation may occur as a result of both the planarity and inflexibility of the C-terminal 2-

Abz hindering reaction rates. As a result, compound 10 was obtained in only  26.7% yield via 

cyclisation of compound 6, approximately three-fold less than when cyclised from compound 

2 (yield 73.7%).  

 

Despite these results, in 2016 Xin and Burgess
217

 documented syntheses of similar 

tetrapeptides bearing both L- or D-residues at the N-terminus and 2-Abz at the C-terminus. 

However, these synthetic peptides consisted only of L-residues in the third position (acylating 

the C-terminal 2-Abz). While their yields ranged 31-55%, moderately better than that 

observed for cyclisation of compound 6, this is likely attributable to the reduced steric 

hindrance of their peptides in which the N-terminal residue was maintained as alanine.
217

 

 

Figure 3.16: Annotated crude HPLC trace of compound 10 prepared by cyclisation of 6. 
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Scheme 3.7: Cyclisation of compound 6 resulting in 7:3 ratio of desired and racemised 

compounds 10 and 10B respectively. 

 

3.5 Design and synthesis of additional asperterrestide A 

analogues 

Having established a viable synthetic route to cyclic peptides 9-12, a further set of analogues 

were envisioned in which the importance of the β-hydroxyl group of 3-Pse of asperterrestide 

A was probed. The compound series is shown below in Figure 3.17. In place of D-Phe used in 

compounds 9-12, D-serine, D-threonine and D-tyrosine were incorporated. D-Serine probes 

the importance of the hydroxyl group alone, while D-threonine is more similar to 3-Pse of the 

natural product in that it is both β-branched and bears the threo-configuration. D-Tyrosine on 

the other hand places the hydroxyl group differently. 



  

136 
 

 

Figure 3.17: Chemical structures of compounds 18-23 

 

During synthesis of the linear counterparts of these further analogues, a trend was noticed 

between the peak area corresponding to the deletion peptide and the steric bulk of said 

deleted amino acid (Table 3.4). The chemical structures of the side-chain protected Fmoc-

amino acids can be seen in Figure 3.18. The Fmoc-D-Ser(OtBu)-OH is the least bulky 

incoming residue, and accordingly it coupled in the greatest efficiency, giving an approx. 15 : 

85 ratio of deletion to desired peak area. Fmoc-D-Phe-OH, of moderately greater steric bulk, 

demonstrated a 22 : 78 ratio. While Fmoc-D-Thr(OtBu)-OH, of greater immediate bulk to the 

activated C-terminus due to the β-branched side chain, coupled poorly, giving a 38 : 62 ratio. 
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Table 3.4: Correlation of amino acid bulk and deletion sequence peak area when coupling to 

2-Abz in SPPS. 

Amino acid 
ratio of deletion peak to product 

peak
* 

Fmoc-D-Ser(OtBu)-OH 15 : 85 

Fmoc-D-Phe-OH 22 : 78 

Fmoc-D-Thr(OtBu)-OH 38 : 62 

*
 % of deletion peak in crude RP-HPLC trace is based on ratio between deletion product and desired peptide, 

excluding other unidentified impurities. Deletion peak in RP-HPLC was not identified for tyrosine containing 

peptides, however deletions were observed in crude ESI-MS. 

 

 

Figure 3.18: Chemical structures of Fmoc-D-Ser(OtBu)-OH, Fmoc-D-Phe-OH, Fmoc-

Thr(OtBu)-OH. 

 

The linear peptides of this compound series were not studied further after purification by RP-

HPLC. Instead, they were to be used directly in cyclisation. The initial synthetic route is 

shown in Scheme 3.8. Initially, peptides were cleaved with a 1% TFA solution in DCM for 5 

minutes in order to obtain the side chain protected peptides to avoid tail to side chain 

cyclisation resulting in undesired cyclodepsipeptides. The cyclic peptides were then to be 

deprotected in solution, prior to RP-HPLC purification, using a solution of TFA:H2O:TIS 

(95:2.5:2.5) for 1 hour. 
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Scheme 3.8: Initial synthetic route for compounds 18-23, exemplified for compound 19. 

 

However, solubility of the side chain protected linear precursor of compound 19 was very 

poor, which severely limited yields after HPLC purification. Furthermore, the cyclisation 

procedure required a 1 : 1 mixture of DCM : DMF for solubility and the final yield was also 

very poor. Cyclisation of the side chain deprotected peptide would therefore be more 

favourable. Given the near quantitative cyclisations of compounds 9-12, it was determined 

(and later confirmed, as reported in Chapter 4) that the linear precursors must be accordingly 

pre-organised to access the desired cyclic product. It therefore appeared unlikely that 

formation of the unwanted side chain cyclised depsipeptide would occur, especially given the 

tighter ring constraint required. However, Zhang et al.
171

 have reported during synthesis of 

small cyclic peptides using an excess of HBTU, the phenolic group of tyrosine when 

deprotected, forms the tetramethyluronium derivative (Figure 3.19), similar to the guanidine 
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capping that can occur at the N-terminus. Although they found this reaction to be reversible 

under treatment with 0.1 M NaOH for 2 hours, this introduces an additional step to the 

reaction scheme and may also lead to racemisation.  

 

Figure 3.19: tetramethyluronium tyrosine derivative observed by Zhang et al.
171

 

 

By employing a phosphonium reagent such as PyAOP, as per the standardised cyclisation 

procedure from Scheme 3.3, it was proposed that side product formation could be avoided, in 

the same way N-terminal capping is. Indeed, this was found to be the case and compounds 

18-23 were successfully prepared from their linear precursors without side product formation. 

It should be noted, that tyrosine, bearing a phenolic hydroxyl group, with a much lower pKa 

than the aliphatic hydroxyls of serine and threonine, is far more likely to be deprotonated by 

DIPEA and therefore form side products. Making use of the deprotected linear precursors 

according to Scheme 3.9, significant gains in both solubility and yield were realised during 

the initial purification of the linear peptide and its cyclisation.  
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Scheme 3.9: Revised synthetic route for compounds 18-23 exemplified for compound 19. 

 

3.6 Design and synthesis of modified 2-Abz containing 

tetrapeptides 

Having developed a simple synthetic route to 2-Abz containing tetrapeptides in which 2-Abz 

is placed in the third position (from the N-terminus) of the linear precursor, attention was 

turned to explore larger structural deviations. After experimentally determining that C-

terminal 2-Abz analogues were less favourable and ruling out 2-Abz N-terminal analogues 

for obvious reasons, only the second position remained. To avoid N-alkyl N-terminal residues 

and produce a new series of cyclic compounds, the central D-Phe-2-Abz fragment of 

compounds 1-4 was reversed to produce compounds 24-27 (Figure 3.20). These compounds 

explore the feasibility of cyclising tetrapeptides in which 2-Abz is substituted in the second 

position (from the N-terminus). Furthermore, structural analysis by NMR (Chapter 4) allows 

for a direct comparison of the conformational preferences of both the linear and cyclic 

peptides with the previously synthesised analogues in which 2-Abz is found in the third 

position. 
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Figure 3.20: Chemical structures of compounds 24-27. 

 

The synthesis of compounds 24 and 25 proved successful following the standardised Fmoc-

SPPS procedure. The altered order of couplings resulted in compounds 24 and 25 yielding the 

highest of the linear tetrapeptides reported in this work, approx. 3% and 27% respectively. 

 

Taking small quantities of purified, compounds 24 and 25, cyclisation was attempted 

following the standardised PyAOP mediated procedure outlined in Schemes 3.3 and 3.9. 

Compound 25 cyclised to compound 27 efficiently giving a 95:5 ratio of the desired cyclic 

monomer to cyclodimer (Figure 3.21). Having cyclised compound 25 in high efficiency, 

compound 24 was expected to cyclise similarly. Synthesis of cyclic peptides 9-12 and 18-23 

had indicated that N-methylation of D-Phe had little effect upon the propensity of the linear 

peptides to cyclise. However, unlike the previous compound series, cyclisation of 24 

produced significantly different results to 25 under identical conditions (Figure 3.21). Using 

PyAOP, compound 24 cyclised forming compound 26 and the cyclodimer in an 

approximately 1:1 ratio (Table 3.5, Entry 1) significantly limiting the final yield. 
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Figure 3.21: Annotated crude RP-HPLC trace of compounds 26 (left) and 27 (right) cyclised 

in DMF with PyAOP. Note: residual coupling reagent peak cropped out for clarity. 

 

The unexpected dimerisation of compound 24 strongly suggests that N-methylation of D-Phe 

(25), when placed in the third position has a drastic effect upon the conformational preference 

of the peptide, that reduces the C
α

i – C
α

i+3 distance appropriately for facile cyclisation. Such 

conformational shifts were to be investigated by NMR based solution structure calculation in 

Chapter 4. However, due to technical issues with the instrument, detailed NMR data for 

compounds 24 and 25 could not be collected so far. 

 

In order to optimise the synthesis of 26, a change of solvent was employed for the cyclisation 

step. Under identical conditions, dissolved in DCM, compound 24 was found to produce 26 

and the cyclodimer in an approximately 2:8 ratio (Figure 3.22, Table 3.5 Entry 2). While 

cyclisation and hence the conformation of compound 11 was previously noted to be solvent 

independent, cyclisation of 24 was significantly impaired when the solvent polarity was 

reduced. While this strongly suggests that compound 24 is more flexible than 11 and hence 

the overall conformation displays greater solvent dependency, it is also possible a reduced 

reaction rate in DCM favours intermolecular collisions.
180-182
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Figure 3.22: Annotated crude RP-HPLC trace of compound 26 cyclised in DCM with 

PyAOP. Note: residual coupling reagent peak cropped out for clarity. 

 

While a solvent based approach to optimising the cyclisation of 24 was ruled out, a reagent 

based approach was instead adopted. The results of all trialled conditions for the cyclisation 

of compound 24 (to form 26) are summarised in Table 3.5. 

Table 3.5: Cyclisation conditions trialled during synthesis of compound 26.
# 

Entry Reagent Solvent Product : cyclodimer ratio 

(26:cyclodimer) 
1 PyAOP DMF 53:47 

2 PyAOP DCM 22:78 

3 HBTU DMF 96:4 

 4
*
 PyAOP DMF 58:42 

 5
*
 HBTU DMF 87:13 

6 PyBOP DMF 81:19 

7 HATU DMF 78:22 
#
 All reactions employed a peptide dilution of 1.25 mM, 1% v/v DIPEA and were stirred at RT for 4 hours 

before monitoring crude reaction mixture by analytical RP-HPLC. Reagent additions were performed following 

the standard synthesis procedure outlined in the experimental section. 

* 
Order of addition of reagents varies from protocol documented in experimental section. Instead, a concentrated 

solution of peptide and coupling reagent was added to a stirred dilute solution of DMF and 1% v/v DIPEA. 

 

Substituting PyAOP for HOBt derived uronium coupling reagent HBTU (Table 3.5, Entry 3), 

an almost quantitative formation of 26 was realised (Figure 3.23). The observed change in 

reaction profile with HBTU could not be simply explained. HBTU, being an HOBT derived 
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coupling reagent, would demonstrate a reduced rate of reaction; however this would 

seemingly favour intermolecular cyclodimerisation which is in disagreement with the 

observed result. Instead it seemed possible that a more complex scenario was occurring. 

Generally it is accepted that the additional nitrogen of HOAt is involved in an H-bonding 

interaction with the N-terminus.
22, 68

 It is possible that due to the conformation of 24, such a 

hydrogen bonding interaction is not feasible and instead H-bonding as a dimer is preferred. 

To explore the possible reasons for the observed change in reactivity, cyclisation was 

attempted with both PyBOP and HATU (Table 3.5, Entry 6 and 7). Both reactions were 

found to provide an approximately 8:2 ratio of compound 26 and the cyclodimer. While this 

is significantly improved compared to PyAOP, neither is as effective as HBTU. While the 

improvement found with PyBOP suggests purely the switch to an HOBT derived ester is 

favourable, the improvement with HATU suggests that the uronium style reagent is also 

advantageous for reasons unknown. Indeed, HBTU, with which the best results were 

obtained, carries both of these merits. Entries 4 and 5 of Table 3.5, were performed with an 

altered order of reagent addition. As discussed in Chapter 1.6.3.1, the order of reagent 

addition may have marked effects upon the outcome of the cyclisation, under what are 

essentially the same conditions. While the standard protocol used for cyclisation in this work 

relies upon a pre-diluted peptide solution to which the reagents and base are slowly added, 

these entries added a concentrated solution of peptide and coupling reagent to a stirred 

volume of solvent and base. This resulted in a reduced yield of the desired product, relative to 

the cyclodimer with both HBTU and PyAOP. A possible cause is the cyclodimerisation 

occurs as the concentrated droplet is added to the basic solution, before thorough mixing 

leads to peptide dilution as per Figure 1.30, Chapter 1. 
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Figure 3.23: Annotated crude RP-HPLC trace of compound 26 cyclised in DMF with 

HBTU. Note: residual coupling reagent peak cropped out for clarity. 

 

The cyclisation studies of compounds 24 and 25 lead to the conclusion, that although one 

cyclisation procedure may prove highly effective for a particular peptide sequence (and 

conformation), it may not be directly applicable to other sequences despite distinct similarity. 

Whilst dissection of the linear precursor is probably the most important step in a synthetic 

route, fine tuning of the reagents, solvent and dilution can significantly improve the outcome 

of a given strategy. Furthermore, careful attention should be paid when setting up such 

experiments since the order and methods of reagent addition can influence the synthetic 

outcome. Importantly, this can avoid devising an alternate synthetic route that would 

otherwise require the synthesis of new linear precursors. 
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3.7 Conclusions 

1. A synthetic route towards cyclic tetrapeptide analogues of asperterrestide A was 

developed in which the cyclisation step occurs near quantitatively with virtually no 

cyclodimerisation. This cyclisation was shown, for one compound, to occur with near 

equivalent efficiency in both DMF and DCM, suggesting the linear precursor 

structure is somewhat well defined irrespective of solvent polarity. 

 

2. PyAOP was demonstrated to be a powerful tool for cyclisation of the majority of 

cyclic tetrapeptides tested, even allowing for cyclisation of tetrapeptides bearing free 

hydroxyl (including phenol) groups without side-product formation. However for one 

peptide, both uronium and the lesser reactive HOBt based reagents (ideally HBTU) 

were found to offer advantages over PyAOP. This suggested the cyclisation procedure 

developed here is not a ―one fits all‖ strategy and experimental conditions must be 

tuned for individual examples.  

 

 

3. Generally speaking, 2-Abz containing tetrapeptides were shown to cyclise in high 

efficiency. However, the exact position of the 2-Abz residue can greatly affect the 

outcome as can site-specific N-methylation. All peptides bearing 2-Abz in the third 

position (from the N-terminus) cyclised with high efficiency, however when 2-Abz 

was placed C-terminally, cyclisation occurred in poor yields and resulted in 

racemisation. Furthermore, when 2-Abz was placed in second position cyclisation 

appeared more sensitive to N-methylation in the third position and also the coupling 

reagents employed. 

 

4. The efficiency with which linear peptides 1-4 cyclised makes them particularly 

interesting candidates to study by NMR and X-ray crystallography as their propensity 

for cyclisation suggests short C
α

i – C
α

i+3 distances typical of β-turn conformations. 

The conformations of 2-Abz containing cyclic tetrapeptides have only very recently 

been documented (by NMR in 2016) making further information about the three-

dimensional structures of these compounds, including effects of site-specific N-

methylation and X-ray crystallographic data highly valuable.
217
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3.8 Experimental 

3.8.1 Chemicals and reagents 

All Fmoc-amino acids and peptide reagents were purchased from AK scientific, USA. 2-

chlorotritylchloride resin purchased from Peptides International, USA. N,N-

Diisopropylethylamine (DIPEA), 2,2,2-Trifluoroethanol (TFE), piperidine, 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU),  2-Nitrobenzenesulfonyl chloride (2-NBS-Cl), 2,3,5-

Collidine (sym-collidine), 2-Mercaptoethanol, N-methylpyrrolidinone (NMP), 

dimethylsulfate (DMS), triisopropylsilane (TIS) , other common solvents and chemicals were 

purchased from Sigma Aldrich, NZ. Trifluoroacetic acid (TFA) of J.T.Baker brand was 

purchased from ECP Ltd, NZ. 

 

3.8.2 General peptide synthesis and surification 

Linear peptides were synthesised following standard Fmoc solid phase peptide synthesis, on 

2-chlorotrityl chloride resin, at 0.2 mmol scale in N,N-dimethylformamide (DMF), using 

custom made peptide reaction vessels with sintered glass filters. Serine, threonine and 

tyrosine side chains were protected as tert-butyl ethers. Briefly, the first amino acid (4 eq.) 

was loaded to resin in dry DCM (min.) with DIPEA for one hour. The resin was then treated 

twice, with a solution of DCM/MeOH/DIPEA (8/1.5/0.5), for 10 minutes. Fmoc deprotection 

was performed, using a solution of 20% piperidine in DMF, twice for 10 minutes each. 

Couplings were performed for 1 hour using 4-fold excess of amino acids, HATU (289 mg, 

0.76 mmol. 3.8 eq.) as the coupling reagent and DIPEA (280 µl, 1.6 mmol, 8 eq.) as the base. 

Couplings to 2-Abz or NMe amino acids were performed for 3 hours. Site-selective N-

methylation was performed in NMP according to a recently described protocol following the 

DBU-mediated method and scaled up to 0.2 mmol.
161

 Briefly, at the site of N-methylation, 

the peptide was Fmoc-deprotected and the free amine treated with 2-NBS-Cl (177 mg, 0.8 

mmol, 4 eq.) along with sym-collidine (264 µl, 2 mmol, 10 eq.) for 15 minutes with shaking 

and repeated after washing with NMP. The 2-NBS protected peptide was then treated with 

DBU (90 µl, 6 mmol, 3 eq.) for 3 minutes with shaking prior to addition of dimethylsulfate 

(190 µl, 2 mmol, 10 eq.) for 2 minute with shaking before washing with NMP and repeating. 

The N-methylated peptide was then deprotected with a solution containing 2-mercaptoethanol 

(142 µl, 2 mmol, 10 eq.) and DBU (149 µl, 1 mmol, 5 eq.) for 5 minutes with shaking before 
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washing with NMP and repeating for a further 15 minutes. Linear peptides were cleaved from 

the resin using a solution of  TFA:H2O:TIS (95:2.5:2.5) for 1 hour  and the solvent 

evaporated to yield a gum. Crude linear peptides were purified to >  95% purity by reversed-

phase high performance liquid chromatography (RP-HPLC) using a linear gradient formed 

between H2O and MeOH with 0.1% TFA. RP-HPLC was undertaken using a GE Pharmacia 

 KTA purifier 10 system with a Phenomenex Luna 5 μm C18 100 Å (250 mm × 21.2 mm) 

column, using water with 0.1% TFA as solvent A and MeOH with 0.1% TFA as solvent B at 

flow rate of 10 ml/min and UV detection at 214, 254 and 280 nm. Individual gradients are 

described in Table 3.13. Purified peptides were freeze dried and obtained as white solids. 

Cyclic peptides were synthesised from their purified linear counterparts. The linear peptide 

was dissolved in DMF at 1.25 mM with 1% v:v DIPEA, after 5 minutes stirring, PyAOP (3 

eq.) was added and the reaction stirred for 4 hours and the solvent removed under vacuum. 

The crude cyclic product was purified to >  95% purity by RP-HPLC using a linear gradient 

of H2O, MeOH. Purified cyclic peptides were obtained as white solids after freeze drying. 

Percentage yields reported for cyclic peptides correspond to the overall yield after RP-HPLC 

purification relative to resin loading (linear yield% x % yield at cyclisation step / 100). Purity 

of peptides was confirmed by analytical RP-HPLC using a Phenomenex Luna 5 μm C18 100 

Å (250mm × 4.6 mm) column and 0.5 ml/min flow rate. The identity of the purified peptides 

was confirmed using electrospray ionisation mass spectrometry (ESI-MS) recorded on a 

Bruker micrOTOF-QII mass spectrometer. ESI-MS exclusively demonstrated presence of an 

isotope pattern consistent with formation of the cyclic monomer for compounds 3 and 4 

(Appendix B). Note: In many instances, the synthesis of linear peptides was repeated to gain 

greater yield before cyclisation was attempted. 

 

3.8.3 Fmoc-Phe-OH / 2-Abz-OMe coupling optimisation 

Fmoc-Phe-OH (100mg, 0.26 mmol, 1 eq), the specified coupling reagent (0.34 mmol, 1.3 eq) 

and specified additive (0.34 mmol, 1.3 eq) were dissolved in a DCM:DMF mixture 1:3 (2 ml) 

and stirred at 0
o
C for 10 minutes. To this mixture was added 2-Abz-OMe (100.8 µl, 0.78 

mmol, 3 eq.) and the specified base (0.34 mmol, 1.3 eq). This mixture was stirred for a 

further 10 minutes at 0
o
C and then stirred at room temperature for 1 hour. At this point, a 

second addition of the specified base was made in some cases (0.34 mmol, 1.3 eq). The 

reaction mixture was stirred for 24 hours and then diluted 15-fold in DCM, washed with 0.1 
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g/ml KHSO4 and the organic phase condensed under reduced pressure. The crude organic 

layer was then analysed by RP-HPLC using a gradient of 80-100% solvent B over 20 

minutes. Residual Fmoc-Phe-OH was observed in HPLC traces as its removal by base 

washing generally lead to precipitation. Instead, this step was avoided and yields calculated 

from the crude yield multiplied by the relative peak area from the HPLC trace. 

 

3.8.4 General protocol for synthesis of compounds 5-8 

Fmoc-tripeptide-OH (13-16) was prepared according to the general SPPS procedure without 

removal of the terminal Fmoc. The crude residue was used without further purification with a 

100% yield assumed. The Fmoc-tripeptide-OH and HATU (98.8 mg, 0.34 mmol, 1.3 eq.) 

were dissolved in a DCM:DMF mixture 1:3 (2 ml) and stirred at 0
o
C for 10 minutes. To this 

mixture was added 2-Abz-OMe (77.5 µl, 0.6 mmol, 3 eq.) and sym-collidine (26.5 µl, 0.26 

mmol, 2.6 eq). This mixture was stirred for a further 10 minutes at 0
o
C and then stirred at 

room temperature for 1 hour. At this point, a second addition of the specified base was made 

in some cases (26.5 µl, 0.26 mmol, 2.6 eq). The reaction mixture was stirred for 24 hours and 

then diluted 15-fold in DCM, washed with 0.1 g/ml KHSO4 and the solvent removedunder 

reduced pressure. Removal of residual Fmoc-tripeptide-OH by alkaline aqueous extraction 

generally lead to precipitates and instead, this step was avoided and the impurities removed 

by RP-HPLC later. The Fmoc-tetrapeptide-OMe was treated with a 3:1:2 mixture of 

iPrOH:MeOH:2M NaOH for approx. 3 hours and monitored by TLC after which time the 

organic solvent was removed under reduced pressure. The reaction mixture was acidified to 

approx. pH 6.5 and the solvent removed under reduced pressure and the residue freeze dried. 

The residue was dissolved in ethanol and acetone and NaCl filtered off. The filtrate was 

collected and solvent removed under reduced pressure to yield the final product as a gum to 

be purified by RP-HPLC as per the general peptide synthesis and purification protocol. 

 

3.8.5 Physical characteristics and spectral data 

Physical data of all purified peptides can be found in Table 3.13 and analytical RP-HPLC 

traces found in Appendix A. ESI-MS spectra of all isolated compounds can be found in 

Appendix B. 
1
H-NMR spectra of compounds 1-3, 9, 11, 12, 17 and 19 can be found in 

Appendix C. 
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3.8.6 Compounds 1-27 

 

Compound 1: H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH 

Compound 1 was obtained as a white fluffy solid (26.7 mg, 28.5%). A single crystal was 

grown by the slow evaporation of an isopropanol and heptane solution of the compound.  

 

Table 3.6: 
1
H-NMR Chemical shifts along with coupling constants (

3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 1 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

 

 

 

 

 

 

Residue 
Chemical Shift (ppm)

 3
JNH-C

α
H 

(Hz) 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

D-Leu  3.80 1.53, 1.31 1.34 0.78, 0.76     

D-Phe 7.65 4.41 3.49, 3.15  7.24, 7.24 7.28, 7.28 7.23 7.0 -0.9 

2-Abz 11.48  C
β

2H: 7.73 8.66, 7.18 7.56    -3.8 

D-Ala 7.59 4.35 1.50     5.6 -3.1 



  

151 
 

 

Compound 2: H2N-D-Val-D-Phe-2-Abz-D-Ala-COOH 

Compound 2 was obtained as a white fluffy solid (23 mg, 25.3%).  

 

Table 3.7: 
1
H-NMR Chemical shifts along with coupling constants (

3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 2 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

 

 

 

 

 

 

 

 

Residue 
Chemical Shift (ppm)

 3
JNH-C

α
H 

(Hz) 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

D-Val  3.71 1.97 0.77, 0.76      

D-Phe 7.71 4.46 3.50, 3.16  7.26, 7.26 7.28, 7.28 7.22  -1.2 

2-Abz 11.43  C
β

2H:7.73 8.64, 7.17 7.55    -4.2 

D-Ala 7.59  4.40 1.50    5.11 -3.3 
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Compound 3: H2N-D-Leu-NMe-D-Phe-2-Abz-D-Ala-COOH 

Compound 3 was obtained as a white fluffy solid (24.3 mg, 25.2%).  

 

Table 3.8: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 3 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

 

 

Compound 4: H2N-D-Val-NMe-D-Phe-2-Abz-D-Ala-COOH 

Compound 4 was obtained as a white fluffy solid (15.4 mg, 16.5%).  

Residue 
Chemical Shift (ppm)

 3
JNH-C

α
H 

(Hz) 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H Other 

D-Leu  4.15  1.57, 1.00 1.78 0.86, 0.84      

NMe-D-Phe  4.26 3.50, 3.30  7.32, 732 7.18, 7.18 7.26 NMe: 2.82   

2-Abz 11.56  C
β

2H: 7.74 8.64, 7.15 7.55     -2.5 

D-Ala 7.5 4.41 1.52      5.6 -2.9 
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Compound 5: H2N-D-Ala-D-Leu-D-Phe-2-Abz-COOH 

Compound 5 was used crude for cyclisation as an orange gum assuming a 100% yield. 

 

 

Compound 6: H2N-D-Ala-D-Val-D-Phe-2-Abz-COOH 

Compound 6 was obtained as a white fluffy solid (12 mg, 13.2%).  

 

Compound 7: H2N-D-Ala-D-Leu-NMe-D-Phe-2-Abz-COOH 

Compound 7 was used crude for cyclisation as an orange gum assuming a 100% yield. 
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Compound 8: H2N-D-Ala-D-Val-NMe-D-Phe-2-Abz-COOH 

Compound 8 was obtained as a white fluffy solid (6.6  mg, 6.6%).  

 

Compound 9: cyclo(D-Leu-D-Phe-2-Abz-D-Ala) 

Starting with 11 mg of compound 1, compound 9 was obtained as a white fluffy solid 

following the cyclisation protocol described above in the general peptide section (9.1 mg, 

14.5%).  

 

Table 3.9: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 9 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

*
Calculated from 288 K spectra 

Residue 
Chemical Shift (ppm)

 3
JNH-C

α
H 

(Hz)
* 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

D-Leu 6.36 4.40 1.47, 1.34 1.46 0.90, 0.84   8.61 -1.4 

D-Phe 7.48 4.09 3.36, 3.05  7.30, 7.30 7.18, 7.18 7.23 5.18 -7.7 

2-Abz 9.81  C
β

2H: 7.50 8.30, 7.15 7.48    -2.5 

D-Ala 7.40 3.83 1.32      -2.7 
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Compound 10: cyclo(D-Val-D-Phe-2-Abz-D-Ala) 

Starting with 11 mg of compound 2, compound 10 was obtained as a white fluffy solid 

following the cyclisation protocol described above in the general peptide section (7.7 mg, 

18.4%).  

 

Compound 11: cyclo(D-Leu-NMe-D-Phe-2-Abz-D-Ala) 

Starting with 11 mg of compound 3, compound 11 was obtained as a white fluffy solid (7.8 

mg, 18.7%). A single crystal was grown by the slow evaporation of a methanol, ethanol and 

water solution of the compound. 

 

Table 3.10: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 11 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

*
 Calculated from 278 K spectra 

Residue 
Chemical Shift (ppm)

 3
JNH-C

α
H 

(Hz)
* 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H Other 

D-Leu 6.39 4.87 1.55, 1.42 1.55 0.94, 0.89    9.8 -3.3 

NMe- D-Phe  3.98 3.37, 3.19  7.20, 7.20 7.32, 7.32 7.25 NMe: 2.78   

2-Abz 9.87  C
β

2H:7.53 8.35, 7.15 7.50     -2.4 

D-Ala 7.33 4.04 1.37      3.85 -3.4 
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Compound 12: cyclo(D-Val-NMe-D-Phe-2-Abz-D-Ala) 

Starting with 11 mg of compound 4, compound 12 was obtained as a gum (9.3 mg, 18.7%).  

 

Table 3.11: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 12 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

 

 

Compound 13: Fmoc-D-Ala-D-Leu-D-Phe-COOH 

Compound 13 was used crude in coupling with 2-Abz-OMe (17) assuming a 100% yield. 

 

 

Residue 
Chemical Shift (ppm) 

  3
JNH-C

α
H 

(Hz)
 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H Other 

D-Val 6.44 4.43 2.00 0.91, 0.87     9.87 -3.7 

NMe- D-Phe  4.01 3.44, 3.15  7.25, 7.25 7.31, 7.31 7.24 NMe: 2.84   

2-Abz 9.78  C
β
2H: 7.53 8.36, 7.15 7.49     -2.1 

D-Ala 7.44 4.06 1.40      3.08 -4.5 
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Compound 14: Fmoc-D-Ala-D-Val-D-Phe-COOH 

Compound 14 was used crude in coupling with 2-Abz-OMe (17) assuming a 100% yield. 

 

 

Compound 15: Fmoc-D-Ala-D-Leu-NMe-D-Phe-COOH 

Compound 15 was used crude in coupling with 2-Abz-OMe (17) assuming a 100% yield. 

 

 

 

Compound 16: Fmoc-D-Ala-D-Val-NMe-D-Phe-COOH 

Compound 16 was used crude in coupling with 2-Abz-OMe (17) assuming a 100% yield. 
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Compound 17: methyl 2-aminobenzoate 

2-aminobenzoic acid (1 g, 7.3 mmol) was dissolved in dry methanol (5 ml) and stirred for 10 

minutes at 0
o
C before dropwise addition of 0

o
C SOCl2 (1.58 ml, 21.9 mmol, 3 eq.). The 

reaction mixture was then stirred for 24 hours at room temperature before removal of volatile 

components under reduced pressure. The solid product was dissolved in water and pH 

adjusted to 6.5 using NaOH. The solution was freeze dried and the resulting solid dissolved 

in ethanol and filtered. The filtrate was evaporated to yield 17 as a gum (0.85 g, 77.3%).  

1
H-NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.1 Hz, 1H), 7.25 (t, J = 7.7 Hz, 1H), 6.64 (d, J = 

8.1 Hz, 1H), 6.63 (t, J = 8.1 Hz, 1H), 3.86 (s, 3H). 

 

 

 

 

 

Compound 18: cylco(D-Leu-D-Ser-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 18 was obtained as a white 

fluffy solid (11.8 mg, 15.1%).  
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Compound 19: cylco(D-Leu-D-Thr-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 19 was obtained as a white 

fluffy solid (9.5 mg, 11.8%). 

 

Table 3.12: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 19 in CD3CN at 298K recorded on a 700 MHz 

spectrometer. 

 

 

Compound 20: cylco(D-Leu-NMe-D-Ser-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 20 was obtained as a white 

fluffy solid (6.7 mg, 8.3%).  

Residue 
Chemical Shift (ppm) 3

JNH-C
α
H 

(Hz)
 

d/dT 

(ppb/K)
 NH C

α
H C

β
H C

γ
H C

δ
H  

D-Leu 6.69 4.55 1.53, 1.53 1.60 0.94, 0.94  9.45 -0.7 

D-Thr 7.25 4.14 4.44 1.11   8.33 -1.22 

2-Abz 9.34  C
β

2H: 7.49 8.22, 7.17 7.48   -2.1 

D-Ala 7.55 4.08 1.40     -4.7 
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Compound 21: cylco(D-Leu-NMe-D-Thr-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 21 was obtained as a white 

fluffy solid (4.2 mg, 5%).  

 

 

Compound 22: cylco(D-Leu-D-Tyr-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 22 was obtained as a white 

fluffy solid (15.5 mg, 16.5%).  

 

 

Compound 23: cylco(D-Leu-NMe-D-Tyr-2-Abz-D-Ala) 

Using the entire quantity of the purified linear peptide, compound 23 was obtained as a white 

fluffy solid (11.5 mg, 12%).  
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Compound 24: H2N-D-Leu-2-Abz-D-Phe-D-Ala-COOH 

Compound 24 was obtained as a white fluffy solid (30.5 mg, 32.9%).  

 

 

Compound 25: H2N-D-Leu-2-Abz-NMe-D-Phe-D-Ala-COOH 

Compound 25 was obtained as a white fluffy solid (26 mg, 27.1%).  

 

 

Compound 26: cylco(D-Leu-2-Abz-D-Phe-D-Ala) 

Compound 26 was synthesised following one minor modification to the general protocol in 

which, PyAOP was switched for HBTU during cyclisation. Starting with 11 mg of compound 
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24, compound 26 was obtained as a white fluffy solid following the cyclisation protocol 

described above in the general peptide section (4.2 mg, 13.1%).  

 

Compound 27: cylco(D-Leu-2-Abz-NMe-D-Phe-D-Ala) 

Starting with 11 mg of compound 25, compound 27 was obtained as a white fluffy solid 

following the cyclisation protocol described above in the general peptide section (5.9 mg, 

15.1%).  
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3.8.7 Peptide physical data 
 

Table 3.13: Physical Characteristics of peptides 1-12 and 18-27. 

Peptide 

HPLC gradient 

(% solvent B; 

Time) 

 

HPLC tR(min) 

and % Purity 

 

Molecular 

Formula 

 

Calculated 

MW (Da) 

 

Observed m/z 

1 50-85%; 35min 17.51; 98.2% C25H32N4O5 [M+H]
+ 

469.2245 469.2436 

2 50-90% , 40 min 13.27, 98.5 C24H30N4O5 [M+H]
+ 

455.2289 455.2281 

3 50-85%; 35min 21.73; 98.3% C26H34N4O5 [M+H]
+ 

483.2602 483.2585 

4 50-90%, 40 min 22.36, 97.5% C25H32N4O5 [M+H]
+ 

469.2245 469.2458 

6 55-80%, 40 min 21.67, 96.4% C24H30N4O5 [M+Na]
+
 477.2108 477.2112 

8 50-90%, 40 min 24.85, 96.8% C25H32N4O5 [M+H]
+
 491.2265 491.2271 

9 50-90%; 40 min 34.37; 98.9% C25H30N4O4 [M+Na]
+ 

473.2159 473.2168 

10 50-90%, 40 min 29.6, 96.3% C24H28N4O4 [M+Na]
+ 

459.2003 459.2008 

11 50-90%; 40 min 35.17; 99.4% C26H32N4O4 [M+Na]
+ 

487.2316 487.2308 

12 50-90%, 40 min 30.9, 98.2% C25H30N4O4 [M+Na]
+  

473.2159 473.2163 

18 45-60%, 25 min 14.76, 96.4% C19H25N4O5 [M+Na]
+ 

413.1795 413.1780 

19 45-60%, 25 min 19.2, 95.9% C20H28N4O5 [M+Na]
+ 

427.1952 427.1936 

20 45-70%, 40min 17.9, 98.8% C20H28N4O5 [M+Na]
+ 

427.1952 427.1935 

21 45-70%, 40 min 22.1, 98.6% C21H30N4O5 [M+Na]
+ 

441.2108 441.2103 

22 55-80%, 40 min 20.04, 97.8% C25H30N4O5 [M+Na
+
]

+ 
489.2108 489.2095 

23 55-80%, 40 min 25.22, 95.2% C26H32N4O5 [M+Na]
+
 503.2265 503.2257 

24 50-90%, 40 min 22.8, 98% C25H32N4O5 [M+H]
+
 469.2245 469.2429 

25 50-90%, 40 min 24.67, 98.8% C26H34N4O5 [M+H]
+ 

483.2602 483.2583 

26 50-90%, 40 min 32.94, 97.6% C25H30N4O4 [M+Na]
+ 

473.2159 473.2162 

27 50-90%, 40 min 31.8, 98.5% C26H32N4O4 [M+Na]
+ 

487.2316 487.2309 
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Chapter 4 

Structural investigations of 

asperterrestide A analogues 
 

This chapter describes the structural properties of some of the key analogues synthesised 

during Chapter 3. X-ray crystal structures of compounds 1 and 11 are presented. These are 

compared with their corresponding solution structures calculated from NMR restraints for 

compounds 1, 2, 3, 9 and 11. This data presents insights into how minor modifications of the 

chemical structure influence the conformational preferences of this family of tetrapeptides. 

Furthermore, the X-ray structure of compound 11 appears to be the first deposited structure 

of a 2-Abz containing CTP. Accurate structure calculations of compounds 6 and 26 could not 

be made due to aggregation observed in NMR spectra. NMR structures of compound 12 and 

19 are also presented. Due to technical issues and unavailability of facilities, the remaining 

peptides synthesised in Chapter 3 are yet to have detailed NMR studies performed for 

structure calculations. This forms part of the future work documented in Chapter 8. 
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4.1 Background 

The cyclictetrapeptides documented in Chapter 1 demonstrate a variety of different 

interesting conformations. Currently there are no reported crystal structures of 2-Abz 

containing CTPs in the literature. Therefore attempts were made to crystallise all of the CTPs 

reported in Chapter 3. While obtaining crystals of these compounds proved difficult, the 

solution structure of these compounds could additionally be studied by NMR in combination 

with restrained molecular modelling (with YASARA). Given that CTPs often take 

conformations resembling β-turns of natural proteins, it appeared likely that linear precursors 

appropriately pre-organised for cyclisation may present stable linear β-turn mimics without 

requiring cyclic constraints.
83-84, 181, 204, 217

 Unlike CTPs, these linear β-turn mimics may have 

further applications in the design of bioactive β-hairpin peptides. Therefore, many of the 

linear precursors from Chapter 3 were also studied in-depth. Due to technical issues and 

unavailability of facilities, a number of peptides have not yet been studied in-detail and form 

part of the future work noted in Chapter 8. 

 

4.2 Conformations of linear tetrapeptides 1 and 3 

A single crystal of H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH (1) was grown from a mixture of 

isopropanol and heptane. The crystal structure was deposited into the Cambridge 

Crystallographic Data Centre (CCDC 1501746). A complete description of torsion angles 

(Figure 4.3) and hydrogen bonds are provided in Appendix E. The crystal structure of 1 

(Figure 4.1) demonstrates a novel β-turn geometry stabilised by a series of three hydrogen 

bonds, resulting in a C
α

i – C
α

i+3 distance of only 4.74 Å that fits well within the β-turn 

defining 7 Å limit. Incorporation of 2-Abz in the i+2 position results in a planar reverse-turn 

structure (Figure 2, B) with all three peptide bonds observed in the trans-geometry.  

An important geometric feature of this structure is the rotation of the peptide bond between 

residues i+2 and i+3 so as to face the carbonyl inwards and the NH outwards, resulting in loss 

of the typical i - i+3 H-bond most β-turns possess (Figure 4.2). Instead, the reverse turn is 

stabilised by a unique interaction of the now inwards facing carbonyl of residue i+2 with the 

NH of residue i, with a donor – acceptor distance of 2.94 Å. An H-bond between the NH of 

residue i and carbonyl of residue i+3, typical of β-hairpin conformations (Figure 4.2), further 

holds the turn structure in place with a donor – acceptor distance of 2.90 Å. The β-turn 
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structure is additionally stabilised into this planar conformation by an intra-residue hydrogen 

bonding interaction of 2-Abz, 2.64 Å.  

 

Figure 4.1: Crystal structure of compound 1 demonstrating a β-turn conformation. Note that 

both observed conformations are shown for the D-Phe side chain. A: top down view, B: ring 

plane view. Hydrogen bonds are shown as dashed lines. 

 

 

Figure 4.2: Left: an exemplary type I’ β-turn modified from PDB ID: 1LE1
252

. Right: 

peptidomimetic β-turn displayed by compound 1. Yellow dashed lines indicate hydrogen 

bonds (with donor – acceptor lengths). Side chains and hydrogens not involved in H-bonding 

interactions are removed for clarity. 
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Comparing the torsion angles from the crystal structure of compound 1 to that of known β-

turn structures, a distinct similarity to the type I’ turn is observed. In the i+1 position, the 

torsion angles of compound 1 are  75
o
 and ψ 17.8

o
 (Figure 4.3), while the idealised angles 

would be 60
o
 and 30

o
 respectively. Generally, deviations of up to ±30

o
 are allowed and the 

geometric similarity of both the i and i+1 positions to that of a type I’ turn is obvious in 

Figure 4.2.
237, 245, 253

 Given the nature of the β-amino acid 2-Abz, the i+2 position varies from 

the standard geometric turn definitions, as does the resulting i+3 position.  

 

 

Figure 4.3: Stylised torsion angle diagram of compound 1, with alternate D-Phe 

conformation shown in blue 

 

The structure of compound 1 presents a distinctly different geometry and hydrogen bonding 

pattern to those previously demonstrated by the Sanjayan group who have worked 

extensively on peptides containing 2-Abz and analogous residues.
36-37, 271-273

 Their work with 

peptides containing repeated Pro-2-Abz motifs demonstrated right handed helical turns.
36

 It is 

noteworthy that the highly similar peptides of this group whereby 2-Abz is substituted with 

the sulfonic acid derivative (orthanilic acid) instead resulted in more typical β-turn structures 
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maintaining the standard i - i+3 H-bond but bearing an additional atom in their backbone and 

the same intra-residue H-bond as compound 1 (Figure 4.4).
272

 Such differences compared to 

compound 1 are likely due to the sulfonamide bearing tetrahedral geometry. 

 

 

 

Figure 4.4: Crystal structures of compounds prepared by Sanjayan group. Reproduced from 

Kale et al.
272

 with permission from The Royal Society of Chemistry. 

 

Solution structures of compounds 1 and 3 were studied by NMR in CD3CN. Solution 

structures were calculated using YASARA and incorporating NMR restraints derived from 

NOESY spectra. A table of NOE restraints for compounds 1 and 3 can be seen in Appendix 

F. An ensemble of the seven lowest energy conformations calculated and overlaid with the 

crystal structure of compound 1 is shown in Figure 4.5 (left). A diagram of key NOEs 

supporting the calculated structures is shown in Figure 4.6. The NMR ensemble is well 

defined with minimal flexibility and an average backbone RMSD value of 0.61 Å to the 

average structure. The structure displayed by the ensemble supports the crystallographic data 

well with a similar reverse turn structure and an RMSD value of 2.09 Å between the crystal 

and average NMR structure. The RMSD of the most similar NMR structure to the crystal was 

only 0.96 Å. The β-turn defining C
α

i – C
α

i+3 distance is maintained in the range of 4.4 – 4.7 Å 

for all seven calculated conformations. Similar hydrogen bonding interactions are also 

observed across the ensemble members. The greatest deviation between the solution and 

crystal structures appears at the peptide bond between D-Leu and D-Phe, which appears to flip 

in orientation (Figure 4.5, left). However, this small deviation makes little overall impact on 
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the reverse turn conformation, nor is it involved in the H-bond stabilisation of the turn. 

Unlike in the crystal structure, the calculated structure ensemble shows a single conformation 

for the D-Phe side chain in solution. This single conformation appears to be due to the effect 

of hydrophobic interactions between the side chains of D-Leu and D-Phe which are 

substantiated by multiple NOEs (Figure 4.6). Very low temperature coefficients (Table 3.6) 

of the amide protons further supports the formation a well-defined, hydrogen bonded turn 

structure with solvent shielding by large hydrophobic groups which becomes particularly 

obvious when viewed in space-fill model (Figure 4.7, centre). 

  

Figure 4.5: Top and side views showing an ensemble of the seven lowest energy NMR 

restrained solution conformations calculated for compound 1 overlaid with the crystal 

structure (purple) with the alternate D-Phe side chain conformation removed (left). An 

ensemble of the three lowest energy NMR conformations calculated for compound 2 (right). 
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A dashed box is used to highlight a peptide bond inversion between the solution and solid 

state conformations for compound 1 top view. 

 

 

 

Figure 4.6: Representative NMR structure calculated for compound 1 showing selected NOE 

interactions (CD3CN, 700 MHz). 
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Figure 4.7: Space-fill models highlighting available space for N-methylation of D-Phe. Left: 

Compound 1 crystal structure. Representative NMR structures of compound 1 (centre) and 

Compound 3 (right).  

 

The incorporation of the N-methyl group on D-Phe for compound 3 has a distinct effect upon 

the adopted solution structure; the three lowest energy conformations calculated are shown in 

Figure 4.5 (right). All three peptide bonds remain in the trans-configuration and the 2-Abz 

intra-residue H-bond is maintained. Although the NH of D-Phe is not an H-bond donor in 

compound 1, the steric effect from N-methylation of D-Phe in compound 3 results in an 

apparent loss of the remaining two inter-residue H-bonds present in 1. A simple peptide bond 

inversion at the site of N-methylation, such as that seen between solution and solid state 

conformations of 1, is insufficient to accommodate the additional bulk as seen in the space-

fill model (Figure 4.7). To accommodate the additional bulk of the of the CH3 group, rotation 

about the D-Phe NH-C
α
 and C

α
-C=O bonds occurs as shown in Figure 4.8. Ultimately, N-

methylation at D-Phe results in the planarity of the turn structure being lost. Instead, a non-

planar turn structure with a more twisted geometry is observed, with the NMe-D-Phe-2-Abz 

motif bearing moderate similarity to the Pro-2-Abz moiety reported by the findings of the 

Sanjayan group.
36

 Despite the observed loss of planarity compared to 1, compound 3 

maintains C
α

i – C
α

i+3 distances of 6.4 – 6.6 Å across ensemble members, which are within the 

β-turn defining 7 Å limit. Although two H-bond restraints are lost, the steric effect of the N-

methyl group results in a very well defined ensemble (Figure 4.5, right) occupying only a 

small fraction of the potential conformational space and an average backbone RMSD of only 

0.448 Å to the average structure. Furthermore, the 2-Abz and D-Ala amide temperature 
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coefficients remain low (Table 3.8) which supports the calculated structures where both are 

buried from the solvent (Figure 4.7, right) and the 2-Abz is hydrogen bonded (Figure 4.5, 

right, dashed H-bond not shown).  

 

 

Figure 4.8: Representative solution conformation calculated for compound 1 showing major 

backbone rotations (black arrows) that occur upon N-methylation of D-Phe to produce the 

conformation of compound 3. 

 

It should be noted that for both of these linear peptides (1, 3), the NMR spectra showed a 

second set of resonances corresponding to an approximately 15% minor conformer 

(Appendix D, Figure D1 and D2). NMR assignments and structure calculations were based 

upon the major conformer. During variable temperature NMR experiments from 278 – 318 K 

the peak integration of this second set of resonances remained constant (Appendix D, Figure 

D1 and D2). However, these conformers appear to be in slow exchange relative to the NMR 

time-scale as evidenced by exchange cross-peaks in the NOESY spectrum (not shown). 

Interestingly however, upon cyclisation neither compound presents structural dimorphism in 

their NMR spectra (Appendix D, Figure D3 and D4). The near quantitative conversion upon 

cyclisation (Chapter 3) would suggest that despite the presence of the two conformers in 

solution, only one leads to irreversible formation of the cyclic product. Alternatively, both 

conformers may be capable of cyclisation and the tight ring constraint associated with the 13-

membered ring must then dictate only a single energetically viable conformer for the cyclic 

product (Figure 4.9).  
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4.3 Conformations of cyclic tetrapeptides 9 and 11 

Cyclic tetrapeptides (CTPs) are often synthetically inaccessible, with success determined by 

pre-organisation of the linear precursor into a turn or pseudo-cyclic conformation.
40, 42, 45, 48-50

 

The conformational analysis of  linear peptides 1 and 3 demonstrated they carry a pseudo-

cyclic framework with short C
α

i – C
α

i+3 distances (Figures 4.12 and 4.13 respectively) that is 

pre-organised accordingly to access 13-membered cyclic tetrapeptides, supporting the near 

quantitative cyclisations observed in Chapter 3. Remembering that compound 3 was cyclised 

to compound 11 with near equivalent efficiency in both DMF and DCM (Figure 3.15), this 

strongly suggests the structures presented here are relatively solvent independent (compound 

1 not tested).  

 

A single crystal of compound 11 was obtained from a water-methanol mixture. Significantly, 

this appears to be first deposited X-ray crystal structure of a 2-Abz containing cyclic 

tetrapeptide (CCDC 1501747). A complete description of torsion angles (Figure 4.10) and 

hydrogen bonds are provided in Appendix E. The crystal structure reveals a distinctly planar 

13-membered ring with all peptide bonds in the trans-configuration (Figure 4.9, A). Five 

molecules were found in the unit cell, demonstrating very similar backbone conformations 

with an average RMSD of 0.069 Å for a pairwise alignment against molecule 1. 

Unsurprisingly, the D-Phe and D-Leu side chains demonstrated some degree of flexibility 

(Figure 4.9, B). Compared to the parent linear peptide, cyclisation restores planarity, resulting 

in a structure more similar to compound 1. The planarity observed in the crystal structure is 

similar to the NMR structures of 2-Abz containing CTPs devoid of N-methylation that were 

recently reported by Xin and Burgess
217

. Their work with stereo inversion showed that amide 

NH vectors invert predictably with stereochemistry of each residue. Two of the predicted NH 

vectors for D-amino acids by Xin and Burgess
217

 are supported by the crystal structure of 11. 

However, when the residue acylating 2-Abz is N-methylated (11) this peptide bond appears 

to invert relative to both their findings and our solution structure of compound 9 (non-

methylated, see later). It would therefore appear that both stereochemistry and N-methylation 

can be used to tune the orientation of the potential hydrogen bonding groups associated with 

each peptide bond. 

The turn constraint imparted by 2-Abz is most likely responsible for allowing cyclisation of 

this tetrapeptide in the all trans configuration, while the crystal structure of many other CTPs, 
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particularly those bearing N-methyl amino acids, often display a mixture of cis and trans 

peptide bonds.
71, 154, 192

 Interestingly however, the Crystal structure of the 2-Abz containing 

cyclic pentatpeptide cycloaspeptide A reveals a cis-peptide bond between Ala and NMe-

Phe.
234

 This suggests that the 2-Abz framework is best suited for CTPs to assume an all -

trans-configuration, while for the larger pentatpetide ring this is no longer true. 

 

Like compound 1, compound 11 also demonstrates an intra-residue H-bond of 2-Abz, 2.75 Å 

(Figure 4.9, A). Surprisingly, none of the structures calculated by Xin and Burgess
217

 

demonstrated such interaction, instead the carbonyl was generally found to be facing 

outwards in their CTPs devoid of N-methylation. 

 

 

Figure 4.9: A: Crystal structure of representative molecule (molecule 4) from the unit cell of 

compound 11, B: Overlay of five molecules within the unit cell of compound 11. 
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Figure 4.10: Stylised torsion angle diagram of compound 4. 

 

 

Solution conformations of compounds 9 and 11 were studied by NMR. Despite these 

compounds being soluble in CDCl3, NMR experiments were performed in CD3CN for 

consistency with the measurement conditions of compounds 1 and 3 which were only 

partially soluble in CDCl3. A table of NMR restraints implemented in YASARA modelling 

for compounds 9 and 11 can be seen in Appendix F. An ensemble of the nine lowest energy 

conformations calculated for compound 11 is shown overlaid with the crystal structure 

(Figure 4.11, right upper). The NMR ensemble is very well defined with an average 

backbone RMSD of only 0.013 Å. The NMR ensemble structure closely resembles the crystal 

structure (Figure 4.11, right upper and Figure 4.13), with all four peptide bonds in trans-

geometry and oriented similarly. The RMSD between the crystal and average NMR structure 

is 3.2 Å. The largest deviation of the solution structure is the placement of the D-Phe side 

chain. In the crystal structure the D-Phe side chain is projected outwards in the plane of the 

peptide ring, whilst the solution structure projects the side chain below the plane of the ring. 

The intra-residue H-bond of 2-Abz shown in the solid state (Figure 4.9) is maintained in 

solution with a donor-acceptor distance of ~ 2.8 Å across the ensemble members (Figure 

4.11, right, H-bond not shown). Another minor rotation sees the D-Leu NH now projected 
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appropriately to form an H-bond with its own carbonyl with a very short donor-acceptor 

distance of ~ 2.2 Å for all ensemble members (Figure 4.11, right lower).  

Figure 4.13 demonstrates the major backbone rotations that occur upon cyclisation of 

compound 3, resulting in the planar conformations of both the NMR and crystal structures of 

compound 11. While backbone and minor side chain rotations alone are sufficient to generate 

the crystal structure of 11, in solution, more significant rotations of the side chains are 

apparent. 

 

Compound 9 demonstrates a moderately less planar solution conformation than compound 

11, an ensemble of the nine lowest energy structures calculated is shown in Figure 4.11 (left). 

The NMR ensemble is very well defined with an average backbone RMSD of only 0.007 Å. 

The intra-residue H-bond of 2-Abz that is present in both its linear precursor 1 and also 

compound 11 is now absent similar to structures calculated by Xin and Burgess
217

. 

Irrespective of this, the 2-Abz amide temperature coefficient remains low and is possibly an 

inherent property of this amino acid’s chemical structure. Interestingly, this 2-Abz intra-

residue bond was demonstrated by all ensemble members calculated for compound 19 (see 

later, Figure 4.17, Figure 4.18). Furthermore the amide vector of the D-Phe residue acylating 

2-Abz is inverted compared to compound 11 (N-methylated) in accordance with the 

hypothesis that both stereochemistry and N-methylation can be used to tune the peptide bond 

orientation of these CTPs. When compound 9 is viewed in space fill model (Figure 4.14) it 

becomes obvious there is very little space for the D-Phe amide to bear the bulk of an 

additional CH3 group, necessitating the peptide bond inversion demonstrated by 11. The NMe 

group of 11 is instead directed outward and above the plane of the ring appropriately to 

reduce steric hindrances (Figure 4.11, Figure 4.14). 

 

While both cyclic peptides have a predominantly hydrophobic lower face, the segregation of 

hydrophobic and polar regions is exaggerated for compound 9 (Figure 4.11, side view). 

Compound 11 projects the D-Leu side chain roughly in the plane of the ring while for 

compound 9 it is directed below the plane of the ring, burying any polar functionalities of the 

backbone. Furthermore, with N-methylation absent, the upper face of compound 9 presents a 

number of polar groups, with three carbonyls and two NH groups accessible. The D-Phe NH 
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of 9 is projected towards the interior of the ring but remains somewhat accessible, further 

confirmed by its large temperature coefficient of -7.7 ppb/K (Table 3.9), compared to 

compound 1 (-0.9 ppb/K, Table 3.6).  

 

Figure 4.12 demonstrates the major bond rotations that occur upon cyclisation of compound 1 

to form compound 9, these include the same peptide bond inversion that occurs between D-

Leu and D-Phe and the rotation about the C
α
-C=O bond of 2-Abz that are also evident upon 

comparison of compounds 9 and 11 shown in Figure 4.11.  

 

 

Figure 4.11: Top and side views showing an ensemble of the nine lowest energy NMR 

conformations  calculated for compound 9 (left) compound 11 (right). The top view of 

compound 11 is overlaid with a representative molecule (molecule 4) from the crystal 
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structure (purple). The side view of compound 11 has an excerpt highlighting a possible 

intra-residue H-bond of D-Leu not seen in the crystal structure.  

 

Figure 4.12: Representative solution conformation calculated for compound 1 showing the 

major backbone rotations that occur upon cyclisation to 9 (black arrows). The C
α

i – C
α

i+3 

distance of the linear precursor is highlighted. 

 

Figure 4.13: Representative solution conformation calculated for compound 3 showing the 

major backbone rotations that occur upon cyclisation to 11 (black arrows). The C
α

i – C
α

i+3 

distance of the linear precursor is highlighted. 
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Figure 4.14: Space-fill models highlighting available space for N-methylation of D-Phe. 

Representative NMR structures of Compound 9 (left) and Compound 11 (right).  

 

4.4 Interrelationships of compounds 1, 3, 9 and 11 

Summarising the conformational preferences of this family of four peptides, the linear 

compound 1 demonstrates a unique β-turn geometry that is stabilised into a highly planar 

form by a series of three hydrogen bonds. Upon N-methylation of D-Phe additional steric 

hindrances result in the loss of two of these three hydrogen bonds with compound 3 adopting 

a more twisted turn conformation. However, all peptide bonds remain in trans-geometry. The 

additional ring constraint imposed through cyclisation of 1 sees compound 9 preferentially 

adopting a moderately planar ring with segregated hydrophobic and polar regions. The three 

H-bond restraints of compound 1 are abolished upon cyclisation. Unlike N-methylation of 

linear peptide 3, upon N-methylation of D-Phe in cyclic peptide 11, the additional steric 

hindrances instead restore planarity which is further stabilised by re-introduction of the intra-

residue 2-Abz H-bond. The turn inducing nature of 2-Abz allows these CTPs to adopt a 

conformation with all trans peptide bonds. N-Methylation at D-Phe in the second position of 

the CTP results in inversion of this peptide bond. One further point to note is that the 

chemical shift value of the 2-Abz amide proton demonstrates a large shift upfield when the 
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compounds are cyclised. For both linear peptides this resonance appears at ~ 11.5 ppm while 

for both cyclic peptides it appears at ~ 9.85 ppm (also observed in the study by of Xin and 

Burgess
217

). This shift does not appear to be related to any commonality in the conformations 

or hydrogen bonding, since the structure of compound 1 is more similar to the cyclic peptide 

11 than linear peptide 3. Instead this may be an inductive effect that occurs upon ring 

formation. The same is true for compounds 2, 12 and 21 discussed later. 

 

 

4.5 Conformation of linear peptide 2 

Compound 2, with only a minor modification to the side chain of the N-terminal residue (D-

Leu
1
 substituted with D-Val

1
) was expected to demonstrate a highly similar conformation to 

compound 1. Given the structure of compound 1 in both solid state and solution, minor side 

chain rotations appeared likely to allow for the accommodation of the extra bulk of the β-

branched side chain of Val in 2.  

The solution structure of 2 was also studied in CD3CN and indeed, upon structure calculation, 

revealed a conformation that further supports the β-turn conformation of 1. Again, compound 

2 also demonstrated an approx. 15% minor conformer in its NMR spectra while the major 

85% conformer was used for structure calculation. An ensemble of the ten lowest energy 

NMR restrained structures calculated for compound 2 is shown in Figure 4.15. The ensemble 

has a backbone RMSD value of only 0.84 Å to the average structure. The β-turn defining C
α

i 

– C
α

i+3 distance is maintained in the range of 4.7 – 5.3 Å for the ten ensemble members. All 

three hydrogen bonds shown in the solid state for compound 1 are maintained in many of the 

solution structures calculated for  compound 2 and the 2-Abz intra-residue H-bond is 

maintained by all (Figure 4.15, B). The maintained short C
α

i – C
α

i+3 distance and observed 

hydrogen bonds further supports a stable β-turn conformation and robust framework in 

solution. Similarly to the solution structure of compound 1, the peptide bond orientation 

between the i and i+1 residues is flipped compared to the crystal structure of 1 (Figure 4.15).  
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Figure 4.15: (A) Ensemble of ten lowest energy NMR restrained solution conformers 

calcualted for compound 2. (B) Examplary solution conformer of compound 2 highlighting 

three hydrogen bonds. (C) X-ray Crystal structure of compound 1 for comparison. 

 

The short C
α

i – C
α

i+3 distance observed for compound 2 again explains its facile cyclisation to 

compound 10. Despite near identical solution conformations of the linear precursors, the 

yield of 10 (74%) was slightly reduced compared to compound 9 (86%). Therefore, this 

observation can most likely be attributed to the increased steric bulk of the N-terminal valine 

for the linear precursor compound 2 which resulted in minor racemisation of compound 10 

that was not detected for compound 9 (Chapter 3). 

 

4.6 Conformation of linear peptide 6 

The racemisation (Figure 3.16) observed during cyclisation of compound 6 strongly suggests 

that either the pre-organisation of 6 is less favourable than compound 2 for accessing 

compound 10 (see Chapter 3) or that both the planarity and inflexibility of the C-terminal 2-

Abz hindering reaction rates is responsible. 

Attempts to elucidate the solution structure of compound 6 by NMR in in CDCl3, CD3CN and 

DMSO were unsuccessful due to the presence of aggregation. The 
1
H-NMR spectra 

demonstrated broad signals and the NOESY spectra demonstrated cross-peaks in-phase with 

the diagonal. This suggested a molecular weight of approx. 1 kDa and hence aggregation to 

the dimer or trimer was evident. As a result, intramolecular NOEs could not be distinguished 

A B C 
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from those originating from aggregation even if ROESY spectroscopy was employed. 

Raising the temperature also failed to break down the aggregates.  

The NMR spectra were recorded at approx. 1 mmol, roughly the same concentration at which 

cyclisation was attempted. To this end, while the intramolecular structure could not be 

assigned, the observed aggregation probably offers some explanation as to the poor 

cyclisation of compound 6 in DMF (similar to DMSO). While aggregation may suggest 

cyclodimerisation is likely to occur, it is also equally likely that the geometry of the 

aggregates instead hinders both cyclodimerisation and the reaction rate of the desired 

cyclisation, resulting in N-terminal racemisation (Figure 3.16, Scheme 3.7). Indeed, the 

observed racemisation may result from contributions of numerous unfavourable factors 

including, aggregation, poorer pre-organisation and a C-terminus that is both hindered and 

inflexible. 

 

4.7 Conformations of compounds 12 and 19 

The NMR restrained solution structure of compound 12 was calculated in CD3CN, an 

ensemble of the ten lowest energy conformers is shown in Figure 4.16 (right). The ensemble 

is well defined with an average backbone RMSD of only 0.17 Å, suggesting a rigid backbone 

structure. Furthermore, as highlighted in this figure, upon comparison with solution structures 

calculated for compound 11, the replacement of D-Leu (11) with D-Val (12) has very little 

effect upon the obviously rigid backbone of the CTP, despite bearing increased bulk. While 

the backbone remains rigid, a minor rotation of the D-Phe side chain is evident. However, as 

noted by both the crystal structure (Figure 4.9 B) and its comparison with the NMR ensemble 

of 11 (Figure 4.11), this side chain is expected to be somewhat flexible and therefore comes 

as no surprise. The very minor shift in backbone geometry of compound 12 relative to 11 

sees the possible intra-residue H-bond of D-Leu observed for 11 no longer present after 

substitution with D-Val (Figure 4.11). However, all ensemble members of both 11 and 12 

maintain the 2-Abz intra-residue H-bond as expected.  

The maintained backbone geometry in the presence of varying side chain bulk suggests the 

frame work of this CTP, bearing the structure cyclo(D-Xaa-NMe-D-Phe-2-Abz-D-Ala) is rigid 

and likely to present a predictable back bone conformation for incorporation of varying 

amino acid side chains, at least in the first position. 
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Figure 4.16: Top and side views showing an ensemble of the nine lowest energy NMR 

restrained solution conformations calculated for compound 11 (left) and an ensemble of the 

ten lowest energy NMR conformations calculated for compound 12 (right). 

 

The NMR restrained solution structure of compound 19 was calculated in CD3CN, an 

ensemble of the ten lowest energy conformers is shown in Figure 4.17 (right).  The ensemble 

presented minimal flexibility with an average backbone RMSD of only 0.28 Å. The ensemble 

structures show close resemblance to compound 9 (Figure 4.17) suggesting the CTP 

backbone structure is relatively independent of the side chain in this position. Like compound 

9, the NMR structures demonstrate the peptide bond between D-Leu and the subsequent 

amino acid (either D-Phe or D-Thr) is inverted in comparison to peptides 11 and 12 which 

bear N-methylation. Although this effect is more exaggerated for compound 19, this further 
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supports the hypothesis that both stereochemistry and N-methylation can be used to tune the 

amide vectors of these CTPs.
217

  

 

 

Figure 4.17: Top and side views showing an ensemble of the nine lowest energy NMR 

restrained solution conformations calculated for compound 9 (left) and an ensemble of the ten 

lowest energy NMR conformations calculated for compound 19 (right). 

 

The most interesting observation from the calculated structures of compound 19 was the 

observed intra-residue bond of 2-Abz (Figure 4.18). For the other CTPs devoid of N-

methylation, compound 9 and those studied by Xin and Burgess
217

, this was not observed, 

with the carbonyl instead directed away from the interior of the peptide ring. It appears that 

although this interaction is certainly feasible for non-N-methyl CTPs, it may less crucial than 
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for compounds bearing N-methylation (11 and 12), where it was observed in both the solid 

and solution state. 

 

It was also observed that the geometry of the D-Thr side chain is somewhat fixed due to a 

hydrogen bonding contact with the carbonyl of the prior D-Leu residue. The donor – acceptor 

length of this interaction varied 2.9-3.4 Å among ensemble members, averaging approx. 3.1 

Å. In the case of the natural product asperterrestide A, bearing D-threo-NMe-3Pse in this 

position, it is unlikely such an interaction would take place, despite also bearing the required 

β-hydroxyl. Given the structure of the N-methylated compounds 11 and 12 where this peptide 

bond is inverted and the carbonyl faces both downwards and towards the interior of the ring 

(Figure 4.16) it would be difficult for the side chain to adopt an appropriate geometry for this 

interaction to occur, without alteration of the peptide backbone.  

 

 

Figure 4.18: Representative NMR restrained solution structure calculated for compound 19 

demonstrating two hydrogen bonding interactions. 

 

As for the general structure cyclo(D-Xaa-NMe-D-Phe-2-Abz-D-Ala), here it is also noted for 

the general structure cyclo(D-Leu-D-Xaa-2-Abz-D-Ala), that the side chain of Xaa has little 

impact upon the general structure of the peptide backbone. To that end, for this general CTP 

scaffold, both the first and second position of the ring can likely accommodate a variety of 

side chains with N-methylation dictating the amide vector, at least in the second position. 
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4.8 Conclusions 

1. The crystal structure of compound 1 presents a novel β-turn peptidomimetic stabilised 

by a unique series of three hydrogen bonds. The utility of this fragment for β-hairpin 

design is supported by the analogous solution structures of both compounds 1 and 3 

and is explored in Chapter 7. 

 

2. The crystal structure of compound 11 appears to be the first deposited for a 2-Abz 

containing CTP. 

 

3. The crystal and solution structure data from compounds 9, 11, 12 and 21 presents 

insights into how minor modifications of the chemical structure influence the 

conformational preferences of this family of CTPs. Peptides of the general structure 

cyclo(D-Xaa
1
-D-Xaa

2
-2-Abz-D-Ala) appear to maintain a predictable backbone 

conformation in presence of varying side chains in the position of Xaa
1
 and Xaa

2
. 

Furthermore, the peptide bond between these two amino acids appears to invert 

predictably upon N-methylation. 

 

4.9 Experimental 

4.9.1 Crystallography 

Small crystalline plates of linear peptide 1 and cyclic peptide 11 were passed through 

Paratone-N oil and were mounted in nylon loops for flash cooling in liquid nitrogen. Crystals 

were transported frozen to the Australian Synchrotron where data were collected on the MX1 

or MX2 beamline at 100K and at a wavelength of 0.71073 Å using the Blu-Ice software 

package.
329

 Oscillation data were processed using XDS and the unnmerged intensity data 

converted to SHEXL hkl format using XDSCONV .
330

 The structure was solved using 

SHELXT and atoms visualised using shelXle.
331-332

  One molecule of linear peptide and five 

molecules of cyclic peptide were located in their respective structures and were refined using 

SHELXL.
333

 Heavy atoms were refined by least squares refinement (linear) or conjugate 

gradient least squares refinement (cyclic) in SHELXL before anisotropic refinement and the 
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subsequent addition of hydrogen atoms in idealised positions. Alternate side chain and main 

chain conformations, and solvent molecules, were modelled as appropriate in each structure. 

Details of data collection and refinement are included in Appendix E. 

The linear peptide structure was solved in space group I222 and contains one complete 

molecule with two alternative side chain conformations modelled for D-Phe. The final round 

of refinement gave an R1 value of 0.082 for 7537 Fo >  4sig(Fo). The cyclic peptide structure 

was solved in space group P212121 and contains one complete molecule with alternative side 

chain conformations modelled for D-Leu and D-Phe as appropriate. The final round of 

refinement gave an R1 value of 0.102 for 26,218 Fo >  4sig(Fo). Details of X-ray data 

collection and refinement are included in Tables S7 and S8. 

Crystallographic data for compounds 1 and 11 were deposited into the CCDC database with 

codes CCDC 1501746 and CCDC 1501747 respectively. 

 

4.9.2 NMR Spectroscopy 

Samples were dissolved in CD3CN (Cambridge Isotopes, 99.8%) at approximately 2 mmol. 

NMR spectra were recorded on a 5 mm, TCI cryoprobe-equipped Bruker Avance 700 

spectrometer operating at 700.13 MHz. Peak assignments were made using 2D double-

quantum filtered COSY and TOCSY spectra (mixing time typically 60 ms). Distance 

restraints were obtained from a NOESY spectrum. A mixing time of 300 ms and a relaxation 

delay of 3 s were used for NOESY spectra. These spectra incorporated suppression of zero-

quantum artefacts
334

 and in most cases a weak, off-resonance presaturation pulse to suppress 

residual methyl proton signals from the solvent. All 2D NMR spectra were recorded at 298K. 

1D 
1
H spectra were obtained at 10K intervals between 288K and 318K in order to establish 

the temperature dependence of the HN chemical shifts. Spectra were referenced relative to an 

external standard of the solvent spiked with TMS at 0 ppm and measured at each temperature.  

 

Spectra were processed with Bruker Topspin 2.1.8 using standard parameters. Peak 

assignments and generation of NOE distance restraints was performed using CCPN Analysis 

v.2.4.2.
335

 Peak volumes were calculated using standard settings and NOE distances were 

calibrated by setting the average volume of the D-Phe C
β
 protons to 1.8 Å. 
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4.9.3 Solution structure calculation  

Structures of compounds 1, 2, 3, 9, 11, 12 and 19 were calculated using the standard NMR 

structure calculation tool of the program YASARA.
291

 In short, the NOE restraints were 

exported from CCPN4 in XPLOR format and included in structure calculations in all steps. 

First, ten roughly folded structures were calculated by randomly changing torsion angles 

starting from the initial structure built with D-amino acids and non-standard amino acids. The 

structures were refined in vacuum by 40 cycles of heating and cooling. Afterwards, the 

structures went through water refinement using the same restraints. Structures of compound 1 

were corrected after calculation to improve the planarity of peptide bond involving the C-

terminus of Abz by fixing it in the trans-position. This correction resulted in lower overall 

energy and was consistent with NOEs. For compound 3, the energy term was added to the 

energy function to hold the D-Leu-D-NMe-Phe peptide bond planar in the trans-position 

consistent with NOE data. The structures with the lowest energy and retaining D-

configuration were chosen from 10 structures to represent the ensemble for each compound.  
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Chapter 5 

Biological evaluation of 

asperterrestide A analogues 
 

This chapter describes the biological screening of the compounds reported in Chapter 3. 

Compounds were tested for mammalian cytotoxicity, antiviral, antibacterial, antifungal and 

haemolytic properties. 
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5.1 Background. 

Asperterrestide A was reported to demonstrate cytotoxicity against two carcinoma cells lines, 

U937 and MOLT4 with IC50 values of 6.4 and 6.2 µM.
79

 Therefore it seemed likely the 

analogue series documented in Chapter 3 may demonstrate mammalian cytotoxicity. The 

analogue series were therefore screened against two human cell lines. Asperterrestide A was 

also reported to have anti-viral effects against both H1N1 and H3N2 strains of influenza virus 

with IC50 values of 15 and 8.1 µM respectively.
79

 The reported activity was tested in an 

MDCK infected cell line.
79

 Again, given the similarity of the analogues series to the natural 

product, the compound series were tested against H1N1 infected MDCK cells for antiviral 

effects. Furthermore, although antibacterial and antifungal activities were not reported, a 

variety of other naturally occurring CTPs possess a myriad of different biological activities 

(Table 1.1). Therefore, antibacterial, antifungal and haemolytic activities of the analogue 

series were also investigated. 

 

5.2 Evaluation of mammalian cytotoxicity  

The complete series of tetrapeptides 1-4, 8, 9-12 and 18-27 were evaluated against U937. 

Because U937 is a leukaemia cell line, the cells are non-adherent. Therefore the WST-1 assay 

for cell viability was employed as described in Chapter 2. To thoroughly evaluate the 

cytotoxicity of the compounds, a 5 day assay, employing a low seeding density was 

employed. Compounds were tested from a top concentration of 200 µM in a series of two-

fold dilutions made within the micro titre plate before seeding with U937 cells. Compound 26 

was very insoluble and could only be tested at a maximum of 50 µM. The results of this assay 

are shown in Table 5.1.  

 

Unsurprisingly, the linear compounds were devoid of cytotoxicity. Surprisingly however, the 

cyclic compounds were also not cytotoxic, with IC50
 
values >  100 µM against U937 cells. 

While compounds 9 and 11 demonstrated approx. 50% cytotoxicity at 200 µM, compounds 

10 and 12 did not at this concentration, suggesting the Leu side chain is preferred over Val 

for mammalian cytotoxicity. Furthermore this suggests that perhaps the D-Ile (or D-Allo-Ile) 

side chain of the natural product is crucial for activity as minor variations here appear to 
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impact the observed activity. N-Methylation at D-Phe is apparently of lesser importance and 

did not impact activity at the concentrations tested. 

 

Table 5.1: Cytotoxicity testing of asperterrestide A analogues.  

 IC50 (µM)
a
 

Compound U937 HCT116 

1 >  100 >  100 

2 >  100 >  100 

3 >  100 > 100 

4 > 100 > 100 

8 > 100 > 100 

9 > 100 34.5 

10 > 100 > 100 

11 > 100 > 100 

12 > 100 > 100 

18 > 100 > 100 

19 > 100 > 100 

20 > 100 > 100 

21 > 100 > 100 

22 > 100 > 100 

23 > 100 > 100 

24 > 100 > 100 

25 > 100 > 100 

26 > 100 25-50
b 

27 > 100 > 100 

a
 IC50 determined from the average of three separate experiments each with three internal replicates. 

b
 Compound 26 demonstrated nearly total inhibition of cell growth at 50 µM, but displayed no 

inhibition at lower concentrations. Concentrations above 50 µM could not be tested due to poor 

solubility and therefore an accurate IC50 determination was not possible. 
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Without access to the MOLT4 cell line, attention was turned to instead investigating 

cytotoxicity against an adherent cell line, HCT116 was chosen for this purpose. The results of 

this are also shown in Table 5.1. While the linear compounds were again devoid of activity, 

compound 9 displayed moderate cytotoxicity, with an IC50 of 34.5 
+
/- 4.1 µM. The IC50 plot 

can be seen in Figure 5.1. While this activity can be considered moderate, it is in fact 

equipotent to the activity reported against HCT116 (in a similar MTT style assay) for the 

clinically used cytotoxic agent cisplatin, which demonstrated an IC50 of 33.4 µM.
224

 

 

Figure 5.1: IC50 plot of compound 9 tested against HCT116 cells. Cytotoxicity is measured 

as percentage cell proliferation relative to untreated control group and concentration plotted 

on a logarithmic scale. 

 

Compound 11, the D-Phe N-methyl derivative of 9, demonstrated near total inhibition of cell 

growth at 200 µM, however very little activity was observed at lower concentrations. 

Similarly to the U937 assay, when Leu was substituted for Val in peptides 10 and 12, activity 

was abolished even at 200 µM. This result is somewhat surprising, given that valine being β-

branches is structural more similar to the natural product (D-Ile or D-Allo-Ile). Given these 

observations, the exact structure of this small hydrophobic side chain may be crucial to 
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activity and perhaps D –Ile (or D-Allo-Ile) is most preferable, with the larger hydrophobic 

group acting more similarly to Leu, than Val. Interestingly, compound 9 is the most 

structurally distinct compound from asperterrestide A of 9-12, being devoid of the N-methyl 

group and a β-branched hydrophobic side chain (Figure 5.2). However, 9 was inactive against 

U937 even at 200 µM. A possible explanation for the observed activity of compound 9 

against HCT116 but not U937 is modification of the molecular target which may or may not 

be the same target as asperterrestide A in U937 cells.  

 

 

Figure 5.2: Chemical structures of asperterrestide A (left) and compound 9 (right). 

 

Compounds 18-21 were designed to investigate the importance of the β-hydroxyl found in 

asperterrestide A, but were devoid of the β-phenyl group present in both Aspeterrestide A and 

compounds 9-12. Compounds 18-21 demonstrated less than 50% cytotoxicity at 

concentrations as high as 200 µM against both cell lines. It could therefore be concluded that 

the phenyl ring plays a more important role towards cytotoxicity than the hydroxyl group of 

the natural product, however the 3-Pse residue, combining both functionalities appears to be 

somewhat crucial. Furthermore, addition of the phenol group of Tyrosine in compounds 22 

and 23 abolished the observed activity of compound 9 against HCT116, presumably the 

additional bulk prevents target binding. 

 

A 2-Abz containing cyclic tripeptide from literature, psychrophilin E, isolated from a mixed 

fermentation broth of two Aspergillus strains, has been demonstrated to show selectivity 

cytotoxicity towards HCT116 cells.
224

 When tested for anti-proliferative effects against 4 

cell-lines IC50 values ranged 28.5 - 67.8 µM with the greatest potency against HCT116. 
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Further studies by other groups revealed IC50 values > 100 µM against additional cell lines, 

with similar results also for psychrophilins F-H. 
226

 However, against HCT116, psychrophilin 

E was more potent than cisplatin, which demonstrated IC50 values of 28.5 µM and 33.4  µM 

respectively.
224

 Given the similarity in chemical structure and overall hydrophobicity 

between compound 9 and psychrophilin E (Figure 5.3), it appears possible they may share a 

common target. However, as shown in Figure 5.4, the three-dimensional conformation of 

these molecules, when viewed relative to 2-Abz, is largely varied as are the position and 

direction in which potential hydrogen bonding contacts reside. Nonetheless, when compound 

9 is rotated appropriately, a similar potential ligand structure is observed (Figure 5.5). 

 

 

Figure 5.3: Chemical structures of compound 9 (left), and psychrophilin E (right). 

 

 

 

Figure 5.4: Representative NMR solution structure of 9 (left) and crystal structure of 

psychrophilin E (right), highlighting an inter-residue H-bond (donor-acceptor length), 

downloaded from CCDC database. Structures rotated with reference to 2-Abz positioning. 
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Figure 5.5: Representative NMR solution structure of 9 (left) and crystal structure of 

psychrophilin E (right), highlighting an inter-residue H-bond (donor-acceptor length), 

downloaded from CCDC database. Structures are rotated so as to demonstrate potential 

ligand similarity. 

 

Interestingly, compound 26 demonstrated near total inhibition of cell growth at 50 µM, but 

displayed no activity at lower concentrations. This compound proved to be highly insoluble 

and therefore concentrations above 50 µM could not be tested making an accurate IC50 

determination impossible. Upon N-methylation of D-Phe, this apparent activity was 

abolished, even up to 200 µM. Based on NMR observations (Chapter 4) the insolubility of 

compound 26 appears to be due to aggregation. 

 

5.3 Antiviral assay 

Given the antiviral activity of asperterrestide A against H1N1 and H3N2 influenza viral 

strains in MDK cells, compounds 1-4, 8, 9-12 and 18-27 were evaluated for antiviral activity 

against influenza A/PR8 (H1N1) infected MDCK cells. First, the compounds series was 

tested for cytotoxicity against MDCK cells finding all compounds to demonstrate no 

significant cytotoxicity up to 100 µM, except for compound 9 for which 50 µM was the 

highest non-toxic concentration. Testing a dilution series starting from the highest non-toxic 

concentration, the compounds were found to be almost completely devoid of antiviral effects 

as measured by a reduction in cytopathic effect (CPE). It would appear that the 3-Pse residue 

is probably crucial for the observed activity of the natural product. In fact antiviral activity of 
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the 3-phenyserine residue as a standalone compound was reported as early as 1957.
336

 Albeit 

activity was primarily attributed to the L-threo form rather than the D-threo form found in 

asperterrestide A.
336

 Substitution of the β-hydroxyl abolished activity as did substitution of 

the alpha-amine. Furthermore, antiviral activity was antagonised by phenylalanine, 

suggesting a possible mechanism in disruption of protein synthesis or structure.
336

 

 

5.4 Antibacterial and antifungal susceptibility testing 

Being natural product analogues, it appeared possible the analogue series may possess 

antibacterial and / or antifungal activity despite it not being reported for the natural product. 

Compounds 1-4, 8, 9-12 and 18-27 were evaluated for potential antibacterial activity against 

one Gram negative (E. coli) and one Gram positive strain (S. aureus). However, all of the 

compounds (Table 5.2) were found to be complete devoid of antibacterial activity against 

either pathogen with MIC values > 100 µM. 

 

Compounds 1-4, 9-12, 18-23, 26 and 27 were evaluated for potential antifungal activity 

against C. albicans. All of the tested compounds were found to be devoid of any inherent 

antifungal activity, with MIC values > 100 µM.  

The compound series was also evaluated for potential synergistic effects with a known 

antifungal compound, Amphotericin B (AMB). Amphotericin B, is known to form pores 

within fungal membranes and is described in detail in Chapter 7.
337

 Two cyclic peptides, 11 

and 18 were found to demonstrate moderate synergy with Amphotericin B, with MICs of 25 

and 50 µM when tested in the presence of ½ the observed MIC (0.78 µM) of AMB. 

Interestingly, these were two of the lesser active compounds in the cytotoxicity activity. 

Given the chemical structure and non-haemolytic nature of these compounds (see later, 

section 5.5), it is probably unlikely that their synergy arises from a cooperative membrane 

disruption effect, but instead, partial permeabilisation of the fungal membrane by sub-MIC 

concentrations of Amphotericin B may promote uptake to intracellular targets. 
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Table 5.2: Antibacterial susceptibility testing of asperterrestide A analogues. 

 MIC (µM)
a
 

Compound E.coli S. aureus 

1 > 100 > 100 

2 > 100 > 100 

3 > 100 > 100 

4 > 100 > 100 

8 > 100 > 100 

9 > 100 > 100 

10 > 100 > 100 

11 > 100 > 100 

12 > 100 > 100 

18 > 100 > 100 

19 > 100 > 100 

20 > 100 > 100 

21 > 100 > 100 

22 > 100 > 100 

23 > 100 > 100 

24 > 100 > 100 

25 > 100 > 100 

26 > 100 > 100 

27 > 100 > 100 

a
 MIC determined from three separate concordant experiments each with three internal 

replicates. 
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Table 5.3: Antifungal susceptibility testing of asperterrestide A analogues. 

 MIC (µM)
a
 

Compound C. albicans C. albicans + 0.78 µM AMB
c
 

1 > 100 > 100 

2 > 100 > 100 

3 > 100 > 100 

4 > 100 > 100 

9 > 100 > 100 

10 > 100 > 100 

11 > 100 25 

12 > 100 > 100 

18 > 100 50 

19 > 100 > 100 

20 > 100 > 100 

21 > 100 > 100 

22 > 100 > 100 

23 > 100 > 100 

26 > 100 > 100 

27 > 100 > 100 

Amphotericin B 1.56 N/A 

a
 MIC determined from three separate concordant experiments each with three internal 

replicates. 

b
 Media supplemented with sub-MIC concentration of amphotericin B.  
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5.5 Haemolytic assay 

Given compound 1 had demonstrated a novel β-turn structure and showed potential as a 

framework for the development of bioactive β-hairpins, a haemolytic assay was used to test 

that this fragment did not possess inherent haemolytic activity that may render it too toxic. 

Furthermore, this compound was also devoid of cytotoxic effect on both HCT116 and U937 

cell lines at the highest concentration tested (200 µM). Compounds 3, 9, and 11 were also 

included in this assay.  

All of compounds 1, 3, 9, and 11 demonstrated no appreciable haemolysis (< 3%) at 

concentrations high as 400 µM (Figures 5.6 and 5.7). The lack of both cytotoxicity and 

haemolysis of compound 1 makes it a promising candidate for engineering β-hairpin 

structures with favourable biological activities. Given compound 9 was found to be non-

haemloytic, this suggests intracellular targets, rather than cell lysis are most likely responsible 

for the observed cytotoxicity against HCT116 cells. 

 

 

Figure 5.6: Mouse red blood cell haemolysis assay of compounds 1 and 3 plotted on a 

logarithmic scale. 100% haemolysis referenced as treatment with 0.5% Triton X-100 
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Figure 5.7: Mouse red blood cell haemolysis assay of compounds 9 and 11 plotted on a 

logarithmic scale. 100% haemolysis referenced as treatment with 0.5% Triton X-100 

 

5.6 Conclusions 

1. The biological evaluation of the asperterrestide A analogues demonstrated that the 3-

phenylserine (3-Pse) residue is most likely crucial for the observed cytotoxicity and 

antiviral effects of the natural product. Furthermore, the aliphatic side chain geometry 

may also be important.  

 

2. Against a different cell line (HCT116), compound 9 demonstrated moderate 

cytotoxicity with an IC50 of 34.4 µM. Although moderate, this activity is virtually 

equipotent to the IC50 reported against HCT116 cells for the cisplatin, a clinically 

relevant compound.  

 

3. Compounds 11 and 18 possess moderate antifungal activity, 25 and 50 µM, in the 

presence of sub-MIC Amphotericin B. However, these compounds alone are inactive 

suggesting they may possess intracellular targets but have poor uptake across the 

fungal cell wall and cell membrane. 

 

4. Compounds 1, 3, 9 and 11 proved to be non-haemolytic which suggests the 

cytotoxicity of 9 is unlikely to be of a cell lytic nature. The lack of cytotoxicity and 

haemolysis of compound 1 further support its apparent potential for development of 

bioactive β-turns or hairpins (explored in Chapter 7). 
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5.7 Experimental 

For all biological assays, compound solutions were produced in the appropriate media from 

20 mM DMSO stock solutions. 

 

5.7.1 Chemicals and reagents 

Common solvents and chemicals were purchased from Sigma Aldrich, NZ. Mueller Hinton 

broth (MHB, non-cation adjusted) of BD-Difico brand was purchased from Fort Richard 

Laboratories, New Zealand. Tissue culture treated polystyrene and untreated polypropylene 

96-well plates for antimicrobial assays were purchased from Thermo Fisher, New Zealand.  

 

5.7.2 Cytotoxicity IC50 assay for U937 

Using tissue culture 96-well plates, a two-fold dilution series was produced in triplicate for 

each respective compound (50 µl) using Dulbecco's Modified Eagle Media (DMEM) 

supplemented with 5% fetal calf serum (FCS). Plates were then seeded with 1000 cells per 

well (50 ul) and incubated for 5 days at 37 
o
C in a 5% CO2 atmosphere. One column was left 

as an untreated growth control and one as a background control which was not seeded with 

cells. After 5 days, WST-1 (20 ul, as a 30% v/v solution in PBS) was added to plates and 

incubated for 2 hours before plate reading at 450 and 630 nm. Absorbance at 630 nm was 

subtracted from the 450 nm readings and the background absorbance from non-seeded wells 

also subtracted. Cytotoxicity was measured as a% of growth relative to the untreated control 

group.  

 

5.7.3 Cytotoxicity IC50 assay for HCT116 

The assay was performed as for U937 with one modification. Plates were seeded with 

adherent HCT116 cells (400 cells per well in 100 µl) 6 hours prior to allow cell attachment 

before producing a dilution series in the same plate with gentle pipetting. 
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5.7.4 Cytotoxicity IC50 assay for MDCK 

The assay was performed as for HCT116 cells, except cells were seeded at a density of 5000 

cells per well and incubated for 72 hours. 

 

5.7.5 Antiviral cytopathic effect (CPE) assay of H1N1 influenza in MDC 

cells 

96-well microtitre plates were seeded with MDCK cells at a density of 20,000 cells per well 

in DMEM media containing 5% FCS and incubated overnight at 37 
o
C in a 5% CO2 

atmosphere until cells became confluent. The cells were washed thrice with DMEM media 

devoid of FCS. Peptide solutions were prepared in this same media, also containing 1 µg/ml 

trypsin-TPCK and a dilution series made across the plate by gentle pipetting, leaving 50 µL 

of each compound at twice the final test concentration. Two columns were left untreated. To 

each well was then added influenza A PR8 virus (0.2 MOI, 50 µl). One untreated column was 

left uninfected so as to serve as the non-infected control, while the untreated but infected 

column served as the CPE control. The plates were then incubated and monitored for 72 

hours. The cells with fixed with cold methanol for 30 minutes before staining with a 0.5% 

crystal violet solution in 20% v/v methanol. After for 30 minutes, excess stain was removed 

by washing with water and the stain was then eluted for 30 minutes in 50% aqueous ethanol 

before plate reading at absorbance 600 nm. Antiviral effect was determined as the reduction 

in CPE relative to the two control groups. 

 

5.7.6 Bacterial minimum inhibitory concentration assay (MIC) 

S. aureus and E.coli were grown as overnight cultures in Mueller-Hinton broth (MHB, non-

cation adjusted) at 37 
o
C. Bacterial suspensions were adjusted to 0.1 OD and then diluted 

1:100 in accordance with a well-established documented protocol.
298

 Compounds were 

assayed on 96-well microtitre plates preparing dilutions in the plate prior to inoculation. 

Plates containing 50 ul of compounds at twice the final test concentrations and a non-

treatment growth control were then innocualted with 50 ul of the diluted bacterial suspension. 

An additional column was not inoculated as a sterility control and instead 100 ul of media 

was added. After incubation for 18h at 37 
o
C, plates were viewed visually and by plate 

reading OD at 600 nm. MIC was determined as the lowest concentration in which no 
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bacterial growth was observed as determined from three concordant experiments, each with 

three internal replicates 

 

5.7.7 Haemolysis assay 

Haemolytic activities of the peptides were investigated by determining the haemoglobin 

release from erythrocyte suspensions of fresh mouse blood (2%, vol/vol). The blood cells 

were centrifuged at low speed for 5 mins and the plasma was removed. The blood cells were 

washed in Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.2). The blood cell pellet was re-

suspended as a 2% vol/vol solution in the Tris buffer. Peptides were diluted in Tris buffer and 

two-fold dilutions made in the microtitre plate as per MIC assays. To the peptide solution (50 

µL) was added re-suspended blood cells (50 µL) and incubated for 1 hour at 37 
o
C without 

shaking. The buffer solution and 0.5% Triton X-100 were used as the negative and positive 

control respectively (50 µL). The experiment was carried out in triplicates. After incubation, 

the plates were centrifuged at 3500 x G for 10 mins. The supernatant (80 µL) was transferred 

into separate 96 well plates and the haemolysis was measured using a plate reader measuring 

absorbance at 540 nm. Percentage haemolysis at each peptide concentration can be calculated 

from the following equation, where Aexp is the experimental A540 measurement, ATris is the 

negative control where only Tris buffer was added to RBC, and A100%, is the positive control 

where 0.5% Triton X-100 (50 µL) was used to cause lysis of 100% RBC present.  

 

% haemolysis = (Aexp − ATris)/(A100% − ATris)× 100 

 

5.8.8 Fungal minimum inhibitory concentration assay (MIC) 

Fungal susceptibility testing was performed following a procedure with minor adaptions from 

a known standard.
338

 A single colony of C. albicans was transferred to a solution of Roswell 

Park Memorial Institute (RPMI) media (0.5 ml) and adjusted to an OD of 0.1 and then diluted 

1:100. The assay was performed as described for bacterial MIC assays, with the incubation 

time extended to 48 hours at 35 
o
C. Determination of activity was performed by visual 

inspection as the fungus does not grow as a homogeneous solution for plate reading; instead 

colonies on the bottom of the wells are observed. MIC was determined as the lowest 

concentration in which no fungal growth was observed as determined from three concordant 

experiments, each with three internal replicates. Synergistic assays were performed 
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identically except during compound dilution stages the media was supplemented with 

Amphotericin B at either 1.56 µM which became diluted two-fold to the desired final 

concentration after inoculation with 50 µl of the fungal suspension. 
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Chapter 6 

Synthetic attempts towards 

asperterrestide A 
 

This chapter describes the attempts made towards the synthesis of asperterrestide A which are 

currently unsuccessful. Coupling of 3-Pse to 2-Abz was found to proceed very poorly due to 

both steric bulk and poor nucleophilicity of 2-Abz. 
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6.1 Background 

The reported structure of isolated asperterrestide A (Figure 6.1) has a discrepancy between 

either a D-Allo-Ile or D-Ile residue which must be resolved via synthesis and 

characterisation.
79

 After synthesis of both analogues, comparing NMR data and [α]D to the 

natural product will clarify the discrepancy in the structure. The peptide also bears an NMe-

D-threo-3-phenylserine residue that is not commercially available. Synthesis of this amino 

acid would require either optical resolution or asymmetric synthesis. Given a successful 

method, which proved to be robust across a variety of analogues, had been standardised for 

the synthesis of the cyclic asperterrestide A analogues (Chapter 3), isolation of the desired 

stereochemistry was originally deemed to be the most significant challenge. 

 

Figure 6.1: Chemical structure of asperterrestide A. 

 

6.2 Synthesis of racemic 3-phenylserine 

3-Phenylserine can be synthesised by the condensation of glycine and benzaldehyde in 

aqueous 5M NaOH (Scheme 6.1).
339

 This reaction is reported to produce predominantly the 

racemic threo isomer over the erythro in an approximately 8:2 ratio.  

 

Scheme 6.1: Alkaline condensation of glycine and benzaldehyde showing the major 3-

phenylserine stereoisomer. 
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However the natural product is reportedly composed of only the D-threo (2R, 3S) isomer. 

Multiple commercial suppliers were contacted all of whom stated they had discontinued the 

optically pure product of interest, which was originally priced exorbitantly. There are 

numerous reported optical resolutions in the literature, along with complicated and expensive 

asymmetric synthesis procedures.
339-342

 Given the relatively small size of the peptide and 

specific conformations documented in Chapter 4, inversion at a single stereocentre would 

likely result in a significantly altered conformation. Therefore, it was envisioned that 

synthesis of the peptide using the racemic amino acid would allow for separation of the 

peptide as two diastereomers by RP-HPLC. Such an effect would likely be exacerbated by 

protection of the β-hydroxyl group. NOESY spectroscopy could then be used to determine 

the absolute configuration of the 3-Pse residue in each diasteromeric peptide.  

 

Initial attempts to synthesise threo-3-phenylserine (3-Pse) proved poor in both yield and 

purity. After consulting older literature, thoroughly describing the reaction mechanisms, the 

flaw in the reaction was determined.
343

 The reaction consumes 2 equivalents of benzaldehyde 

and after stirring for approximately one hour a solid condensation cake forms, which is 

redissolved in aqueous HCl,  the solvent evaporated, redissolved in MeOH to filter off NaCl 

and the product precipitated using NEt3 (pH 6-7). Only upon acidification is 3-phenylserine 

formed and the additional equivalent of benzaldehyde released.
343

 After increasing the 

stirring time under acidic conditions to one hour far greater yields (see later) and purity were 

realised. Contrary to expectations, our crude synthetic product was composed of 

approximately 97% threo and 3% erythro, as determined from NMR. The product was also 

contaminated by triethylamine appearing as a quartet and tripletat approximately 3.22 and 

1.30 ppm respectively in the 
1
H-NMR spectra. As NEt3 is added to neutralise and precipitate 

the product from acidic MeOH solution, NEt3.HCl is formed which rapidly begins to exceed 

its solubility and therefore contaminate the precipitated product. To diminish NEt3.HCl in the 

crude product, further efforts in this synthesis used minimised NEt3 additions and thorough 

drying prior dissolution in MeOH. The crude product was obtained from the improved 

strategy and recrystallised from H2O to remove both the erythro isomer and NEt3.HCl 

successfully. Purified compound 28 (Figure 6.2) was obtained in 73.5% yield. 
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Figure 6.2: Chemical structure of racemic threo-3-phenylserine, compound 28 

 

6.3 Synthesis and coupling of protected racemic 3-

phenylserine 

Prior to any attempt to acylate or N-methylate 3-Pse, the β-hydroxyl must be protected to 

prevent ester formation (with incoming activated carboxyls) and O-methylation respectively. 

The tertiary butyl ether (tBu) is the typical protecting group of hydroxyls during Fmoc solid 

phase synthesis. However, forming the tBu ether is harsh process requiring acid catalysed 

addition of isobutene gas under high pressure. The relative simplicity of forming silyl ethers 

such as tertbutyldimethylsilyl ether (TBDMS), via the substitution reaction with the 

corresponding silyl chloride made for an attractive alternative and was instead pursued. 

 

Although, compatibility of the TBDMS group with the specific procedures required for solid 

phase N-methylation has not been established, TBDMS has been successfully employed in 

the solid phase synthesis of small cyclic peptides.
170

 The structure of and synthetic route 

towards the target protected amino acid, 32, is shown in Scheme 6.2. The TBDMS protection 

was performed prior to Fmoc protection as the undesired TBDMS ester which may form 

requires treatment with NaOH or Na2CO3 which would subsequently result in a loss of Fmoc. 

Furthermore, N-silyl amines are hydrolysed rapidly in aqueous environments and therefore 

any undesired N-terminally protected amino acid will readily be hydrolysed during work 

up.
344

 Instead, better results were obtained by first converting compound 28 to its methyl 

ester derivative (29, Scheme 6.2) which provided greater solubility for the subsequent step to 

be performed in dry DCM. Treatment of compound 28 in with SOCl2 in dry methanol 

afforded compound 29 in 96% yield.  
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TBDMS protection has traditionally been performed in DMF, using imidazole as the base, 

however the use of 4-dimethylaminopyridine (DMAP) allows for greater choice of solvents, 

in which the reaction would otherwise proceed slowly.
344

 Using 0.04 eq. of DMAP in DCM 

leads to selective protection of primary alcohols, while DMF leads to protection of both 

secondary and primary alcohols.
344

 To avoid the unfavourable use of high boiling DMF 

which not only makes work up procedures more difficult but is also much more prone to 

absorb moisture, a larger excess of DMAP (0.33 eq., scheme 6.2) was employed and found to 

provide protection of the secondary alcohol of compound 30 in DCM to afford compound 31 

in 62% yield. The Fmoc derivative, 32 was prepared, following standard procedures 

employing Fmoc-OSu, in 65% yield.
345

 

 

 

Scheme 6.2: Synthetic route towards compound 29. 

However, compound 32 was found to be very insoluble in common solvents appropriate for 

the coupling reaction (DCM, DMF and MeCN). Using warm DMF and high dilution, 

compound 32 was solubilised accordingly for use in SPPS. As a proof of principle, 

compound 32 was incorporated into the synthesis of peptide 33 (Figure 6.3), an analogue of 

asperterrestide A. Synthesis was performed according to the standard procedures outlined in 

Chapter 3, using HATU as the coupling reagent. 
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Figure 6.3: Chemical structure of compound 33. 

 

Indeed, it was found that the two peptide diastereomers were separable by RP-HPLC (Figure 

6.4), with a difference in retention time of approximately 3 minutes. However, the desired 

peptide was formed in very poor yield. The ratio of the 3-Pse deletion peak to the two 

diastereomers was very poor, 95:2.5:2.5. Presumably, the poor coupling is a result of both 

steric bulk of both protected 3-Pse along with the poor reactivity of 2-Abz and the poor 

solubility of the starting material, requiring high dilution.  

 

  

Figure 6.4: Annotated crude HPLC trace showing two diastereomers of compound 33 

prepared using compound 32. 
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An alternative approach, Scheme 6.3, was envisioned to reduce steric encumbrance during 

the coupling reaction, in which the Fmoc-AA was coupled as the free hydroxyl, compound 34 

(Scheme 6.3). Protection of compound 3-Pse with Fmoc-OSu under conditions identical to 

those described in Scheme 6.2 afforded compound 34 in 52% yield and coupled to the 

growing peptide chain as per Scheme 6.3. The free hydroxyl of the resin bound peptide is 

then protected on-resin with TBDMS-Cl similarly to the previous solution phase procedure. 

However, it was noted, that when a lesser excess of NEt3 was used, the peptide was cleaved 

from the resin, presumably by formation of HCl from the TBDMS-Cl. Therefore a very large 

excess (20 eq.) of triethylamine was employed (Scheme 6.3).  
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Scheme 6.3: SPPS of compound 33 employing Fmoc-3-Pse in unprotected form (34). 
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Following this protocol, the target peptide 33 was successfully synthesised. The crude 

MALDI-TOF spectrum revealed the major species present to be a 3-Pse deletion peptide. 

Furthermore a very small peak corresponding to an additional ester bonded 3-Pse residue (to 

the free hydroxyl) was observed however the corresponding peak in HPLC could not be 

identified due to low concentration. No higher order polymers were observed. This suggests 

that the steric bulk prevents side chain esterification and thereby makes the unprotected 

amino acid an appropriate starting material. However, the yield of the desired product, 33 

was only very moderately improved compared to the previous strategy with a ratio of 

78:11:11 for the 3-PSe deletion peak and the two diastereomers of 33 (Figure 6.5). After 

HPLC compound 33 was only obtained in 5.5% total yield for both diastereomers. 

 

 

Figure 6.5: Annotated crude HPLC trace showing two diastereomers of compound 33 

prepared using compound 34. 

 

Despite the only moderately improved yield, synthesis of the N-methyl derivative was 

attempted. Unfortunately however, the TBDMS protected linear peptide was found to be 

incompatible with the SPPS N-methylation procedure and the NMe-3-Pse (TBDMS) 

analogue of 33 could not be obtained, nor could the products be identified. As expected, 

attempts at N-methylation of the unprotected peptide resulted in undesired O-methylation. 
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Having had very poor success coupling Fmoc-3-Pse, even with the side chain unprotected, a 

solution phase coupling reaction employing Boc-3-Pse (35, Figure 6.6) was employed in an 

attempt to further reduce the steric hindrance. Compound 35 was synthesised, employing 

Boc-anhydride (Boc2O), using a procedure adapted from the previous synthesis of Fmoc-3-

Pse (34). This procedure afforded compound 35 in 67% yield. 

 

Figure 6.6: Chemical structure of Boc-3-phenylserine (35). 

 

Although TLC indicated a single spot for the compound after work up, the NMR showed a 

second discrete set of resonances (Appendix C). Boc protected unnatural amino acids have 

previously demonstrated such a phenomenon where by syn and anti rotamers exist in slow 

exchange (Figure 6.7).
346

 The syn and anti rotamers are effectively equivalent to trans and cis 

peptide bonds. The 
1
H-NMR spectra of compound 35 is documented in Table 6.1. 

 

 

 

Figure 6.7: Anti and Syn rotamers of compound Boc-3-Pse (35). 
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Table 6.1: 
1
H-NMR of compound 35 in CDCl3 at 300 K. 

a
 Major and minor peak overlap and appear as unsymmetrical broad singlet. 

 

Solution phase coupling of compound 35 with 2-Abz-OMe (17) as per Scheme 6.4 resulted in 

predominantly returned starting material and some dimerised Boc-3-Pse ester bonded to the 

free side chain hydroxyl. The desired product compound 36 was obtained in less than 3% 

yield and as a result, a quality NMR spectrum could not be obtained due to low yield. 

Esterification at the free hydroxyl was not observed in the crude mass spectra. Attempts at 

heating the reaction mixture at 65
o
C offered little advantage. 

 

Scheme 6.4: Synthetic route towards compound 36. 

 

Despite the reduced steric bulk of the N
α
 Boc protection, compared to Fmoc, the combination 

of 3-Pse and 2-Abz still appeared to couple very poorly. Looking back at the results shown in 

Table 3.4 from Chapter 3, it was observed that D-Phe coupled less effectively than D-Ser, 

presumably due to the additional bulk of the aromatic ring, while D-Thr bearing a β-branched 

side chain coupled least effectively. Given that 3-Pse bears both a bulky aromatic side chain 

and is additionally branched at the β carbon, it comes as no surprise this amino acid couples 

so poorly to 2-Abz, which is both hindered and lacking in nucleophilicty.  

Measure NH C
α
H C

β
H Boc (CH3)3 Ar 

Major δ (ppm) 5.59 4.62 5.386
a
 1.28 7.37-7.26 

Multiplicity, J (Hz) d, 9.1 d, 8.6 - s m 

Minor δ (ppm) 6.48 4.47 - 1.13 - 

Multiplicity, J (Hz) d, 8.8 d, 8.5 - s - 
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6.4 Alternative couplings of 3-Pse 

As a proof of principle, that it is indeed a combination of steric effects from 3-Pse and poor 

nucleophilicty of 2-Abz, a similarly hindered peptide was synthesised following the standard 

Fmoc-SPPS procedures reported in this work (Chapter 3), using HATU as the coupling 

reagent. This peptide (compound 37, Figure 6.8) replaced 2-Abz with phenylglycine (Phg). 

When 3-Pse was coupled to Phg, which although also sterically hindered, is significantly 

more nucleophilic than 2-Abz, the desired peptide 37 was formed in 43.6% yield after 

purification by HPLC with no obvious deletion sequence present. The yield was improved 

significantly compared to compound 33 which yielded a mere 5.5% and is also approx. two-

fold improved in comparison to compound 1 which yielded 28.5%. 

 

 

Figure 6.8: Chemical structure of compound 37. 

 

Given success of coupling 3-Pse to a hindered but more nucleophillic amino acid, it was 

hypothesised that increasing the nucleophilicty of 2-Abz by replacing the electron 

withdrawing carboxyl group with an electron donating group such as a methyl or benzylic 

alcohol would significantly enhance this coupling, despite maintaining the inherent 

inflexibility and steric effects of the arylamine. Such functionality could subsequently be 

oxidised to the carboxylic acid after coupling of 3-Pse to the N-terminus. Indeed, Boc-3-Pse 

(35) was coupled to o-aminotoluene according to Scheme 6.5 to form compound 38 in 26% 

yield after only 2 hours (yield after purification by flash chromatography). Although only 

moderate to low, the 26% yield represents a significant improvement over coupling of 35 

with 2-Abz-OMe, which yielded < 3%. Despite the synthesis of compound 37 suggesteing 

that poor nucleophilicity of 2-Abz was likely to blame for the poor yield of compound 36, 

this provides more definitive further evidence that it is not only the steric effect between 3-

Pse and an ortho-substituted aniline, but instead poor nucleophilicity plays a major role. A 
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small by-product was also observed in which an additional molecule of 35 is ester bonded to 

the side-chain hydroxyl, however this could easily be separated from the desired products and 

left over starting materials by flash chromatography. 

 

 

Scheme 6.5: Solution coupling of Boc-3-Pse to o-aminotoluene to form compound 38. 

 

A variety of synthetic strategies were envisioned in which compound 38, or its N
α
-Fmoc 

derivative could be taken forwards for synthesis of asperterrestide A by SPPS or solution 

phase. However, rather than pursuing these syntheses, the focus of the work presented within 

this thesis was instead turned towards development of β-hairpin peptides based on compound 

1, as potential antimicrobials. This work is presented in Chapter 7. 
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6.5 Conclusions 

1. Diastereomers (racemic at 3-Pse) of the small 2-Abz containing tetrapeptide 33 

proved separable by RP-HPLC when the hydroxyl of 3-Pse was protected. 

 

2. While 2-Abz can be acylated in moderate yields by amino acids such as Phe, Ser and 

Thr (Chapter 3), acylation of 2-Abz with appropriately protected 3-Pse derivatives 

results in very poor yields. This was shown to be due to a combination of the steric 

effects and poor nucleophilicty of 2-Abz. Through the synthesis of compounds 37 and 

38, coupling of N
α
-protected3-Pse proved viable to hindered amino acids provided 

they bear greater nucleophilicty than 2-Abz. 

 

3. Successful coupling of Boc-3-Pse to o-aminotoluene provides basis for a future 

synthetic strategy towards asperterrestide A and 3-Pse-2-Abz containing peptides via 

oxidation of derivatives bearing an ortho electron donating group to provide enhanced 

reactivity to the amine. 
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6.6 Experimental 

6.6.1 Chemicals and Reagents 

All Fmoc-amino acids and peptide reagents were purchased from AK scientific, USA. 2-

chlorotritylchloride resin purchased from Peptides International, USA. N,N-

Diisopropylethylamine (DIPEA), 2,3,5-Collidine (sym-collidine), o-aminotoluidine, 

triisopropylsilane (TIS) , other common solvents and chemicals were purchased from Sigma 

Aldrich, NZ. Trifluoroacetic acid (TFA) of J.T.Baker brand was purchased from ECP Ltd, 

NZ. 

 

6.6.2 Spectral data 

ESI-MS and 
1
H-NMR spectra of all isolated compounds can be found in Appendices B and C 

respectively. An ESI-MS spectrum of compound 28 was not recorded. A 
1
H-NMR spectrum 

of compound 36 was not recorded. 

 

6.6.3 Compounds 28-38 

 

 

Compound 28: (2RS, 3SR)-3-phenylserine 

Glycine (10 g, 0.133 mol, 1eq.) was dissolved in 5 M NaOH (93.25 ml) and cooled in an ice-

bath. Benzaldehyde (27 ml, 0.266 mol,  2. eq.) was added dropwise in three separate 

additions (9 ml, 0.66 eq.) ten minutes apart. The solution was stirred in an ice bath and then at 

room temperature for a further 30 minutes each before forming a thick slurry. After addition 

of water (20 ml) and manual stirring, the solution was stirred at room temperature for a 

further 1 hour to form a solid condensation cake. To this was added 5 M HCl (133 ml) in an 

ice bath and then stirred at room temperature for one hour before evaporation of the solvent 

under reduced pressure to yield a white solid. The solid was dissolved in methanol (133 ml) 
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and filtered to remove NaCl. The filtrate was then adjusted to pH 6-7 using triethyalmine 

(NEt3) forming a precipitate that was collected by filtration and dried in vacuo to yield a 

white solid, 16.8 g, 70% yield. To remove any erythro-3-phenylserine and traces of 

NEt3.HCl, the white precipitate was dissolved in boiling water (3.75 ml/g) to form a pale 

yellow solution which recrystallised at 4
o
C for 16 h to give pure (2RS, 3SR)-3-phenylserine 

(28) as white crystallise powder (12.35 g, 73.5%) 
1
H-NMR (400 MHz, D2O) δ 7.53-7.43 (m, 

5H), 5.33 (d, J = 4.36 Hz, 1H), 3.95 (d, J = 4.52 Hz, 1H). 

 

 

Compound 29 (2RS, 3SR)-3-phenylserinemethylester 

Compound 28 (5 g, 27.6 mmol, 1 eq.) was dissolved in dry MeOH (3 ml/g), purged under N2 

and stirred for 10 mins at 0
o
C before dropwise addition of cold thionyl chloride (6 ml, 82.8 

mmol, 3 eq.). The mixture was slowly brought to room temperature and stirred overnight 

before removal of volatile components under reduced pressure to yield 29 as an off white 

solid (6.1 g, 96%). 

1
H-NMR (400 MHz, D2O) δ 7.56-7.46 (m, 5H), 5.49 (d, J = 4 Hz, 1H), 4.46 (d, J = 4.2 Hz, 

1H), 3.89 (s, 3H). HRMS (ESI) for C10H13NO3 [M+H]
+
 calcd 198.0968, found 196.0972. 

 

 

Compound 30: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserinemethylester 

Compound 29 (0.5 g, 2.56 mmol, 1 eq.) was dissolved in dry DCM (min.) and purged with 

N2, to this was added triethylamine (891 µl, 6.4 mmol, 2.5 eq.), DMAP (103 mg, 0.84 mmol, 

0.33eq.) and TBDMS-Cl (1.16 g, 7.7 mmol, 3 eq.). After stirring at room temperature for 20 

hours the reaction mixture was diluted with DCM and extracted thrice with saturated 
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NaHCO3 and thrice with brine. The organic layer was dried over anhydrous sodium sulfate 

and the solvent removed under reduced pressure to yield 30 as a pale yellow gum (0.561 g, 

71%). 
1
H-NMR (400 MHz, CDCl3) δ 7.34-7.25 (m, 5H), 5.15 (d, J = 3 Hz, 1H), 3.73 (s, 3H), 

3.52 (d, J = 3 Hz, 1H), 0.9 (s, 9H), -0.01 (s, 3H), -0.17 (s, 3H). HRMS (ESI) for C16H27NO3Si 

[M+H]
+
 calcd 310.1833, found 310.1830. 

 

 

Compound 31: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine 

Compound 30 (0.561 g, 1.8 mmol) was dissolved in a 2:1 mixture of MeOH and 2M NaOH 

(10 ml) and stirred for 3 hours until the reaction was complete as monitored by TLC. The 

volatile components were removed under reduced pressure and the pH of the remaining 

aqueous solution adjusted to pH 7 using 0.1 M HCl and freeze dried. The resulting solid was 

dissolved in aceteone and ethanol before filtering off residual NaCl. Removal of the solvent 

under reduced pressure yielded 31 as an off white solid (468 mg, 62%). 

1
H-NMR (400 MHz, CDCl3) δ 7.33-7.2 (m, 5H), 5.31 (d, J = 2.8 Hz, 1H), 3.45 (d, J = 2.3 Hz, 

1H) 0.84 (s, 9H), -0.005 (s, 3H), -0.15 (s, 3H). HRMS (ESI) for C15H25NO3Si [M+H]
+
 calcd 

296.1676, found 296.1675. 
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Compound 32: N-Fmoc-(2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine 

Compound 31 (468 mg, 1.59 mmol, 1 eq.) was dissolved in deionised water (2 ml/mmol) 

along with triethylamine (221.5 µl, 1.59 mmol, 1 eq.). To this was added a warmed solution 

of Fmoc-OSu (509 mg, 1.51 mmol, 0.95 eq.) in MeCN (8 ml/g). The reaction was stirred at 

room temperature. Due to the release of hydroxysuccinimide, the pH of the reaction mixture 

was monitored for the first 30 minutes and maintained at pH 10 by incremental additions of 

triethylamine and then stirred a further 90 minutes before removal of volatile components 

under reduced pressure. The resulting slurry was dissolved in EtOAc and extracted ten times 

with 1% acetic acid. The organic layer was dried over anhydrous sodium sulphate and the 

solvent removed under reduced pressure to yield 32 as a yellow semi-solid (536 mg, 65.2%). 

1
H-NMR (400 MHz, CDCl3) δ 7.77-7.27 (m, 14H), 5.34 (d, J = 4 HZ, 1H), 4.58 (dd, J = 8, 4 

Hz, 1H) m 4.38 (m, 1H), 4.29 (m, 1H) 4.19 (m, 1H), 0.95 (s, 9H), 0.13 (s, 3H), -0.05 (s, 3H). 

HRMS (ESI) for C30H35NO5Si [M+Na]
+
 calcd 540.2177, found 540.2180. 
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Compound 33: H2N-D-Leu- D/L-3-Pse(TBDMS)-2-Abz- D -Ala-COOH 

Compound 33 was synthesised following standard Fmoc-SPPS procedures outlined in 

Chapter 3.8.2 at 0.1 mmol scale. 3-Pse was incorporated as compound 34 under standard 

coupling conditions and then TBDMS protected as follows.  TBDMS-Cl (120 mg, 0.8mmol, 

8 eq.) was dissolved in dry DCM along with triethylamine (278 µl, 2mmol, 20 eq.) and 

DMAP (4 mg, 0.033 mmol, 0.33 eq.) and added to the resin under nitrogen. The mixture was 

agitated for 24 hours before washing with DCM, DMF and continuing with standard SPPS 

procedures. The protected linear peptide was cleaved from the resin using a 1% TFA solution 

in DCM 5 times for 1 minute each with washings collected into a flask already containing 

triethylamine (1.5 molar excess to the total TFA). Evaporation of the solvent and purification 

by RP-HPLC yielded 33 as a white fluffy solid (3.3 mg (total weight of both diastereomers), 

5.5%)  HRMS (ESI) for C31H46N4O6Si [M+H]
+
 calcd 599.3259, found 599.3236. 

 

 

 

Compound 34: Fmoc-3-phenylserine 

Compound 28 (1 g, 5 mmol, 1 eq.) was dissolved in water (1.5 ml/mmol) along with 

triethylamine (472 µl, 5 mmol, 1 eq.). To this was added a solution of Fmoc-OSu (1.08g, 4.8 
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mmol, 0.95 eq.) dissolved in warm MeCN (8 ml/g). The reaction was stirred at room 

temperature. Due to the release of hydroxysuccinimide, the pH of the reaction mixture was 

monitored for the first 30 minutes and maintained at pH 10 by incremental additions of 

triethylamine and then stirred a further 90 minutes before removal of volatile components 

under reduced pressure. The resulting slurry was dissolved in EtOAc and extracted ten times 

with 1 M HCl. The organic layer was dried over anhydrous sodium sulfate and the solvent 

removed under reduced pressure to yield 34 as a white powder (1.16 g, 52.1%). 
1
H-NMR (400 

MHz, DMSO-d6) δ 7.87 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 7.6, 1H) 7.63 (d, J = 7.6 Hz, 1H), 

7.42-7.21 (m, 10 H), 5.15 (d, J = 3.6, 1H), 4.29 (dd, J = 9.6, 3.5, 1H), 4.14-4.08 (m, 3H). 

HRMS (ESI) for C24H21NO5 [M+Na]
+
 calcd 426.1312, found 403.1420. 

 

 

Compound 35: Boc-3-phenylserine 

Compound 28 (500 mg, 2.5 mmol, 1 eq.) was dissolved in water (5 ml) along with 

triethylamine (695 µl, 5 mmol, 2 eq.). To this was added a THF solution of DMAP (30.6 mg, 

0.25 mmol, 0.1 eq.) and Boc2O (520 mg, 2.38 mmol, 0.95 eq.). This mixture was stirred at 

room temperature for 2 hours before removal of solvent under reduced pressure. The crude 

residue was dissolved in EtOAc and washed thrice with 0.1 M HCl. The organic layer was 

dried over anhydrous sodium sulfate and the solvent removed under reduced pressure to yield 

35 as a white crystalline solid (521 mg, 67%). 
1
H-NMR shown in Table 6.1 above due to 

occurrence of rotamers. HRMS (ESI) for C14H19NO5 [M+Na]
+
 calcd 304.1155, found 

304.1158. 
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Compound 36: Boc-3-Pse-2-Abz-OMe 

Compound 35 (500 mg, 1.78 mmol, 1 eq.) was dissolved in DMF along with HATU (609 mg, 

1.62 mmol, 0.9 eq.). To this was added DIPEA (930 µl, 5.3 mmol, 3 eq.) and 2-Abz-OMe 

(230 µl, 1.78 mmol, 1 eq.). The reaction mixture was stirred at room temperature for 24 hours 

after which time the reaction mixture was diluted in DCM (approx. ten-fold) and extracted 

with 0.1 M HCl (thrice) and Sat. NaHCO3 (thrice). The organic layer was dried over 

anhydrous sodium sulfate and the solvent removed under reduced pressure to yield 36 as a 

yellow gum (22 mg, 3%). HRMS (ESI) for C22H26N2O6 [M+Na]
+
 calcd 437.1683, found 

437.1673. 

 

 

Compound 37: H2N-D-Leu-3-Pse-Phg-D-Ala-COOH 

Compound 33 was synthesised following standard Fmoc-SPPS procedures outlined in 

Chapter 3.8.2 at 0.1 mmol scale. 3-Pse was incorporated as compound 34 to yield 37 as a 

white fluffy solid after purification by RP-HPLC (21.75 mg, 43.6%). HRMS (ESI) for 

C26H34N4O6 [M+Na]
+
 calcd 521.2371, found 521.2361. 
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Compound 38: Boc-3-Pse-o-aminotoluene 

Compound 35 (500 mg, 1.78 mmol, 1 eq.) was dissolved in DMF (5 ml) along with HATU 

(646 mg, 1.78 mmol, 1 eq.) and DIPEA (925 µl, 5.34 mmol, 3eq.).To this was added o-

aminotoluene (293 µl, 2.67 mmol, 1.5 eq.) and stirred at RT for 2 hours. The reaction mixture 

was diluted approx. 15-fold in DCM and extracted with 0.25 M HCl trice, saturated NaHCO3 

thrice and brine before the organic layer was dried over anhydrous sodium sulpfate and the 

solvent removed under reduced pressure. The resulting yellow gum was purified by flash 

chromatography on Silica gel (40-63 µm) using a solvent system of 2.5% MeOH in DCM to 

yield compound 38 as a pale yellow solid (134 mg, 26%). 
1
H-NMR (400 MHz, DMSO-d6) δ 

8.39 (s, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.42-7.14 (m, 8 H), 7.08 (t, J = 7.1 Hz, 1H), 5.5 (d, J = 

2.9 Hz, 1H), 4.54 (d, J = 7.6 Hz, 1H), 2.25 (s, 3H), 1.36 (s, 9H). HRMS (ESI) for C21H26N2O4 

[M+Na]
+
 calcd 393.1785, found 393.1778.  
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Chapter 7 

Design, synthesis and biological 

evaluations of D-Phe-2-Abz 

nucleated β-hairpin peptides  
  

This chapter describes the synthesis of a hydrophobic β-hairpin peptide as a proof of 

principle for the utility of the D-Phe-2-Abz motif as turn inducer. Taking this evidence, four 

antimicrobial peptides implementing the D-Phe-2-Abz motif were synthesised and evaluated. 

Two of these are cyclic analogues of the antimicrobial natural product tyrocidine A and were 

found to possess improved therapeutic potential. The remaining two peptides are de novo 

designed linear peptides displaying potent broad spectrum activity and low haemolysis. 

Transmission electron microscopy studies suggest these peptides all share a membrane lytic 

mechanism of action. 
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7.1 Design, synthesis and analysis of a D-Phe-2-Abz β-hairpin 

analogue 

Having discovered the unique turn conformation adopted by compound 1, it became obvious 

that its utility for β-hairpin engineering should be further evaluated. Furthermore, this 

framework was shown to be non-toxic and non-haemolytic (Chapter 5). As well as including 

compounds designed de novo from compound 1 (see later), it was hypothesised that only the 

central D-Phe-2-Abz framework may be necessary to nucleate the β-turn and both the 

stereochemistry and structure of the side chains could be varied in the i and i+3 positions. 

Obviously however, changing stereochemistry to L-configuration in the i and i+3 positions 

may result in slightly different exact turn geometry to that demonstrated by compound 1. By 

substituting the D-Pro-Gly turn of a well characterised hydrophobic octapeptide β-hairpin 

developed by Balaram and colleagues
58, 347

 with the D-Phe-2-Abz turn, compound 39 (Figure 

7.1) was designed. While the D-Pro-Gly turn is known to nucleate turns in otherwise all L-

peptide sequences, utility of the D-Phe-2-Abz motif for this purpose was investigated. 

 

Figure 7.1: Chemical structure of compound 39 

Given The parent peptide is well characterised as a stable β-hairpin by both NMR and CD 

spectroscopy along with X-ray crystallography, it seemed a fitting candidate to evaluate the 

utility of the central D-Phe-2-Abz framework alone as a direct D-Pro-Gly replacement.  

 

Compound 39 was synthesised following the standard Fmoc-SPPS protocol outlined in the 

experimental section, using HCTU as the coupling reagent. Having already determined the 

problem of low yield when coupling D-Phe to 2-Abz, even employing a three hour coupling 
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with HATU, it was chosen to couple the D-Phe twice for two hours each with HATU. This 

effort made little improvement and the final peptide was found to be an approximately 45:55 

mixture of the desired peptide and the D-Phe deletion sequence (Figure 7.2). Fortunately, the 

D-Phe deletion sequence was easily separable from the desired compound, however to avoid 

poor resolution of such impurity, future synthesis could entail a capping step with acetic 

anhydride after coupling D-Phe. 

 

 

Figure 7.2: Annotated crude RP-HPLC trace of compound 39 

 

The crude peptide mixture was highly insoluble. Upon addition of MeOH or MeCN water 

mixtures of varying ratios, the sample aggregated to form a hydrogel-like material. As a 

result, the crude sample had to be highly diluted and filtered before isolation of the target 

compound by HPLC, which resulted in significantly impaired yield. It should be noted, the 

above crude HPLC trace and compound ratios refer to the filtrate of this procedure, which 

may have minor variance from the true experimental target : impurity ratio. The final yield 

after isolation by HPLC was only a mere 1.4%. 
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CD spectroscopy provides a rapid means for qualitative analysis of peptide secondary 

structure with minimal sample.
293-295

 Therefore, 39 was first studied by CD spectroscopy to 

gain a comparison to the parent peptide. Delightfully, the CD spectrum of compound 39 

demonstrated a spectrum typical of a β-hairpin with clear minimum at 216 nm in both TFE 

and MeOH at concentrations similar to those documented for the parent peptide in both 

solvents (Figure 7.3, B).
347

 Balarams’ parent peptide was analysed at unusually high 

concentrations for CD spectroscopy (> 300 µM), to assess the concentration dependence and 

hence effect of aggregation upon peptide structure, 39 was also studied at a more typical 

concentration of 50 µM. The β-hairpin structure in TFE appears to be concentration 

independent, indicating the presence of a monomeric species in solution (Figure 7.3). 

However in MeOH, the minimum at 216 nm slightly weakened and broadened upon dilution 

to 50 µM indicating partial loss of the β-hairpin conformation. It is possible that the extended 

β-sheet conformation observed in MeOH at the higher concentration may be an aggregation 

effect that breaks down upon dilution resulting in a hairpin-like monomer that is much less 

well defined than in TFE. Alternatively a mixture of both β-sheet and random coil 

conformations may exist in MeOH at lower concentrations (50 µM).  

 

 

Figure 7.3: Circular dichroism (CD) spectra of compound 39 measured at 298 K in either 

TFE or MeOH at both 50 µM (A) and 333 µM (B). 
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Hoping to get a clearer picture, NMR investigations were undertaken on compound 39. The 

NMR spectrum in the hydrophobic solvent, CDCl3, was of very poor quality, with low signal 

to noise ratio and broad peaks (data not shown), likely due to aggregation. Therefore, NMR 

studies of compound 39 were conducted in CD3OH which allowed us to make a full set of 

assignments (Table 7.5). Sequential assignments were made following C
α

iH – Ni+1H ROEs 

which were stronger than the NiH – Ni+1H ROEs, supporting an extended conformation 

typical of β-sheets. Large 
3
JNH-C

α
H coupling constants in the range of 7.7 - 9.1 Hz and well 

dispersed NH resonances further support an extended structure. However, a second set of 

resonances corresponding to an alternate minor conformation (similar to CD observations) 

were present. Therefore accurate assignment of these or the inter-strand ROEs was not 

possible to further confirm the presence of a β- hairpin structure.  

 

The overall evidence and general conclusion drawn from studying compound 39 was that the 

D-Phe-2-Abz motif alone is sufficient to nucleate a β-turn, albeit, this hydrophobic β-hairpin 

turn may be prone to aggregation in MeOH. The β-sheet structure may also have partial 

solvent dependency, which will also be dependent upon the strand sequences. The use of the 

full tetrapeptide fragment from compound 1 (investigated later compounds 42 and 43), or of 

all D-sequences (not investigated within this work) may provide greater stability. Given the 

potential biological applications of β-hairpin and small cyclic β-sheet peptides such as 

gramicidin S and tyrocidine A, attention was focused upon designing biologically active 

analogues, with particular emphasis upon anti-bacterial and anti-fungal properties. 

 

7.2 Design and synthesis and antibacterial testing of 

tyrocidine A analogues 

7.2.1 Background 

Antimicrobial peptides (AMPs) such as tyrocidine A are generally characterised by an 

amphipathic segregation of hydrophobic and cationic residues. Selectivity for negatively 

charged bacterial membranes results from electrostatic attraction of the cationic face of the 

peptide to the anionic bacterial membrane (Figure 7.4), while overall hydrophobicity 

generally contributes more to haemolytic properties.
348-352

 An optimum ratio of 
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hydrophobicity and cationic residues may exist that can be fine-tuned for individual peptide 

structures.
351

 After membrane binding, AMPs may then carpet the bacterial membrane and 

may become integrated into the membrane to form pores, ultimately resulting in significant 

disruption of the membrane structure, membrane lysis and cell death.
348-349, 351-353

 While the 

outer-membrane may be the primary target for Gram negative bacteria such as E. coli and P. 

aeruginosa, Gram positive bacteria such as S. aureus present an anionic cell wall as their 

outermost layer.
351-352

 While the anionic cell wall certainly contributes to electrostatic 

selectivity, it may act as either an additional target or as a barrier to cationic peptides 

attempting to traverse it in order to act upon the cytoplasmic membrane.
354

 

 

Figure 7.4: A theoretical amphipathic α-helical antimicrobial peptide showing selectivity for 

the bacterial plasma membrane over those of plants and animals. AMP: Red = cationic, green 

= hydrophobic. 

 

Tyrocidines A-C and A1-C1 are a mixture of naturally occurring compounds structurally 

similar to gramicidin S. While gramicidin S is a cyclic decapeptide, the term gramicidin 

refers to a mixture of linear pentadecapeptides. Tyrothricin, is a mixture of tyrocidines A-D 

and gramicidin. Tyrothricin was the first commercial antibiotic mixture, used under trade 

names Limex and Tyrosur, and is still in clinical use today.
355-357

 Although this mixture is 

noted to have significant antibacterial and antimalarial properties, its clinical use and that of 
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gramicidin S is limited to topical applications due to haemolysis and toxicity to both liver and 

kidneys.
355-356

 Tyrocidine A (Tyrc A, Figure 7.5) and analogues have been well studied and a 

recent X-ray crystal structure (Figure 7.6, A) has revealed the exact three-dimensional 

architecture of tyrocidine A.
358

 Like gramicidin S, tyrocidine A also forms a cyclic β-sheet. 

Membrane lysis is strongly evidenced as the antibacterial mechanism for tyrocidine A.
358

 

 

 

Figure 7.5: Chemical structure of tyrocidine A. 

The crystal structure of tyrocidine A reveals the presence of a type II’ β-turn formed by 

residues Leu
10

, D-Phe
1
, Pro

2
 and Phe

3
 with C

α
i – C

α
i+3 distance of 5.28  Å (Figure 7.6, B).

358
 

While at the other end of the molecule, a distorted type I turn is formed. The molecule forms 

an amphipathic β-sheet with a curvature distinct from the more planar backbone of 

gramicidin S.
358

 The amphipathicity arises from the lower face of the molecule (concave 

face) containing more hydrophilic and cationic side chains, while the upper face is 

predominantly hydrophobic.
358

 The crystal structure also revealed tyrocidine A to occur as an 

amphipathic intermolecular dimer.
358

 Such dimerisation has also been observed in solution 

(by mass spectrometry) and studied computationally hand-in-hand with NMR restrained 

solution structure calculations.
359
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Figure 7.6: Crystal structure of tyrocidine A downloaded from the PDB
358

 (A) and a zoom in 

on the type II’ β-turn highlighting the C
α

i – C
α

i+3 distance (other residues removed) (B). Two 

conformations of Leu
10

 are shown. 

 

Although tyrocidine A possesses some clinical merit and has demonstrated antibacterial, 

antifungal and antimalarial activities, there remain significant drawbacks predominantly 

stemming from haemolysis, additionally activity against Gram negative bacteria is poor.
355, 

357, 360-363
 Numerous studies have been undertaken, whereby amino acid substitutions have 

been made in order to enhance the therapeutic index of the compound.
362, 364

 Although the 

study by Kohli et al.
364

 provided compounds with a much greater therapeutic index, activity 

was compromised 5-10 fold against Gram positive bacterial strains. Furthermore, although 

activity against Gram negative species was improved, potency remained low, ranging 37-290 

µM across three species.
364

  

 

7.2.2 Design and synthesis of tyrocidine A β-turn analogue 

Rather than making simple amino acid substitutions or stereo-configuration changes, it was 

hypothesised that introducing the D-Phe-2-Abz turn, the utility of which had already gained 

proof of principle, would create a scaffold with novel architecture. By modifying only the i+3 

residue, switching from Pro to 2-Abz, the D-Phe-2-Abz turn motif was introduced (Figure 

7.7). Undoubtedly, this different turn sequence will have larger effects upon the three-

dimensional architecture than would a more simple point substitution. However, it’s insertion 

into a known bioactive framework, who’s biological and structural properties are well 

characterised creates a good reference as opposed to a complete de novo design strategy. 

A B 
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Comparison of structure and bioactivity towards the parent peptide would allow for fine 

tuning of this antimicrobial scaffold. Furthermore, all of the tetrapeptides tested previously 

containing this fragment were shown to be non-haemolytic up to the highest soluble 

concentration (400 µM). This would suggest incorporation of this fragment will not directly 

cause heamolysis, and the altered molecular architecture may in fact possess lower intrinsic 

haemolytic activity. 

 

 

Figure 7.7: Chemical structures of tyrocidine A (left) and compound 40 (right), highlighting 

relevant turn residues in blue and red respectively. 

 

Since tyrocidine A has been well studied, a synthetic strategy similar to those previously 

reported could be employed for the synthesis of compound 40 and also for tyrocidine A as an 

internal reference for biological assays.
365

 A common synthetic strategy is following the 

naturally occurring biosynthetic pathway in which the precursor is cyclised head-to-tail at the 

dissection point shown below (Figure 7.8).
364-365

 Following this dissection strategy is noted to 

take advantage of a linear precursor that is pre-organised into highly favourable conformation 

for cyclisation, likely stabilised by hydrogen bonding interactions of a β-hairpin type 

conformation.
357, 362, 365

 While Kohli et al.
364

 employed a biomimetic synthesis that even 

included an enzymatic cyclisation step, others have employed chemical cyclisations 
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effectively both on-resin and in solution.
362, 365

 Given the previous successes with CTPs, 

documented in this thesis, following the solution phase (DMF), PyAOP mediated cyclisation 

strategy, an identical synthetic approach was chosen for the cyclisation step. The protected 

linear precursors of both tyrocidine A (Figure 7.8) and compound 40 were assembled on 2-

Chlorotrityl chloride resin following the standard Fmoc-SPPS procedure outlined in the 

experimental section. The D-Phe
1
 residue following proline (due its N-alkylated structure) or 

2-Abz (for compound 40) was double coupled for two hours each with HATU. As this was 

the terminal amino acid, an acetic anhydride capping step was not employed.  

 

 

Figure 7.8: Chemical structure of linear side chain protected tyrocidine A  

Surprisingly, cleavage of the peptide (for Tyrc A) using a common approach of 1% TFA in 

DCM for 5 min resulted in the deprotected or partially deprotected peptide as the 

predominant species in both ESI-MS and MALDI-TOF. It was hypothesised that upon 

evaporation of the cleavage solution under a stream of N2 gas, concentration of the TFA 

occurred due to its approx. two-fold higher boiling point than DCM. As a result an in-situ 

neutralisation approach was adopted, in which the resin was treated five times for one minute 

each with a 1% TFA solution in DCM. Each washing was collected into a flask already 

containing triethylamine (NEt3), 1.5 molar excess to the total TFA present after all washings. 

This adapted methodology provided the target peptide (Figure 7.8) without deprotection side 

products. As with the previously synthesised CTPs, purification of the linear peptide prior to 
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cyclisation was implemented to avoid side reactions with impurities and for an accurate 

molar dilution during cyclisation. The protected Tyrc A, bearing hydrophobic protecting 

groups was poorly soluble, but was solubilised in a mixture of MeCN and H2O (8:2). The 

crude peptide was obtained in approximately 75.8% purity (Figure 7.9) 

 

Figure 7.9: Annotated crude HPLC trace of side chain protected linear tyrocidine A. 

 

On the other hand, as observed for compound 39, the linear side chain protected precursor of 

compound 40 was found to exist as an approximately 1:1 ratio (Figure 7.10) with the D-Phe 

deletion side product, resulting in reduced yield after purification, 11.6% as opposed to 45% 

for Tyrc A. Cleavage of this peptide following the in situ neutralisation did however provide 

a crude product mixture free from unwanted deprotected peptides. 
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Figure 7.10: Annotated crude HPLC trace of side chain protected linear precursor of 

compound 40 

 

Surprisingly, although the D-Phe residue should add to the overall hydrophobic characteristic 

of the amphipathic peptide, the deletion side-product of 40 was observed to have a greater 

retention time by RP-HPLC (Figure 7.10) and is therefore of greater hydrophobicity. The 

deletion peptide must therefore occupy a significantly altered conformation from the target 

peptide, in which hydrophilic groups are buried and shielded from interaction which the C18 

stationary phase. This deletion sequence was not studied further.  

 

Following the PyAOP mediated cyclisation in DMF standardised for the CTPs (Chapter 3), 

both tyrocidine A and compound 40 cyclised with respectable efficiency, with yields post-

HPLC after both the cyclisation and deprotection steps of 53% and 49% respectively. This 

would suggest that both the linear precursor of compound 40 forms a similarly pre-organised 

structure to Tyrc A in-order to mediate efficient cyclisation, and indeed the cyclic product 

may also form a similar β-sheet structure to Tyrc A. An interesting observation, which can be 

seen in Appendix A and Table 7.9, is the retention time of tyrocidine A being significantly 

greater than compound 40 even on a gradient richer in solvent B. This strongly suggests that 
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compound 40 bears a less hydrophobic surface than Tyrc A, while the replacement of 2-Abz 

for Pro should be of little overall impact upon the hydrophobic character of the molecule. It 

could therefore be inferred that compound 40 must possess an altered secondary structure 

with a less hydrophobic molecular surface. A more even distribution of hydrophilic and 

hydrophobic side chains groups may occur, which may result in reduced amphipathic 

segregation of the molecule and hence may reduce antimicrobial activity. 

 

7.2.3. Antibacterial susceptibility testing compound 40 

Indeed, in accordance with a less well segregated amphipathic structure, upon biological 

evaluation, a reduction in activity for compound 40 compared to the parent peptide Tyrc A 

(see later, Table 7.1) was observed. Upon substitution of Pro with 2-Abz, a four-fold 

reduction in potency was observed, with the MIC shifting from 1.56 µM for Tyrc A to 6.25 

for compound 40 against the Gram positive bacteria S. aureus. Although Tyrc A is known to 

be poorly active against Gram negative strains the altered structural framework of 40 may 

enhance potency against such strains. However, upon testing against both P. auruginosa and 

E. coli, both peptides were found to be poorly active (see later, Table 7.1). 

 

While both the RP-HPLC data and diminished bioactivity suggest a conformation with less 

well segregated amphipathic characteristic is adopted by 40, such a structure may be less 

prone to the typical haemolytic drawbacks of Tyrc A.  Indeed, upon conducting a haemolysis 

assay, 40 was observed be approx. 30-fold less haemolytic than Tyrc A based on the 

logarithmic plot shown in Figure 7.16, B. The greatest concentration tested with negligible 

haemolysis (defined as < 3%) was 18.75 µM, while the greatest for Tyrc A was 0.39 µM. 

Therefore, although the potency of 40 is partially compromised, significant improvements in 

the therapeutic index are realised when utilising the D-Phe-2-Abz turn framework.  

 

7.2.4 Structural analysis of compound 40 

In order to fine tune the bioactivity of 40 by further point substitutions, a clearer picture of 

the overall molecular structure was required. Although CD spectroscopy could provide a 

qualitative comparison of the peptide structure compared to Tyrc A, such vague data would 
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be of little use for the fine tuning process. Furthermore the RP-HPLC data and bioactivity 

studies had already provided sufficient proof of a conformational shift in the molecular 

architecture. Instead, NMR spectroscopy in combination with restrained molecular modelling 

was used to study the solution conformation of compound 40. The compounds proved poorly 

soluble in water alone, however, in a 1:1 mixture of CD3CN and H2O robust sequential 

assignments could be made, in accordance with previous studies of tyrocidine A.
359

 This 50% 

aqueous solvent system loosely resembles a biological context, with some similarity to the 

membrane-water interface of bacterial cells. 

 

The ROESY spectrum of compound 40 demonstrated strong C
α

iH – Ni+1H correlations for the 

expected β-strand residues (Phe
3
-Asn

5
 and Val

8
-Leu

10
) along with slightly downfield shifted 

C
α
H resonances in the 1D spectra. Further evidence of an extended backbone conformation 

typical of β-strands came from the large 
3
JNH-C

α
H coupling constants, ranging 7.3 - 8.8 Hz. 

Some key ROEs of the β-strand are shown below in Figure 7.11. It can be seen that some 

expected inter-strand ROEs of a more idealised β-strand are missing between Leu
10

 and Phe
3 

 

Figure 7.11:  β-strand region key ROEs of compound 40. NOE derived distances are 

calibrated from the D-Phe
1
 C
βa

H - C
βb

H distance set to 1.8 Å. 
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The three-dimensional structure of compound 40 was modelled incorporating ROE restraints 

and dihedral angles generated from 
3
JNH-C

α
H coupling constants. The ensemble of the nine 

lowest energy calculated NMR structures is shown in Figure 7.12. The ensemble members all 

display a structure with high similarity to the parent peptide Tyrc A and have an RMSD 

average of only 1.75 Å for the total structure.  

 

Figure 7.12: Ensemble of nine lowest energy NMR structures calculated for compound 40. 

 

The two β-turns of 40 remain in the same positions as the parent peptide Tyrc A. All 

ensemble members display the two characteristic β-strands, however with an imperfect 

geometry about Leu
10

, Phe
3
 and the N-terminus of D-Phe

4
 resulting in a loss of some of the 

backbone hydrogen bonds of Tyrc A (Figure 7.13, A-D). The imperfect β-strand geometry 

probably results from the combination of cyclic ring constrain and the unsymmetrical 

molecule having to incorporate an additional carbon in the backbone at one end due to the 

substitution of Pro for 2-Abz. A comparison of the β-turn structure between Tyrc A and a 

representative NMR structure of 40 can be seen in (Figure 7.13, E and F) showing 

comparable C
α

i – C
α

i+3 distances. As expected, the exact geometry of the β-turn induced by 

the D-Phe-2-Abz moiety varies from compound 1 due to the replacement of the i and i+1 

residues with residues of l-configuration. However, geometry of the central D-Phe-2-Abz 

remains relatively unchanged from compound 1 and eight of the nine ensemble structures 

satisfy the C
α

i – C
α

i+3 distance β-turn definition (> 7 Å). Furthermore, the expected intra-

residue H-bond of 2-Abz is retained (Figure 7.13, A, C).  
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Figure 7.13:. Representative NMR structure calculated for 40 from side and top views (A, 

C), crystal structure of Tyrc A from side and top views (B, D) showing hydrogen bonds. The 

β-turn structure induced by D-Phe-2-Abz is shown for 40 (E) and by D-Phe-Pro for Tyrc A 

(F), with the alternate Leu conformation removed, highlighting the C
α

i – C
α

i+3 distance of 

each. The structure of 40 (G) and tyrocidine A (H) are also shown with side chains removed 

to highlight the additional planarity of 40. 

 

C                                                     D 

A                                                    B 

E                                           F 

G                                                     H 
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Additional features common amongst the ensemble members are backbone to side chain H-

bonding interactions for both Orn
9
 and Asn

5
, along with β-strand hydrogen bonding between 

Asn
5
 NH and the carbonyl of Val

8
 (Figure 7.13, A and C). The H-bond to the Asn

5
 side chain 

carbonyl is bifurcated between the NH of both Tyr
7
 and Val

8
. This side chain to backbone 

interaction is likely important for stabilising the geometry of the Type I β-turn formed by 

Gln
6
 and Tyr

7
 in Tyrc A, which is almost entirely conserved by compound 40 (Figure 7.13, 

A-D).. Therefore, Asn
5
 is probably a poor candidate for making a point substitution with 

predictable effects. The H-bond contact of the Orn
9
 side chain varies slightly between 

ensemble members and suggests its exact orientation is probably flexible. An H-bond contact 

with carbonyl of Leu
10

 appears very likely and occurs in most ensemble members (Figure 

7.13, A), while partnering with the carbonyl of Gln
6
 also appears possible.  

 

While almost all of the side chain positions are relatively conserved in 40, remaining on their 

respective faces of the molecule (Figure 7.12 and Figure 7.13, A and B), two major 

conformational shifts occur. The first of these is the orientation of the Phe
3
 side chain, which 

can be seen now repositioned to the lower hydrophilic face of the molecule in the ensemble 

(Figure 7.12). Such side chain repositioning likely causes a disruption of the amphipathic 

structure and may play a significant role in the observed changes in biological activity. 

Furthermore, this observation is consistent with the shift in RP-HPLC retention time noted 

previously. Repositioning of the Phe
3
 away from the hydrophobic face reduces the 

hydrophobic character of the molecular surface and may be responsible for reduced 

haemolytic and antibacterial activity. Additionally, it may also contribute towards greater 

hydrophobicity of the hydrophilic cationic face and may impair binding interactions of the 

peptide to the negatively charged bacterial membrane whereby this face is proposed to 

interact with lipid head groups and the aqueous environment, resulting in the observed 

impairment of antibacterial activity.
358

 

 

The second significant conformational shift is the curvature of the backbone. While Tyrc A 

has a significant curvature, compound 40  bears a significantly more planar backbone ring 

(Figure 7.13, A, B, G and H) .
358

 The more planar backbone of 40 instead much more closely 

resembles gramicidin S. 
358

 The increased backbone planarity also sees Asn
5

 become more 

prominent on the upper hydrophobic face of 40, relative to tyrocidine A (Figure7.13, A and 
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B). Furthermore, Tyr 
7
 also becomes projected more equatorially for 40 while for Tyrc A it 

predominantly contributes to the lower hydrophilic face (Figure 7.13 A and B). These 

alterations also likely contribute towards the reduced haemolysis by means of a reduction in 

hydrophobicity of the upper face. Again, this is consistent with the reduced retention time of 

40 on RP-HPLC. Similar observations have been previously reported for deigned AMPs 

whereby, substitutions leading to a less well-defined amphipathic character resulted in 

reduced haemolysis.
350, 366

 

 

7.2.5 Design and synthesis of improved tyrocidine A β-turn analogue 

Fine-tuning of the biological properties focused upon residues with agreement in both the 

NMR structure population of 40 and the Tyrc A crystal structure. The Side chain of Gln
6
 does 

not demonstrate any intramolecular interactions that may be important to the structures of 40 

nor Tyrc A (Figure 7.13).
358

 Furthermore it does not appear to be involved in dimer formation 

of Tyrc A, at least in the solid state.
358

 Therefore, its substitution appeared unlikely to have a 

significantly negative or unpredictable effect upon the peptide structure or mechanism of 

action. Furthermore, since this residue is directed towards the concave face of compound 

Tyrc A (the hydrophilic face of compound 40), it appeared to be an intuitive position to 

introduce a cationic residue that may restore biological activity, whilst maintaining the less 

haemolytic framework of compound 40. In fact, in the work of Marques et al.
362

 substitution 

of Gln
6
 for lysine in native Tyrc A has proven to increase biological activity against Gram 

positive bacterial strains, however haemolysis was not evaluated and the MIC against E.coli 

remained very poor (128 µM). 

 

Compound 41, an analogue of compound 40 in which Gln
6
 is substituted for lysine (Figure 

7.14), was synthesised according to the same synthetic methods as 40. Again, an approx. 1:1 

ratio of the target peptide and the D-Phe deletion sequence were evident in the crude RP-

HPLC trace of the protected linear precursor (Figure 7.15). Similarly to compound 40, the 

linear deletion sequence of 41 demonstrated a greater retention time than the target 

compound, suggesting the missing residue results in a conformation which promotes a 

hydrophobic molecular surface. After cyclisation, deprotection and final purification the 

retention time of 41 was unsurprisingly less than 40 upon substitution of a polar residue for a 
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cationic residue (Table 3.10 and Appendix A). Yields of the protected linear peptide and over 

the cyclisation and deprotection steps were similar to 40. 

 

Figure 7.14: Chemical structure of compound 41, highlighting introduced turn residues and 

Gln
6
 for Lys

6
 substitution. 

 

 

Figure 7.15: Annotated crude HPLC trace of side chain protected linear precursor of 

compound 41. 
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7.2.6 Antibacterial susceptibility testing of compound 41 

Having successfully synthesised 41, biological screening was conducted as per Tyrc A and 

40. The antibacterial activity and haemolytic screening of these three compounds and 

streptomycin as a reference can be seen in Table 7.1 below. 

 

Table 7.1: Antibacterial susceptibility and haemolytic testing of Tyrcodine A and analogues. 

Compound 

MIC (µM)
a
  

E.coli 
P. 

aeruginosa 
S. aureus 

Non-haemolytic conc (µM)
b 

Tyrc A 25 100 1.56 0.39
 

40 50 100 6.25 18.75 

41 12.5 25 1.56 12.5 

Streptomycin 6.25 6.25 3.25 N/A 

a
 MIC determined from three separate concordant experiments each with three internal 

replicates. 

b
 Non-haemolytic conc defined as highest tested concentration with < 3% haemolysis. Values 

determined from average of 3-replicate measurements. 

 

Delightfully, the substitution of Gln
6
 for a cationic residue in 41 reinstated potency equivalent 

to Tyrc A (1.56 µM) against the Gram positive pathogen S. aureus for this novel framework. 

Unlike previous work of Marques et al.
359

 where this Lys substitution offered little advantage 

against Gram negative pathogens, 41 demonstrates significantly enhanced potency against 

both E. coli and P. aeruginosa with MICs of 12.5 and 25 µM while Tyrc A was only active at 

25 and 100 µM respectively. Both Tyrc A and 41 were two-fold more potent against S. 

aureus than was the known antibiotic streptomycin. On the other hand, none of the tyrocidine 

A analogues documented here were equipotent as streptomycin against Gram negative 

bacterial strains, although 41 was only two-fold less active against E. coli. 

Crucially, the haemolytic activity of 41 remains significantly diminished compared to Tyrc 

A. The highest tested concentration with negligible haemolysis observed for 41 was 12.5 µM. 

Although this value is slightly less than that of 40 due to the dilution series tested, when 

plotted graphically (Figure 7.16) both 40 and 41 demonstrate almost identical haemolytic 

profiles, reduced approx. 30-fold compared to Tyrc A. 
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Figure 7.16: Mouse red blood cell haemolysis assay of tyrocidine A and compounds 40 and 

41. 100% haemolysis referenced as treatment with 0.5% Triton X-100. % haemolysis plotted 

against peptide concentration (A) and log peptide concentration (B). 
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7.2.7 Structural analysis of compound 41 

Compound 41 was studied by NMR spectroscopy in combination with molecular modelling 

as per 40. Unsurprisingly, the NMR spectra included many similar features to 40 including 

large 
3
JNH-C

α
H coupling constants, ranging 7.6 - 8.7 Hz and strong C

α
iH – Ni+1H ROEs for the 

expected β-strand residues. An ROE diagram is shown below in Figure 7.17, the same key 

ROEs as 40 are demonstrated except for one between the C
α
H of Orn

9
 and the NH of Leu

10
 

that could not be accurately assigned due to overlap (although clearly evident in the spectra). 

 

Figure 7.17:  β-strand region key ROEs of compound 41. NOE derived distances are 

calibrated from the D-Phe
1
 C
βa

H - C
βb

H distance set to 1.8 Å. Note Orn
9
 C
α
H – Leu

10
 NH 

ROE could not be accurately assigned due to overlap. 

 

An ensemble of the eight lowest energy structures calculated for 41 is shown below in Figure 

7.18, along with a representative molecule for clarity compared side by side with 40 (Figure 

7.19).  The ensemble population is well defined with an RMSD average of only 1.52Å for the 

total structure.  

Given the biological activities of 41 supported the rationale design, it is of no surprise that the 

overall conformation of compound 40 is retained by 41, including all of the hydrogen 

bonding interactions except for that of the Orn
9 

side chain (Figure 7.19). All eight ensemble 

members satisfy the with C
α

i – C
α

i+3 distance  definition of a β-turn at the D-Phe-2-Abz 
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region, ranging 5.31 – 5.73 Å The ensemble demonstrates the same repositioning of the Phe
3
 

side chain to the lower face of the molecule as compound 40. This shift and those of both 

Asn
5
 and Tyr

7
 towards the hydrophobic face, which result from the reduced curvature of the 

backbone, were hypothesised to be responsible for the reduced haemolysis of these two 

analogues, in accordance with literature of designed AMPs.
366-367

 The Gln
6
 side chain of 40 

maintains its orientation upon substitution for the key Lys
6
 in 41. A minor change was noted 

for the D-Phe
1
 side chain, which appears to be projected more equatorially here rather than 

towards the lower face as per 40 (Figures 7.18 and 7.19). 

 

 

 

 

Figure 7.18: Ensemble of eight lowest energy NMR structures calculated for compound 41. 
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Figure 7.19: Representative NMR structures calculated for compounds 41 (A, C) and 40 (B, 

D) from side and top views showing hydrogen bonds. 

 

In summary, a tyrocidine A analogue with equipotency against Gram positive strains and 

improved activity against Gram negative strains with a therapeutic index that is approx. 30-

fold improved (for S. aureus) was developed by implementing the D-Phe-2-Abz turn scaffold. 

This scaffold results in a conformational change in the peptide backbone and side chain 

orientations which forms the basis of the improved biological activity profile. 

 

 

 

C                                                     D 

A                                                    B 
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7.2.8 TEM studies of tyrocidine A analogues 

To gain a more in-depth understanding of the mechanism by which compound 41 causes 

bacterial death, transmission electron microscopy (TEM) was employed. Both S. aureus and 

P. aeruginosa were treated with either Tyrodcine A or 41 at 4 x MIC for one hour, while the 

control cells were untreated. The results of these experiments can be seen in Figures 7.20 and 

7.22 for the respective bacterial strains. 

S. aureus control cells showed relatively uniform and intact cell membranes and cell walls. 

The cell wall was noted to be slightly diffuse in areas, particularly for dividing cells (Figure 

7.20, right).
368

 The intracellular area consistently demonstrated high density and in some 

sections, particular dividing cells, genetic material (nucleoid) could clearly be seen.
368-369

 

Tyrocidine A is known to possess a membrane lytic mechanism of antibacterial action; it 

therefore comes as no surprise that the TEM images consistently demonstrated S. aureus cells 

with ruptured cell membranes and cell walls after one hour treatment with Tyrc A at 4 x MIC 

(Figure 7.20, left).
358

 Cells treated with Tyrc A consistently showed reduced intracellular 

density suggesting cellular leakage even when the section did not reveal obvious membrane 

damage (Figure 7.20, right), suggesting cell membrane damage has occurred within a 

different plane of the cell to which the section was cut. 

S. aureus cells treated with compound 41 for one hour at 4 x MIC regularly demonstrated 

morphological changes consistent with those of Tyrc A treated cells (Figure 7.20). Again, 

low intracellular densities were observed throughout most cells within the sample. Many cells 

showed partial or complete lysis of both the bacterial membrane and cell wall. 
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Figure 7.20: TEM micrographs of S. aureus untreated (control) or treated with tyrocidine A 

and 41. 

41 41 

Tyrocidine A Tyrocidine A 

Control Control 
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The TEM images of S. aureus provide significant evidence for compound 41 acting by a 

similar mode of action to Tyrc A, despite the obvious changes to the three-dimensional 

architecture of the molecule. Given such changes in the molecular architecture, the exact 

molecular mechanism by which the compound is integrated into the bacterial membrane will 

no doubt differ slightly from Tyrc A. However, a noteworthy observation came from the 

mass spectral data that may shed light upon the mechanism of action. The mechanism of 

action for Tyrc A is strongly evidenced to be disruption of bacterial membranes via formation 

of an intermolecular dimer that further promotes the amphipathic characteristics of the 

molecules.
355, 358-359

 While solution dimers have been previously observed in ESI-MS for 

Tyrc A, similar phenomena were observed for both Tyrc A and compounds 40 and 41 (Figure 

7.21) in this work. This evidence suggests 41 may interact with biological membranes in a 

similar dimeric form to that of Tyrc A.  

Of course, the presence of a double charged dimeric species in the ESI-MS spectra raised 

question as to whether cyclodimerisation had occurred during synthesis. However, the 

compounds were eluted as single peaks from HPLC, and previous experience with CTPs 

demonstrated that the cyclodimers retention time varied significantly from the monomeric 

species. Furthermore, the ratio of monomer to dimer observed in ESI-MS could be increased 

upon dilution of the sample, strongly supporting the occurrence of intermolecular 

aggregation. Finally, analysis by MALDI-TOF failed to yield the dimeric species and 

presence of the cyclic monomer was further confirmed by NMR spectroscopy for 40 and 41. 
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Figure 7.21: Mass spectra peak analysis, with 2+ dimer species highlighted for both 

tyrocidine A (A) and compound 41 (B). Upper panel shows the observed spectra while the 

lower panel shows the predicted spectra. 

 

TEM images of P. aeruginosa treated either with Tyrc A or compound 41 for one hour at 4 x 

MIC along with untreated control cells can be seen in Figure 7.22. P. aeruginosa controls 

cells consistently demonstrated smooth in-tact cell membranes. The intracellular space was 

stained with some light areas towards the centre of the cells where the stains may not have 

penetrated. On the other hand, cells treated with Tyrc A or 41 which remained intact showed 

more uniform staining throughout cellular cross-sections. This would suggest, as expected, 

the peptide treatments may permeabilise the bacterial membranes promoting uptake of stains. 

By majority, P. aeruginosa cells treated with Tyrc A demonstrated similar morphology to 

control cells. Although the increased stain uptake may indicate poorer membrane integrity, 

significantly damaged or lysed cells were rarely observed. Small areas resembling cellular 

remnants were sporadically seen nearby healthy cells. Despite being treated at 4 x MIC, 

significant membrane disruption does not appear to occur, which coincides with the poor 

MIC of Tyrc A against P. aeruginosa (100 µM). On the other hand, P. aeruginosa cells 

treated with compound 41 displayed severely perturbed membranes. The vast majority of 

cells observed demonstrated blebbing or small projections from the cell membrane. 

Furthermore, many cells displayed complete lysis. 

2+ 

2+ 2+ 

2+ 
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Figure 7.22: TEM micrographs of P. aeruginosa untreated (control) or treated with either 

tyrocidine A or compound 41. 

41 41 

Tyrocidine A Tyrocidine A 

Control Control 
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The TEM micrographs appear to support the MIC data whereby compound 41 demonstrates 

significantly enhanced potency against Gram negative strains compared to the parent peptide 

tyrocidine A. The altered three-dimensional architecture of 41 and hence different 

distribution of cationic and hydrophobic regions must improve either the affinity for or 

interaction with the membranes of Gram negative pathogens. Although lethal membrane 

disruption appears to be a common theme, the exact mechanism by which this disruption 

occurs appears to vary between Gram negative and Gram positive strains. The Blebbing or 

membrane projections demonstrated by P. aeruginosa prior to total lysis were not observed 

for S. aureus. Although analysis of TEM images provides strong evidence that severe 

membrane disruption is an important mechanism by which 41 acts against both Gram 

negative and positive bacterial species, it should be noted that this does not rule out the 

possibility of additional intracellular targets, for example binding to DNA as demonstrated 

for the β-hairpin AMP tachyplesin.
370

 

 

7.2.9 Antifungal susceptibility testing of tyrocidine A analogues 

Given tyrocidine A is known to have antifungal properties that display synergistic activity 

with Amphotericin B, anti-fungal susceptibility testing of 41 was conducted against C. 

albicans along with Tyrc A and Amphotericin B (AMB) as references (Table 7.2).
355, 360

 C. 

albicans fungal cells outermost layer is the cell wall, which unlike bacteria is largely 

constituted by chitin.
371

 The cell membrane does not bear the same anionic lipids as bacterial 

cell membranes and is instead rich in ergosterol.
372

 

Amphotericin B (Figure 7.23) is a drug in current clinical use, whose mechanism of action 

relies upon disruption of the fungal cell membrane.
337

 Amphotericin B is a polyene molecule 

that is highly amphoteric (as the name would suggest), it forms both non-aqueous and 

aqueous pores within the fungal membrane that result in loss of intracellular electrolytes 

including glucose.
337

 Pore formation is noted to occur rapidly, within milliseconds, with 

interaction between hydrophobic domains and ergosterol being crucial to pore formation.
337

 

Selectivity for fungal membranes arises from the presence of ergosterol in fungal membranes, 

while cholesterol is the primary constituent in mammalian membranes.
337

 Pore formation is 

significantly diminished in model membranes containing cholesterol compared to 

ergosterol.
373

 However, there also appears to be significant evidence for additional 

mechanisms since anti-fungal properties do not directly correlate with potassium leakage.
337, 
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373-374
 Generation of reactive oxygen species (ROS) has been widely proposed.

373
 AMB 

clinical use is limited however by significant toxicities, primarily infusion related immune 

responses and nephrotoxicity.
375

 Nephrotoxicity arises from AMBs ability to form pores in 

kidney cells, albeit pore formation in cholesterol containing membranes appears to be reliant 

upon AMB oligomer formation and therefore highly concentration dependant.
375

 As a result, 

development of anti-fungal agents which may act synergistically with AMB at concentrations 

below the usual therapeutic window may be of great therapeutic benefit. 

 

Figure 7.23: Chemical structure of Amphotericin B. 

 

Table 7.2: Antifungal susceptibility testing of Tyrcodine A and analogues. 

Compound 
MIC (µM)

a
 

C. albicans C. albicans + 0.39 µM AMB
b 

C. albicans + 0.78 µM AMB
b 

Tyrc A 3.125 0.78 0.39 

41 12.5 0.78 0.39 

Amphotericin B 1.56 N/A N/A 

a
 MIC determined from three separate concordant experiments each with three internal 

replicates. 

b
 Media supplemented with sub-MIC concentration of Amphotericin B.  

 

Tyrcodine A displayed the expected potent activity against C. albicans with an MIC of 3.125 

µM. However the modified scaffold of 41 exhibited four-fold reduced potency, with an MIC 

of 12.5 µM, while neither compound demonstrated equipotency to Amphotericin B which 

demonstrated an MIC of 1.25 µM. Since Tyrc A has been previously reported to have 
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synergistic activity with Amphotericin B, a synergistic MIC assay was performed for both 

Tyrc A and 41. However, the design of the assay documented here was different to that 

previously reported. The previous assay had documented the change in MIC of Amphotericin 

B at a constant sub-MIC concentration of Tyrc A. However Amphotericin B is already of 

high potency, used clinically and also known to have significant toxicity drawbacks due to 

poor selectivity between fungal and mammalian membranes.
337

 Therefore it was decided to 

investigate how sub-MIC concentrations of AMB (
1
/2 and ¼ MIC) would affect the MIC of 

Tyrc A and compound 41.  

 

Strong synergistic effects were observed between AMB and both Tyrc A and 41. The MIC of 

Tyrc A (3.125 µM) in the presence of ½ and ¼ MIC of AMB was reduced four and eight-fold 

respectively to 0.78 and 0.39 µM. Somewhat surprisingly, compound 41 demonstrated 

equipotency to Tyrc A in the presence of ½ and ¼ MIC of AMB, despite being four-fold less 

potent on its own.  

It should be noted that for Tyrc A, while the fungal membrane is known to be a primary 

target for antifungal activity, evidence has strongly suggested additional targets, possibly the 

cell wall or intracellular targets.
355, 360

 A recent study demonstrated model membrane 

permeabilisation efficiency did not to directly correlate with antifungal MIC values.
360

 It is 

likely the membrane lytic activity of 41 is diminished compared to the native Tyrc A, 

resulting in the observed increase in MIC. The synergistic activity between sub-MIC 

concentrations of AMB with Tyrc A and 41 suggest that non-membrane and / or intracellular 

targets may play an important role in the synergistic mechanism. Since 41 was somewhat less 

potent than Tyrc A when tested as standalone drugs, but equipotent upon addition of AMB, it 

may suggest that 41 is lesser membrane permeable or lytic than Tyrc A towards fungal 

membranes. In the presence of sub-MIC AMB, the membrane may be weakened through 

non-lethal pore formation and become more permeable to both Tyrc A and 41, allowing 

cellular uptake and binding to intracellular targets with equipoitency. The alterative, in which 

synergy arises from a co-operative membrane lytic response between AMB and the 

tyrocidines, although possible, is seemingly less likely at such low concentrations given 

evidence from previous membrane permabilisation studies.
355, 361

 Also worth considering is 

that Tyrc A has previously been noted, like AMB, to produce ROS. ROS production was 

found to directly correlate with membrane permabilisation.
355

 However, ROS production did 
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not appear to be important for anti-fungal activity as anti-oxidant presence had little effect on 

the observed MIC, and in fact increased activity for some of tyrocidines tested.
355

 

 

7.3 Design and synthesis of acyclic β-hairpin AMPs  

7.3.1 Background 

Many naturally occurring β-hairpin AMPs, such as tyrocidine A, gramicidin S and RTD-1 are 

head to tail cyclic peptides, while others such as protegrin-I, tachyplesin-I and polyphemusin-

I are stabilised by disulfide bridges and are in-fact bi-cyclic (Figure 7.24).
358, 376-383

 The 

defensins also make up a large class of cysteine rich β-sheet AMPs with more complex 

architectures, including 3 stranded β-sheets.
384

 Although many naturally occurring peptides 

bear disulfide linkages (Figure 7.24), similar structures and activity have been demonstrated 

when replacing these somewhat labile linkages with more permanent head to tail cyclisations 

in analogues of these peptides.
385

 In addition to AMPs forming membrane permeabilising 

amphipathic β-hairpins, AMPs of both α-helical and extended conformations are able to 

adopt amphipathic structures with high antibacterial potency.
353

 Furthermore, although these 

β-hairpin type AMPs are evidenced to act by membrane lytic mechanisms, additional 

intracellular targets may also exist, for example tachyplesin additionally binds to the DNA 

minor groove interfering with DNA-protein binding events.
353, 370

  

 

 

Figure 7.24: Exemplary naturally occurring β-hairpin peptides. R’ = Arginine C-terminal 

amide. D-amino acids represented by lower case letters. 
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Presumably, in the presence of a high proportion of cationic residues on adjacent strands, 

repulsive forces exist which destabilise the β-sheet interactions thereby necessitating further 

restraints such as cyclisation or disulfide bridges to maintain a well-defined hairpin. .
364, 383, 

386-387
 In accordance with this, previous works within this research group (unpublished data) 

designed linear β-hairpin AMPs based on the well-established D-Pro-Gly turn motif finding a 

12-mer cationic AMP to have a β-turn structure with divergent strands exemplified in the 

Figure 7.25. Generally, removal of the cyclic constraints results in less-well defined 

structures and amphipathicity, often leading to unfavourable alterations in biological 

properties such as reduced membrane permeabilisation and antimicrobial activity.
367

 

polyphemusin I analogues, in which all cysteines were replaced with serine, were found to be 

completely unstructured in aqueous environments, TFE and anionic liposomes, resulting in 4-

to 16-fold reduced antimicrobial activities. On the other hand, linear analogues of tachyplesin 

I in which both disulfide bonds were removed, essentially truncating the peptide from 17 to 

13 amino acids in length, retained potent antibacterial activity via membrane disruption.
367

 

However, in aqueous solution the β-hairpin structure was absent. Upon binding to negatively 

charged lipids, a structural shift was observed in CD spectra indicating adoption of a more 

ordered β-hairpin structure.
367

 Under such bacterial membrane mimetic conditions the peptide 

solution was proposed to exist as a combination of β-hairpin and extended conformers, with 

hairpin formation occurring at the membrane surface.
367

 While potent antimicrobial activity 

similar to the parent peptide was maintained, more surprisingly, the reduction in amphipathic 

ordering also resulted in reduced haemolysis and thereby linearisation enhanced the 

therapeutic windows.
367

 In accordance with this observation, membrane binding appeared to 

be inhibited by cholesterol. Additionally, the reduced haemolysis may also, at least partially, 

be attributed to an overall reduction in hydrophobicity by removal of all four cysteines.
367

 

Backbone flexibility enhancing the therapeutic window has also been reported in the 

structure-activity relationship study of this lab on battacin lipopeptides.
312
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Figure 7.25: Cartoon diagram of proposed structure of 12-mer AMP previously designed by 

this research group (unpublished data) based on D-Pro-Gly turn. 

 

7.3.2 Peptide design 

Given the significant evidence for the ability of the D-Phe-2-Abz turn to nucleate a β-hairpin 

in the hydrophobic linear peptide 39, it appeared worthwhile to investigate the design and 

synthesis of a biologically active antimicrobial analogue. Given past evidence of this research 

group (unpublished data) and that of tachyplesin-I analogues, the β-hairpin structure of these 

linear AMPs would likely be poorly ordered in aqueous solution but may be restored in the 

presence of bacterial membranes. However, such an inducible structural organisation may 

lead to favourable biological properties with the anionic bacterial membrane acting like a 

―molecular switch‖ and inducing the otherwise absent membrane permeabilising 

conformation. 

 

Two linear peptides were designed incorporating the D-Phe-2-Abz turn to induce β-hairpin 

structure. Due to cost and availability of appropriately protected amino acids, an all D-

sequence, while apparently desirable (as noted from tyrocidine A analogues synthesis) was 

not accessible and instead, all L-strands were selected with one exception. To aid in 

nucleating a tighter turn, the first residue of each strand was of the D-configuration, by 

insertion of the exact sequence of compound 1 (D-Leu-D-Phe-2-Abz-D-Ala). The choice of 

strand residues was based upon two criteria, their β-sheet forming propensity and their 

likelihood for bioactivity.
388

 The peptides were designed so as to create an amphipathic 

structure with hydrophobic residues such as Val and Trp, which possess high intrinsic β-sheet 
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forming properties, on one face and cationic residues on the other. Arginine was chosen over 

lysine as the source of basicity as it is of a greater β-sheet forming propensity.
388

 

Furthermore, naturally occurring β-hairpin AMPs (Figure 7.24) are Arginine rich structures, 

with lysines rarely occurring. Dong et al.
57

 synthesised similar peptides in which Arg-Val 

repeats were tethered into a β-hairpin structure by a terminal disulfide bridge and 

incorporation of the common D-Pro-Gly turn. Their findings showed the best broad spectrum 

activity and therapeutic index occurred when three cationic residues were present in each 

strand, in the form (Val-Arg)3. While many synthetic and naturally occurring AMPs possess 

C-terminal amidation, the C-terminal acid was maintained in order to facilitate possible salt 

bridge formation which may help tether adjacent strands. Following these criteria the 

structure of compound 42 (Figure 7.26) was derived. However, previous unpublished works 

of this lab have demonstrated that replacements of lysine or diaminobutayric acid with 

arginine resulted in greater haemolysis. Therefore a further analogue (compound 43, Figure 

7.26) was designed in which one arginine from each strand was replaced with lysine and 

valine was substituted for isoleucine. 
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Figure 7.26: Chemical structures of compounds 42 and 43. The turn sequence taken from 

compound 1 is colour coordinated as per asperterrestide A analogues (Chapter 3). 

 

7.3.3 Peptide Synthesis 

Compounds 42 and 43 were assembled on 2-chlorotrityl chloride resin following the standard 

Fmoc-SPPS procedures outlined in the experimental section. Alkylation of 2-Abz with D-Phe 

was performed twice for two hours each using HATU. Any unalkylated 2-Abz remaining was 

capped with acetic anhydride. Despite such additional precautions, the crude linear peptides 

were of very poor purity (Figure 7.27), presumably due to aggregation resulting from the 

large hydrophobic Pbf protecting groups of arginine. To that end, compounds 42 and 43 were 

obtained in only 10-12% yield approximately after HPLC. 
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Figure 7.27: Annotated crude HPLC trace of compound 42. 

 

 

 

7.3.4 Antibacterial evaluation 

Both compounds were evaluated for antimicrobial potency against the two Gram negative 

pathogens E. coli and P. aeruginosa and the Gram positive pathogen S. aureus (Table 7.3). 

Furthermore both compounds were evaluated for haemolysis to establish their therapeutic 

potential (Table7.3, Figure 7.28). 
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Table 7.3: Antibacterial susceptibility and haemolytic testing of compounds 42 and 43 

Compound 

MIC (µM)
a
 Less than 3 % 

haemolytic 

conccentration 

(µM)
b
 

 

Therapeutic 

Index
c
 E.coli P. aeruginosa S. aureus 

42 3.125 3.125 0.39 200 64, 64, 512 

43 25 6.25 0.78 600 24, 96, 769 

Streptomycin 6.25 6.25 3.25 N/A N/A 

a
 MIC determined from the concordant results of three independent experiments each with three 

internal replicates. 

b
 Values determined from average of 3-replicate measurements. 

c 
E.coli, P. aeruginosa and S. aureus respectively. 

 

Compound 42 was highly potent against both Gram negative pathogens with an MIC of 3.125 

µM. However, the potency of compound 43 was comparatively reduced, two-fold against P. 

aeruginosa (MIC 6.25 µM) and eight-fold against E.coli (MIC 25 µM). Given the net charge 

is of each peptide is equivalent (+6) and hydrophobicity similar, such a reduced potency of 

compound 43 relative to 42 is presumably due to differences in their structural organisation 

that effects the their amphipathic segregation, or a preference for Arg over Lys against Gram 

negative bacteria. 

 

Both 42 and 43 were found to be highly potent against the Gram positive pathogen S. aureus 

with MICs in the nanomolar range, 390 and 780 nM respectively. It would appear that 

perhaps the exact structure and amphipathic ordering may be less crucial for activity against 

this Gram positive pathogen, which does not possess an outer membrane and instead the cell 

wall presents the first potential target for the AMPs. While both compounds demonstrate 

broad spectrum activity, a degree of selectivity with extreme potency against the Gram 

positive pathogen S. aureus is evident. 

 

Based on antimicrobial potency alone 42 is the clear lead, however, this compound also 

proved to be more haemolytic (Table 7.3, Figure 7.28). This would suggest 42 may possess a 
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more well organised amphipathic structure than 43 based on the results of previous literature, 

or instead suggests that arginine is inherently more haemolytic than lysine.
367

 While 

compound 42 began to demonstrate haemolysis greater than 3% at concentrations above 200 

µM, 43 failed to induce haemolysis greater than 3% at any of the concentrations tested (up to 

600 µM). Therefore, both compounds possess similar therapeutic indices and potential 

against S. aureus and P. aeruginosa, with compound 42 largely advantageous against E. coli. 

Noteworthy is the moderate selectivity of both 42 and 43 towards the Gram positive pathogen 

S. aureus, without haemolysis occurring at concentrations approximately 500 and 800 fold 

greater than their MICs respectively. 

 

 

Figure 7.28: Mouse red blood cell haemolysis assay of compounds 42 and 43. 100% 

haemolysis referenced as treatment with 0.5% Triton X-100. 

 

To gain insight into the antibacterial mode of action of compound 42, transmission electron 

microscopy was employed (TEM).  Both S. aureus and P. aeruginosa were treated with 

compound 42 at 4 x MIC for one hour, while the control cells were untreated. The results of 

these experiments can be seen in Figures 7.29 and 7.30 for the respective bacterial strains. 

The control images used are the same shown above for tyrocidine A and compound 41. 
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S. aureus control cells demonstrated smooth intact cell walls and membranes along with high 

intracellular density. Cells treated with compound 42 exhibited significantly reduced 

intracellular density, indicative of cellular leakage. In some instances, the cell wall and 

membrane appeared nearly completely disintegrated (Figure 7.29, left), in other cases, single 

pores in the membrane could be seen leading to cell leakage (Figure 7.29, right). The TEM 

images strongly suggest a cell membrane and cell wall lytic effect is demonstrated by the 

peptide against the Gram positive pathogen. 

 

 

 

  

                               

Control Control 

42 42 
 

Figure 7.29: TEM micrographs of S. aureus untreated (control) or treated with compound 

42 for one hour 
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P. aeruginosa controls cells demonstrated smooth in-tact cell membranes and the intracellular 

space was stained with some light areas towards the centre of the cells where the stains may 

not have penetrated. Cells treated with compound 42 demonstrated large blebs on the cell 

membrane (Figure 7.30, left). It appears that upon peptide treatment, the Gram negative cells 

experience membrane blebbing at an early stage, eventually leading to total membrane lysis 

and intracellular leakage (Figure 7.30, right). 

 

 

 

                              42                                                                      42  

Control Control 

 

42 
 

42 

Figure 7.30: TEM micrographs of P. aeruginosa untreated (control) or treated with 

compound 42 for one hour. 
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While analysis of the TEM images does not rule out the possibility of additional intracellular 

targets, lethal membrane disruption appears to play a significant role in these peptides mode 

of action against both Gram negative and positive pathogens. To determine the exact 

mechanism by which the peptide interacts with the cell membrane would require further 

investigations. 

 

7.3.5 Antifungal evaluation 

Due to the lack of available peptide, only compound 42 was evaluated for its potential as an 

antifungal agent. Despite being a potent antibacterial, compound 42 was found to be only 

moderately active against C. albicans with an MIC of 50 µM (Table 7.4). However, in the 

presence of Amphotericin B a powerful synergistic effect was realised. In the presence of ¼ 

or ½ MIC of amphotericin B, compound 42 demonstrated nanomolar range potency with 

MICs of 780 and 390 nM respectively (Table 7.4).  

 

Given the poor inherent potency of 42 alone it would appear plausible that either a co-

operative cell wall / membrane lytic effect is observed between the two compounds or 

alternatively, partial and non-lethal membrane permabilisation induced by sub-MIC 

amphotericin B allows uptake of 42 to intracellular targets. Antimicrobial peptide Histatin 5 

for example has been shown to affect mitochondrial function and cause oxidative stress to C. 

albicans upon intracellular localisation.
389

 

 

 Some AMPs are noted to target fungal cells by binding chitin, a major constituent of fungal 

cell walls but not bacterial cell walls.
390-391

 Based on the poor activity of 42 alone, it appears 

unlikely that a high degree of chitin binding and hence fungal selectivity exists. Furthermore, 

antifungal peptides are noted often to bear high proportions of neutral amino acids.
392

 

Compared to compound 41 and tyrocidine A (discussed previously), compound 42 bears a 

much greater cationic to hydrophobic ratio and is likely responsible for its poorer activity 

given the hydrophobicity of fungal membranes. In accordance with this, while antifungal 

activity of antimicrobial peptides is often poor, lipopeptides bearing large hydrophobic fatty 

acids are often potent antifungal agents.
393-395

 Given this evidence, it appears likely that 
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intracellular targets may constitute the primary mode of action for 42 and the synergy 

displayed with Amphotericin B may be a result of enhanced cellular uptake. 

 

Table 7.4: Antifungal susceptibility testing of compound 42 and Amphotericin B. 

Compound 
MIC (µM)

a
 

C.albicans C.albicans + 0.39 µM AMB
b 

C.albicans + 0.78 µM AMB
b
 

42 50 0.78 0.39 

Amphotericin B 1.56 N/A N/A 

a
 MIC determined from three separate concordant experiments each with three internal 

replicates. 

b
 Media supplemented with sub-MIC concentration of amphotericin B.  

 

7.3.6 Peptide structural analysis 

In-depth NMR experiments were used to study the secondary structure of compounds 42 and 

43. Unfortunately for 43 a spectrum of sufficient quality to make robust sequential 

assignments could not be obtained due to severe overlap in the spectra. Spectra for 42 were 

recorded in a 1:1 mixture of H2O:MeCN as this solvent mixture provided better results than a 

single solvent system for the tyrocidine A analogues.  

 

The expected strand residues of compound 42 demonstrated strong C
α

iH – Ni+1H ROEs 

which were stronger than the NiH – Ni+1H ROEs, thus supporting an extended backbone 

conformation typical of β-sheets. Excluding Arg
3
 and D-Ala

9
, the 

3
JNH-C

α
H coupling constants 

were large (ranging 6.88 – 7.95 Hz), consistent with dihedral angles corresponding to random 

coil or the extended conformation of antiparallel β-sheet. However, as expected from the 

aforementioned studies of acyclic cationic β-hairpin peptides, many of the typical inter-strand 

ROEs were absent. This would suggest that although each proposed strand likely exists in the 

extended backbone conformation typical of β-sheets, the charge repulsions may result in two 

divergent β-strands. 
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Using the assigned ROEs and dihedral angle restraints generated from the 
3
JNH-C

α
H coupling 

constants, compound 42 was modelled. Consistent with the lack of inter-strand ROEs a 

poorly defined ensemble of eight structures was calculated, showing two divergent strands in 

extended conformation (Figure 7.31, A). While all eight structures maintained the intra-

residue H-bond of 2-Abz, the geometry of the additional turn residues varied considerably. 

Of the eight calculated structures, one demonstrated by far the tightest turn and most well 

defined β-hairpin geometry (Figure 7.31, B). Given such a defined conformation is 

energetically feasible for compound 42; it is likely a similarly defined structure may be 

adopted upon interaction with hydrophobic and anionic groups of the bacterial cell membrane 

or wall. 

 

 

Figure 7.31: (A) Eight lowest energy calculated NMR structures for compound 42. (B) 

Single calculated NMR structure for 42 showing the most well-defined β-sheet geometry. 

Structures are shown as cartoon diagram with strand residues represented as tubes. 

A 

B 
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In the absence of detailed NMR data for compound 43, both compound 42 and 43 were 

studied by circular dichroism spectroscopy (Figure 7.32). Spectra of both compounds were 

recorded in sodium phosphate buffer at pH 7.4 and in a 50% TFE and buffer mixture. 

 

In buffer, both compound 42 and 43 demonstrated a spectrum that appears to resemble a 

mixture of both random coil and β-sheet populations. While minima near 195 nm suggest a 

random coil structure, the ellipticities remain negative after 210 nm until approximately 240 

nm, which much more strongly resembles a typical β-sheet spectra. Although the expected 

strong minima at 216 nm is absent, weaker minima are observed at approximately 218 and 

230 nm for 42 and 43 respectively. Thus, their spectra appear to represent a mixture of both 

random coil and β-sheet conformations. In a 50% TFE and buffer mixture, to induce a 

membrane mimetic environment, a shift is observed towards a greater proportion of β-sheet 

conformation. Under these conditions for compound 42, the minima at 198 nm becomes 

smaller and positive ellipticities are observed below 190 nm. Furthermore the minima near 

218nm becomes larger further indicative of a growing β-sheet population. Given the NMR 

evidence against α-helical structure being adopted (e.g. ROEs and coupling constants), the 

broad minima at 218 nm observed is most likely due to the averaging of random coil and β-

sheet type spectra, rather than any evidence of a helical population existing. For compound 3, 

addition of 50% TFE sees the intensity of both bands increase, particularly the minima at 

approx. 230 nm. Furthermore, the 230 nm minima shifts towards lower wavelengths more 

typical of β-sheet population, now residing around approximately 222 nm, much closer to the 

expected 216 nm, with the negative band continuing up to approximately 240 nm. Although 

this spectrum also appears to be an average of both random coil and β-sheet populations, the 

relative intensities of the two bands at approx. 198 and 220 nm suggest a greater β-sheet 

population for compound 43 than compound 42 (Figure 7.32). While compounds 42 and 43 

possess a mixture of unordered and β-sheet conformations and display potent antimicrobial 

activity, despite being completely devoid of cyclic constraints, polyphemusin I analogues 

devoid of cyclisation were found to be totally unstructured by both NMR and CD and 

possessed poor antimicrobial activity. In fact, the CD spectra of 42 and 43 somewhat 

resembles that of the native polyphemusin I. This suggests the D-Phe-2-Abz turn motif 

provides a robust framework for the development of β-hairpin antimicrobials with great 

therapeutic potential, especially with the i and i+3 residues in the D-configuration.  
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Figure 7.32: Circular dichroism spectra of compound 42 (A) and 43 (B) recorded in sodium 

phosphate buffer pH 7.4 and a 50% TFE and buffer mixture at 50µM peptide concentration. 

 

7.4 Chapter conclusions 

1. The utility of the D-Phe-2-Abz moiety as a β-turn inducer was proven by compounds 

39-41. 

 

2. Further synthesis of compounds bearing the D-Phe-2-Abz moiety would benefit 

greatly in yield by incorporation of this fragment as a pre-formed and purified 

dipeptide unit, like those commonly used for pseudoproline incorporation. 

 

 

3. The merits of the novel geometry provided by this turn inducing scaffold were 

demonstrated by the synthesis of tyrocidine A analogues with an approx. 30-fold 

improved therapeutic index. 

 

4. β-hairpin libraries based on this frame work may be generated with a large variety of 

substitutions possible in place of either D-Phe (based on facile cyclisation of 

compounds 18-23 ) or attached to the 2-Abz ring. 

 

 

5. Although compounds 39, 40 and 41 demonstrated significance evidence for a well-

defined β-hairpin structure, a tighter, more idealised β-turn structure exists when the i 
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and i+3 residues are of the D-configuration as per compound 1. It appears likely that 

these D-residues are required for the three observed hydrogen bonds of compound 1. 

While the D-Pro-Gly turn is useful for creating β-turns in otherwise all L-peptides, D-

Phe-2-Abz moiety offers a versatile framework that appears better suited to all D-

peptides (based on compound 1). 

 

6. The inclusion of this fragment (even with i and i+3 residues in the D-configuration) in 

linear cationic antimicrobial compounds was insufficient to induce highly defined β-

strands, which was in accordance with previous unpublished results of our lab using 

the classical D-Pro-Gly turn. These observations most likely result from repulsions 

between the two cationic strands, explaining why in both nature and rational design 

such compounds are often cyclised by disulfide linkages. Regardless of the poorly 

defined β-hairpin structure, CD spectra provide evidence that in 50% TFE, so called 

―membrane mimetic‖ conditions, a shift from a mixture of random coil and β-hairpin 

conformations towards a greater population of more well defined β-hairpin 

conformers occurs. These linear cationic AMPs were found to possess potent broad 

spectrum antimicrobial activity, in particular, against the Gram positive pathogen S. 

aureus. Furthermore both compounds possess large therapeutic potential based on low 

haemolysis and highlight the applications of the D-Phe-2-Abz turn motif. 

 

7.5 Experimental 

For all biological assays, compound solutions were produced in the appropriate media from 

20 mM DMSO stock solutions. 

 

7.5.1 Chemicals and reagents 

All Fmoc-amino acids and peptide reagents were purchased from AK scientific, USA. 2-

chlorotritylchloride resin was purchased from Peptides International, USA. N,N-

Diisopropylethylamine (DIPEA), triisopropylsilane (TIS), 2,2,2-Trifluoroethanol (TFE), 

piperidine, other common solvents and chemicals were purchased from Sigma Aldrich, NZ. 

Trifluoroacetic acid (TFA) of J.T.Baker brand was purchased from ECP Ltd, NZ. Mueller 

Hinton broth (MHB, non-cation adjusted) of BD-Difico brand was purchased from Fort 
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Richard Laboratories, New Zealand. Polypropylene 96-well plates for antimicrobial assays 

were purchased from Thermo Fisher, New Zealand. 

7.5.2 General Peptide Synthesis and Purification 

Linear peptides were synthesised following standard Fmoc solid phase peptide synthesis 

protocols, on 2-chlorotrityl chloride resin,at either 0.1 or 0.2 mmol scale in N,N-

dimethylformamide (DMF), using custom made peptide reaction vessels with sintered glass 

filters. Amino acid side chains were protected as follows, arginine: 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl (Pbf), asparagine: trityl (Trt), glutamine: trityl 

(Trt), Lysine: tert-butyloxycarobonyl  (Boc), ornithine: tert-butyloxycarobonyl  (Boc), 

tryptophan: tert-butyloxycarobonyl (Boc), tyrosine: tert-butyl (tBu).  Briefly, the first amino 

acid (4 eq.) was loaded to resin in dry DCM (min.) with DIPEA for one hour. The resin was 

then treated twice, with a solution of DCM/MeOH/DIPEA (8/1.5/0.5), for 10 minutes. Fmoc 

deprotection was performed, using a solution of 20% piperidine in DMF, twice for 10 

minutes each. Couplings were performed for 1 hour using 4-fold excess of amino acids, 

HCTU (3.8 eq.) as the coupling reagent and DIPEA (8 eq.) as the base. Couplings to 2-Abz 

or proline were performed twice for 2 hours using HATU. For Peptides 42 and 43, after the 

second coupling of D-Phe to 2-Abz, the peptide was capped with acetic anhydride (75.6 µl, 

0.8mmol, 4 eq.) in DMF along with DIPEA (350 µl, 2 mmol, 10 eq.). Linear peptides 39, 42 

and 43 were cleaved from the resin using a solution of TFA:H2O:TIS (95:2.5:2.5) for 30 

minutes and the solvent evaporated to yield a gum. Protected linear peptide derivatives of 

Tyrc A and compounds 40 and 41 were cleaved from the resin using a 1% TFA solution in 

DCM 5 times for 1 minute each with washings collected into a flask already containing 

triethylamine (1.5 molar excess to the total TFA). Crude linear peptides were purified to > 

95% purity by reversed-phase high performance liquid chromatography (RP-HPLC) using a 

linear gradient of H2O, MeCN. RP-HPLC was undertaken using a GE Pharmacia  KTA 

purifier 10 system with a Phenomenex Luna 5 μm C18 100 Å (250 mm × 21.2 mm) column, 

using MQ-water with 0.1% TFA as solvent A and either 99 % or 80% MeCN, with 1% or 

20% MQ-water respectively with 0.1% TFA as solvent B at flow rate of 10 ml/min and UV 

detection at 214, 254 and 280 nm. Individual gradients are described in Table 7.9. Purified 

peptides were freeze dried and obtained as white solids. Cyclic peptides were synthesised 

from their purified side chain protected linear counterparts. The linear peptide was dissolved 

in DMF at 1.25 mM with 1% v:v DIPEA, after 5 minutes stirring, PyAOP (3 eq.) was added 

and the reaction stirred for 4 hours and the solvent removed under vacuum. The crude cyclic 
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product was then deprotected (if required) by stirring for 2 hours with a TFA:H2O:TIS 

cocktail (95:2.5:2.5). The deprotected peptides were then treated with cold Et2O, no 

precipitate was formed for tyrocidines and the solvent was evaporated. Linear cationic 

peptides formed a precipitate which was isolated from the supernatant. Cyclic deprotected 

peptides were purified to > 95% purity by RP-HPLC using a linear gradient of H2O, MeCN 

as described in Table 7.0. Purified cyclic peptides were obtained as white solids after freeze 

drying. Percentage yields reported for tyrocidine A, 40 and 41 are reported first for the 

protected linear peptide (relative to resin loading) after purification and then for the 

cyclisation / deprotection steps after purification. Purity of peptides was confirmed by 

analytical RP-HPLC using a Phenomenex Luna 5 μm C18 100 Å (250mm × 4.6 mm) column 

and 0.5 ml/min flow rate. The identity of the purified peptides was confirmed using 

electrospray ionisation mass spectrometry (ESI-MS) recorded on a Bruker micrOTOFQ mass 

spectrometer. ESI-MS demonstrated presence of the cyclic monomer and a small presence of 

intermolecular dimerisation for compounds 5, 6 and tyrocidine A, in accordance with 

literature.
359

 Cyclodimerisation was disproven by dilution, MALDI-TOF, NMR and single 

peak analytical HPLC traces. 

 

7.5.3 Physical characteristics and spectral data 

Physical data of peptides can be found in Table 7.9 and analytical RP-HPLC traces found in 

Appendix A. ESI-MS and 
1
H-NMR spectra of can be found in Appendices B and C 

respectively. 
1
H-NMR data was not recorded for tyrocidine A and was not assigned for 43 

and therefore are not provided. 

 

7.5.4 Bacterial Minimum inhibitory concentration assay (MIC) 

S. aureus E.coli and P. aeruginosa were grown as overnight cultures in Mueller-hinton broth 

(MHB, non-cation adjusted) at 37
o
C. Bacterial suspensions were adjusted to 0.1 OD and then 

diluted 1:100 in accordance with a documented protocol.
298

 Compounds were assayed on 96-

well microtitre plates preparing dilutions in the plate prior to inoculation. Plates containing 50 

ul of compounds at twice the final test concentrations and a non-treatment growth control 

were then innocualted with 50 ul of the diluted bacterial suspension. An additional column 

was not inoculated as a sterility control and instead 100 ul of media was added. After 
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incubation for 18h at 37
o
C, plates were viewed visually and by plate reading OD at 600 nm. 

MIC was determined as the lowest concentration in which no bacterial growth was observed 

as determined from three concordant experiments, each with three internal replicates. 

 

7.5.5 Fungal Minimum inhibitory concentration assay (MIC) 

Fungal susceptibility testing was performed following a procedure with minor adaptions from 

a known standard.
338

 A single colony of C. albicans was transferred to a solution of Roswell 

Park Memorial Institute (RPMI) media (0.5 ml) and adjusted to an OD of 0.1 and then diluted 

1:100. The assay was performed as described for bacterial MIC assays, with the incubation 

time extended to 48 hours at 35
o
C. Determination of activity was performed by visual 

inspection as the fungus does not grow as a homogeneous solution for plate reading; instead 

colonies on the bottom of the wells are observed. MIC was determined as the lowest 

concentration in which no fungal growth was observed as determined from three concordant 

experiments, each with three internal replicates. Synergistic assays were performed 

identically except during compound dilution stages the media was supplemented with 

Amphotericin B at either 0.78 or 1.56 µM which became diluted two-fold to the desired final 

concentration after inoculation with 50 µl of the fungal suspension. 

 

7.5.6 Haemolysis assay 

Haemolytic activities of the peptides were investigated by determining the haemoglobin 

release from erythrocyte suspensions of fresh mouse blood (2%, vol/vol). The blood cells 

were centrifuged at low speed for 5 mins and the plasma was removed. The blood cells were 

washed in Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.2). The blood cell pellet was re-

suspended as a 2% vol/vol solution in the Tris buffer. Peptides were diluted in Tris buffer and 

two-fold dilutions made in the microtitre plate as per MIC assays. To the peptide solution (50 

µL) was added re-suspended blood cells (50 µL) and incubated for 1 hour at 37
o
C without 

shaking. The buffer solution and 0.5% Triton X-100 were used as the negative and positive 

control respectively (50 µL). The experiment was carried out in triplicates. After incubation, 

the plates were centrifuged at 3500 x g for 10 mins. The supernatant (80 µL) was transferred 

into separate 96 well plates and the haemolysis was measured using a plate reader measuring 

absorbance at 540 nm. Percentage haemolysis at each peptide concentration can be calculated 
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from the following equation, where Aexp is the experimental A540 measurement, ATris is the 

negative control where only Tris buffer was added to RBC, and A100%, is the positive control 

where 0.5% Triton X-100 (50 µL) was used to cause lysis of 100% RBC present.  

 

% haemolysis = (Aexp − ATris)/(A100% − ATris)× 100 

 

7.5.7 Transmission electron microscopy (TEM) 

S. aureus and P. aeruginosa were grown as overnight cultures in Mueller-hinton broth 

(MHB, non-cation adjusted). Bacterial suspensions were diluted to an OD of 0.4 in MHB. A 

1 ml aliquot of each bacterial suspension was used for each sample preparation. Control 

samples were incubated one hour at 37
o
C, while drug treated samples were incubated for one 

hour with each compound at 4 x MIC. After incubation the cells were centrifuged and washed 

thrice at 5000 x g for 3min with Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.4). The pellets 

were then re-suspended in a 4% gluteraldehyde solution in the buffer and incubated at room 

temperature for 2 hours. The fixed cells were then centrifuged and washed thrice at 5000 x g 

for 3min with Tris buffer. The washed cells were post fixed with 1% osmium tetroxide in 

PBS for 1 hour. The post-fixed cells were then dehydrated through a graded ethanol series 

(50, 90, 100%) before placing in absolute acetone twice for 10 minutes each. The supernatant 

was removed and replaced with a 1:1 mixture of absolute acetone and epoxy resin for 1 hour 

before transfer to pure epoxy resin overnight. The pellets were then transferred into 

appropriate tubes and incubated at 60
o
C for 48 hour before ultrathin sections were obtained 

using an ultramicrotome. The sections were post-stained with uranyl acetate and lead citrate. 

Samples were viewed by transmission electron microscopy (FEI Technai 12). 

 

7.5.8 NMR spectroscopy 

Samples were dissolved in either CD3OH (Merck, 99.5%, peptide 39 only) or a 1:1 mixture 

of CD3CN (Cambridge Isotopes, 99.8%) and MQ-water. NMR spectra were recorded on a 5 

mm, TCI cryoprobe-equipped Bruker Avance 700 spectrometer operating at 700.13 MHz. 

Peak assignments were made using 2D double-quantum filtered COSY and TOCSY spectra 

(mixing time typically 60 ms). Distance restraints were obtained from a ROESY spectrum. A 
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mixing time of 300 ms and a relaxation delay of 3 s were used for ROESY spectra. These 

spectra incorporated suppression of zero-quantum artefacts
334

 and in most cases a weak, off-

resonance presaturation pulse to suppress residual methyl proton signals from the solvent. 

The solvent hydroxyl signal was suppressed using excitation sculpting for spectra recorded in 

CD3OH .
396

 All 2D NMR spectra were recorded at 298K. Spectra were referenced relative to 

an external standard of the solvent spiked with TMS at 0 ppm. 

Spectra were processed with Bruker Topspin 2.1.8 using standard parameters. Peak 

assignments and generation of ROE distance restraints was performed using CCPN Analysis 

v.2.4.2.
335

 Peak volumes were calculated using standard settings and ROE distances were 

calibrated by setting the average volume of the D-Phe C
β
 protons to 1.8 Å. 

 

7.5.9 Solution structure calculation 

Structures of compounds 40, 41 and 42 were calculated using the standard NMR structure 

calculation tool of the program YASARA.
291

 In short, the ROE restraints were exported from 

CCPN4 in XPLOR format and included in structure calculations in all steps. Calculations 

additionally included dihedral angle restraints calculated from measured coupling constants
 

(
3
JNH-C

α
H).

286
 First, ten roughly folded structures were calculated by randomly changing 

torsion angles starting from the initial structure built with D-amino acids and non-standard 

amino acids. The structures were refined in vacuum by 40 cycles of heating and cooling. 

Afterwards, the structures went through water refinement using the same restraints. The 

structures with the lowest energy and retaining D-configuration were chosen from 10 

structures to represent the ensemble for each compound.  

 

7.5.10 Circular dichroism (CD) spectroscopy 

Circular dichroism (CD) spectra were recorded on an AppliedPhotophysics p-Star 180 

spectrometer, at 25
o
C in a 0.1 cm path-length cuvette, from 190 to 260 nm at 0.5 nm intervals 

with a 4 s response time. Six scans per sample were averaged and averaged solvent spectra 

subtracted. Peptide stock solutions were prepared in the respective solvents at 1 mM and 

diluted to the desired concentrations (either 50 or 333 µM). 



  

287 
 

7.5.11 Compounds 39-43 

 

Compound 39: H2N-Leu-Val-Val-D-Phe-2-Abz-Leu-Val-Val-COOH 

Compound 39 was synthesised following the general protocol at 0.2 mmol scale and obtained 

as a white fluffy solid (2.5 mg, 1.4%). It is worth noting that although the crude yield for 

compound 39 was in excess of 150 mg, due to extremely poor solubility only a small quantity 

was purified, resulting in poor final yield. 

 

 

Table 7.5: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) and 

temperature coefficient values (d/dT) of 39 in CD3OH at 298 K recorded on a 700 MHz 

spectrometer. 

*N/A = Not assigned 

 

 

Residue 
Chemical Shift (ppm) 

 3
JNH-C

α
H 

(Hz)
* NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

Leu 1  4.01 1.70, 1.62 0.94 0.94, 0.94    

Val 2 8.53 4.24 1.97 0.91, 0.91    9.1 

Val 3 7.79 4.56 1.95 0.71, 0.44    9.1 

D-Phe 4 8.62 4.89 3.42, 2.87  7.33 N/A*
 

N/A*
 

8.4 

2-Abz 5 11.36  C
β

2H: 7.64 8.06, 7.22 7.49    

Leu 6 8.57 4.95 1.86, 1.61 1.70 0.98, 0.98   8.4 

Val 7 8.46 4.30 2.16 0.96, 0.96    9.1 

Val 8 8.19 4.04 1.88 0.78, 0.66    7.7 
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Tyrocidine A: Cyclo(D-Phe-Pro-Phe-D-Phe-Asn-Gln-Tyr-Val-Orn-Leu) 

The protected linear precursor was synthesised according to the general protocol above at 0.1 

mmol scale, yielding a white solid (86.6 mg, 45%) after purification. Cyclisation and 

deprotection according to the general protocol yielded tyrocidine A as a white fluffy solid 

(30.4 mg, 53%). 
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Compound 40: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Gln-Tyr-Val-Orn-Leu) 

The protected linear precursor was synthesised according to the general protocol above at 0.1 

mmol scale, yielding a white solid (22.7 mg, 11.6%) after purification. Cyclisation and 

deprotection according to the general protocol yielded 40 as a white fluffy solid (7.2 mg, 

47.9%).  

Table 7.6: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) of 40 in 1:1 

MQ-H2O:CD3CN at 298K recorded on a 700 MHz spectrometer. 

*
N/A: Not assigned 

†
 NH2 of side chain amide 

 

Residue 
Chemical Shift (ppm) 

 3
JNH-C

α
H 

(Hz)
* NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

D-Phe 1 7.98 4.81 3.32, 2.93  N/A
*
 N/A

*
 N/A

*
 8.65 

2-Abz 2 10.53  C
β

2H: 7.42 7.86, 7.22 7.51    

Phe 3 7.95 4.70 3.01, 2.96  N/A
*
 N/A

*
 N/A

*
 7.6 

D-Phe 4 7.94 4.89 2.92, 2.92  N/A
*
 N/A

*
 N/A

*
 7.7 

Asn 5 8.33 4.64 2.77, 2.54  7.25, 6.62
†
   7.86 

Gln 6 7.91 3.86 1.43, 1.43 N/A
* 

N/A
* 

2.76, 2.76
†
  4.51 

Tyr 7 7.94 4.38 3.07,  2.83  7.04, 7.04 6.74, 6.74  8.65 

Val 8 7.58 4.11 1.93 0.79, 0.79    8.8 

Orn 9 7.96 4.45 1.78, 1.68 1.57, 1.57 2.83, 2.83   7.31 

Leu 10 7.48 4.46 1.22, 1.22 1.22 0.80, 0.75   8.05 
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Compound 41: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Lys-Tyr-Val-Orn-Leu) 

The protected linear precursor was synthesised according to the general protocol above at 0.1 

mmol scale, yielding a white solid (28 mg, 15.2%) after purification. Cyclisation and 

deprotection according to the general protocol yielded 41 as a white fluffy solid (8.3 mg, 

54%). 

 

Table 7.7: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) of 41 in 1:1 

MQ-H2O:CD3CN at 298K recorded on a 700 MHz spectrometer. 

*
N/A: Not assigned 

†
 NH2 of side chain amide 

Residue 
Chemical Shift (ppm) 

 3
JNH-C

α
H 

(Hz)
* NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

D-Phe 1 8.02 4.76 3.30, 2.94  N/A
*
 N/A

*
 N/A

*
 8.46 

2-Abz 2 10.58  C
β

2H: 7.44 7.85, N/A
*
 N/A

*
    

Phe 3 7.91 4.68 3.01, 2.96  N/A
*
 N/A

*
 N/A

*
 7.56 

D-Phe 4 7.93 4.93 2.93, 2.89  N/A
*
 N/A

* 
N/A

* 
7.82 

Asn 5 8.40 4.64 2.80, 2.60  7.29, 6.64
†
   7.86 

Lys 6 8.36 3.95 1.73, 1.73 1.92, 1.86 
 

7.07, 6.57  4.29 

Tyr 7 8.02 4.39 3.05, 2.86  7.03, 7.03 6.73, 6.73  N/A
*
 

Val 8 7.61 4.08 1.91 0.81, 0.81    8.68 

Orn 9 7.94 4.51 1.76, 1.65 1.55, 1.55 2.80, 2.80   N/A
*
 

Leu 10 7.51 4.47 1.24, 1.24 1.22 0.78, 0.75   8.01 
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Compound 42: Arg-Val-Arg-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Arg-Val-Arg 

Compound 42 was synthesised following the general protocol at 0.2 mmol scale and obtained 

as a white fluffy solid (22.9 mg, 11.6%).  
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Table 7.8: 
1
H-NMR Chemical shifts along with coupling constants

 
(
3
JNH-C

α
H) of 42 in 1:1 

MQ-H2O:CD3CN at 298K recorded on a 700 MHz spectrometer. 

*
N/A: Not assigned 

 

 

 

Residue 
Chemical Shift (ppm) 

 3
JNH-C

α
H 

(Hz)
* NH C

α
H C

β
H C

γ
H C

δ
H C

ε
H C

δ
H 

Arg 1 N/A 3.99 1.82, 1.82 1.55, 1.55 3.11, 3.11 7.15  6.95 

Val 2 8.25 4.05 1.85 0.80, 0.71    7.32 

Arg 3 8.01 4.24 1.62, 1.54 1.44, 1.38 3.01, 3.01 N/A  4.25 

Trp 4 7.70 4.66 3.21, 3.07     7.32 

Arg 5 7.96 4.25 1.73, 1.64 1.51, 1.47 3.09, 3.09 N/A  6.88 

D-Leu 6 7.90 4.31 1.43, 1.43 1.49 0.83, 0.79   7.77 

D-Phe 7 7.93 4.51 3.08, 3.03     7.10 

2-Abz 8 10.44  C
β

2H: 7.67 8.02, 7.21 7.44    

D-Ala 9 8.22 4.40 1.41     5.49 

Arg 10 8.02 4.19 1.62, 1.51 1.32, 1.32 2.96, 2.96 7.00  N/A 

Trp 11 7.74 4.59 3.25, 3.08     7.1 

Arg 12 7.55 4.24 1.64, 1.44 1.29, 1.29 2.93, 2.93 7.13  7.61 

Val 13 7.78 4.06 2.04 0.88, 0.87    7.95 

Arg 14 7.75 4.06 1.80, 1.69 1.55, 1.55 N/A N/A  6.91 
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Compound 43: Arg-Ile-Lys-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Lys-Ile-Arg 

Compound 43 was synthesised following the general protocol at 0.2 mmol scale and obtained 

as a white fluffy solid (20.1 mg, 10.2%).  

 

Table 7.9: Physical Characteristics of peptides 39, synthetic tyrocidine A and 40-43. 

Peptide 

HPLC 

gradient (% 

solvent B; 

Time)
 

 

HPLC 

tR(min) 

and % Purity 

 

Molecular 

Formula 

 

Calculated 

MW (Da) 

 

Observed m/z 

39 75-88%, 18 min
a 

10.95, 95.5% C48H74N8O9 [M+H
+
]

+ 
907.5652 907.5632 

Tyrc A 45-90%, 35min
a 

20.67, 95.7% C66H87N13O13 [M+H
+
]

+ 
1270.6619 1270.6578 

40 45-80%, 35 min
a 

15.85, 97.3% C68H85N13O13 [M+H
+
]

+ 
1292.6463 1292.6420 

41 35-70%, 30 min
a 

20.34, 99.3% C69H89N13O12 [M+H
+
]

+ 
1292.6826 1292.6787 

42 10-55, 30 min
b 

22.84, 99.6% C93H142N34O15 [M+2H
+
]

2+
 988.5770 988.5802 

43 35-70%, 30 min
b 

14.43, 96.1% C95H146N30O15 [M+2H
+
]

2+
 974.5865 974.5902 

a
 Solvent B consisted of 99% MeCN, 1% H2O and 0.1% TFA. 

b
 Solvent B consisted of 80% MeCM, 20% H2O and 0.1% TFA. 
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Chapter 8 

Conclusions and future work 
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8.1 Conclusions 

The general consensus from the litearature on the synthesis of cyclic tetrapeptides (CTPs) is 

that their successful cyclisation is often unacheivable with success directly dependant upon 

pre-organisation of the linear precursor. The synthesis and structural investigations presented 

in Chapters 3 and 4 supports this conclusion, whereby the ring dissection was found to be 

crucial for a high yielding cyclisation. The synthesis of compounds 9-12 via pre-organised 

linear precursors 1-4 presents a robust strategy for the synthesis of CTPs bearing 2-Abz in the 

third position that also accomodates N-methylation of the second residue (from the N-

terminus). Variance of the N-terminal residue (9-12) and the second residue (18-23)  further 

confirm this strategy to be robust and likely to have broad appliciability for amino acid 

substitutions, at least in these two positions. Furthermore, cyclisation with PyAOP allowed 

for synthesis of CTPs 18-23 without hydroxyl (or phenol) protection whilst avoiding 

tetramethyluronium side product formation that has previousely plagued HBTU 

cyclisations.
171

 The ability to cyclise these peptides in the absence of hydroxyl protecting 

groups was found to facilitate solubility and hence higher yields during reaction and 

purification steps. The presence of 2-Abz in these 13-membered CTPs was found not only to 

impart a highly rigid and predictable framework, but the amide vectors of such CTPs can be 

tuned both by N-methylation (at least in the second position) and the stereochemistry.
217

 

While the exact pre-organised structure of compound 1, stabilised by 3 H-bonds,  is likely 

dependant upon all D-residues, synthesis of all L-CTPs bearing 2-Abz has been recently 

documented.
217

 However, the synthetic strategy presented here represents a significant 

improvement over this recently reported work. Our strategy, whereby 2-Abz is placed 

favourable in the third position, rather than the C-terminus, sees near quantitative cyclisation 

take place in DMF or DCM with purified yields ranging 74-88% comapred to only 31-

55%.
217

 This is in accordance with the notion from the literature that turn incuding constraints 

are best placed mid-sequence. 

 

While cyclisation forming compounds 9-12 and 18-23 was found to occur independantly of 

N-methylation at the second position, despite altering the linear precursors conformation 

(shown for compound 3), for CTPs bearing 2-Abz in the second position cyclisation appears 

sensitive to N-methylation in the third position. While compound 25 cyclised to 27 following 

the standard PyAOP cyclisation procedure employed for 9-12 and 18-23, compound 24 
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resulted in approx. 50% cyclodimerisation. Furthermore, unlike compound 3 whose 

cyclisation occurred independently of solvent polarity (forming 11), in DCM, 

cyclodimerisation of 24 was significantly exacerbated (approx 80%). This observation 

suggests that the structure of linear tetrapeptides bearing 2-Abz in the second position are 

more sensitive to solvent polarity and therefore present much less robust precursors for the 

synthesis of 2-Abz containing CTPs. Suprisingly, high yielding cyclisation of 24 could be 

achieved employing HBTU. While there is no obvious explanation for such observation, it 

does suggest that in cases where poor cyclisation occurs, rather than re-evaluating the 

dissection point, a variety of cyclisatoin procedures should first be trialled on small scale. 

 

The poor bioactivity of the CTP analogues of Aspterrestide A synthesised in Chapter 3 

strongly suggests the importance of the 3-Pse residue in the natural product. However, 

compound 9 was found to be cytotoxic to the HCT116 cell line, with an IC50 of 34.5 
+
/- 4.1 

µM. Given the chemical structure of 9 and its 3-dimensional architecture differ from 

asperterrestide A, due to the lack of N-methylation (based on observations in Chapter 4), it is 

unsurprising that cytotoxicity arises in a different cell line where the molecular target may be 

altered to suit or 9 may possess an entirely different molecular target. 

 

Attempted synthesis of asperterrestide A demonstrated the unfavourable combination of 

steric bulk and poor nuclephilicty presented by 3-Pse and 2-Abz. While this didpeptide unit 

could not be formed in any substantial yields, a revised strategy was suggested in which 2-

Abz is coupled as a derivative bearing an electron donating group ortho to the amine, such as 

a methyl group, which could be later oxidised to the desired carboxylic acid. 

 

The unique β-turn structure of compound 1 sparked interest in the development of β-hairpin 

peptides employing this turn motif, as a proof of principle. CD and NMR spectra of 

compound 39, a hydrophobic β-hairpin, presented significant evidence for hairpin nucleation 

by the D-Phe-2-Abz motif. In accordance with the primary research focus of our lab, 

antmicrobial peptides were developed based on the D-Phe-2-Abz framework. The synthesis 

of two tyrocidine A analogues (40 and 41) allowed for NMR restrained structure calcualtion 

of D-Phe-2-Abz containing hairpin structures. While the exact geometry of compound 1 was 
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not maintained when the i and i+3 residue were of the L-configuration, both the intra-residue 

H-bond of 2-Abz and the short C
α

i – C
α

i+3 (approx. 5.5 Å) remained. It was observed that the 

altered molecular architecture of compounds 40 and 41, induced by the D-Phe-2-Abz turn, 

resulted in approx 30-fold reduction in haemolysis of mouse RBCs compared to the parent 

tyrocidine A. The reduced haeomlysis was attributed to the disruption of segrargated 

amphipathic faces, with both compounds 40 and 41 now bearing a lesser hydrophobic upper 

face. Substiution of Gln
6
 for lysine in compound 41 resulted in antibacterial potency 

equivalent to tyrocidine A against Gram positive S. aureus and enhanced potency against two 

Gram negative strains. Compound 41 also demonstrated antifungal activity against C. 

albiacns and powerful synergy with Amphotericin B. Compounds 42 and 43 were designed 

as acyclic antimicrobial β-hairpins. The compounds were designed to be devoid of cyclic 

constraints to allow for a more flexible peptide structure. In accordance with previous 

literature, this flexibility may offer β-hairpins with reduced haemloysis and potent 

antimicrobial activity, provided a somewhat ordered conformation can be adopted in the 

presence of membrane environments. However, the all D-tetrapeptide sequence of compound 

1 was used to aid in stabilisation of the turn motif. As predicted, compound 42 was found to 

posess a loosely defined β-haiprin structure in solution, as calcualted from NMR restraints. 

CD spectra revaled both compound 42 and 43 to exist as a mixture of randomc coil and β-

hairpin conformers in solution, with a shift towards a greater hairpin popualtion in the 

prsence of 50% TFE. The inducible structure of these peptides was likely responsible for the 

observed biological properties of these peptides, whereby they act as potent broad spectrum 

antimicrobials with low haemolytic activity. Both compounds were found to be moderately 

selecive against against the Gram positive pathogen S. aureus and possess nanomolar MICs 

(390 and 780 nM respectively). Compound 42 and 43 were found to be non-haemolytic at 

concentrations approxiamtely 500 and 800 times greater than their MICs against S. aureus 

respectively. In addition, Compound 43 was found to be posess moderate antifungal activity 

against C. albicans, but displayed powerful synergy with Amphotericin B. Using TEM 

imaging, lethal membrane disruption was evidenced to be, at least in part, the antibacterial 

mechanism of both the cyclic and linear peptides 40-43. The biological activities displayed 

by peptides 40-43 highlights the potential therapeutic applications of β-hairpins employing 

the D-Phe-2-Abz turn motif.  
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The potential applications of the general framework presented by compound 1, or the D-Phe-

2-Abz motif, for the synthesis of CTPs and β-hairpins are summarised in Figure 8.1. In 

addition, the 2-Abz ring may accomodate further functionalisation or conjugations for both 

CTPs and β-hairpins. The syntheses presented in this theses also suggested the D-Phe-2-Abz 

moiety would be best incorporated as a pre-formed dipeptide in future works. 

 

 

Figure 8.1: Potential applications of compound 1 in the design of β-hairpins and CTPs. Black 

balls (R groups) represent side chain variability. 

 

8.2 Future work 

The first objective of the future work will be to complete 2D NMR studies and modelling of 

the remaining peptides. While some compounds of interest, such as 6 and 15 were unable to 

be assigned due to apparent aggregation, of particular interest will be the collection of NMR 

spectra and restrained structure calculation of compounds 24 and 25. Comparison of their 

structures will likely help to reveal the different chemistry observed between these two 

compounds during cyclisation. While compound 25 cyclised to the desired cyclic monomer 

27 in high efficiency following the standardised procedure with PyAOP as the coupling 

reagent, compound 24 resulted in > 50% cyclodimerisation. This apparent difference in 

reactivity will likely correlate to a difference in the conformation of each peptide. NMR 

R 

R 
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restrained modelling of the additional remaining peptides may also reveal interesting 

structures of both linear and cyclic peptides. 

 

The second objective of the future work will be to further pursue the synthesis of the natural 

product asperterrestide A. As mentioned in Chapter 6, future strategies would likely employ 

2-Abz derivatives with enhanced nucleophilicity such as o-amino-benzoic acid (o-toluidine) 

or 2-aminobenzyl alcohol. After coupling to amine of this modified residue, the C-terminus 

could be subsequently oxidised to the carboxyl acid for continued peptide couplings. 

 

The third objective of the future work will be to synthesise and characterise the biological 

and conformational properties of further β-hairpin peptide employing the turn motif of 

compound 1. While the analysis of tyrocidine A analogues 40 and 41 revealed the turn 

inducing potential of the D-Phe-2-Abz, the exact turn geometry of compound 1, which bears 

D-amino acids in both the i and i+3 positions was not maintained. Therefore, the synthesis of 

antimicrobial compounds including the D-Leu-D-Phe-2-Abz-D-Ala turn moiety and all D-

strand residues will be of great interest. Given compounds 42 and 43 demonstrated cyclic 

constraints are required for a robust β-hairpin structure to exist in the presence of cationic 

strand repulsions, further compounds should also include cyclic constraints. These constraints 

could either be more flexible constraints such as dilsulfide bridges similar to naturally 

occurring and synthetic analogues of β-hairpin AMPs, such as tachyplesin-I and protegrin-I, 

or head to tail cyclisations similar to tyrocidine A and gramicidin S. Accordingly, analogues 

of compounds 42 and 43 bearing a mid-strand cysteine and all D-strand residues would be of 

interest. Additionally, a head to tail cyclic peptide, bearing symmetry, like gramicidin S, 

would be of interest, such a peptide would include the turn sequence of compound 1 at each 

end of the molecule and strands composed of D-Arg and D-Val residues. 
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Appendix A 

Analytical HPLC traces of compounds 1-12, 18-27, 39, synthetic tyrocidine A 

and compounds 40-43. 

 

Figure A1: H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH (1) 

 

 

Figure A2: H2N-D-Val-NMe-D-Phe-2-Abz-D-Ala-COOH (2) 
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Figure A3: H2N-D-Leu-NMe-D-Phe-2-Abz-D-Ala-COOH (3) 

 

 

 

Figure A4: H2N-D-Val-NMe-D-Phe-2-Abz-D-Ala-COOH (4) 
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Figure A5: H2N-D-Ala-D-Leu-D-Phe-2-Abz-COOH (6) 

 

 

Figure A6: H2N-D-Ala-D-Leu-NMe--D-Phe-2-Abz-COOH (8) 
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Figure A7: Cyclo(D-Leu-D-Phe-2-Abz-D-Ala) (9) 

 

 

 

 

Figure A8: Cyclo(D-Val-D-Phe-2-Abz-D-Ala) (10)  
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Figure A9: Cyclo(D-Leu-NMe-D-Phe-2-Abz-D-Ala) (11) 

 

 

 

Figure A10: Cyclo(D-Val-NMe-D-Phe-2-Abz-D-Ala) (12) 



  

310 
 

 

Figure A11: Cyclo(D-Leu-2-Abz-D-Ser-D-Ala) (18) 

 

 

 

 

Figure A12: Cyclo(D-Leu-2-Abz-D-Thr-D-Ala) (19) 
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Figure A13: Cyclo(D-Leu-2-Abz-NMe-D-Ser-D-Ala) (20) 

 

 

 

Figure A14: Cyclo(D-Leu-2-Abz-NMe-D-Thr-D-Ala) (21) 
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Figure A15: Cyclo(D-Leu-2-Abz-D-Tyr-D-Ala) (22 

 

 

Figure A16: Cyclo(D-Leu-2-Abz-NMe-D-Tyr-D-Ala) (23) 
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Figure A17: H2N-D-Leu-2-Abz-D-Phe-D-Ala-COOH (24)  

 

 

Figure A18: H2N-D-Leu-2-Abz-NMe-D-Phe-D-Ala-COOH (25) 
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Figure A19: Cyclo(D-Leu-2-Abz-D-Phe-D-Ala) (26) 

 

 

 

Figure A20: Cyclo(D-Leu-2-Abz-NMe-D-Phe-D-Ala) (27) 
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Figure A21: H2N-Leu-Val-Val-D-Phe-2-Abz-Leu-Val-Val-COOH (39) 

 

 

Figure A22: Synthetic tyrocidine A 
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Figure A23: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Gln-Tyr-Val-Orn-Leu) (40) 

 

Figure A24: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Lys-Tyr-Val-Orn-Leu) (41) 
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Figure A25: Arg-Val-Arg-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Arg-Val-Arg (42) 

 

 

Figure A26: Arg-Ile-Lys-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Lys-Ile-Arg (43) 
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Appendix B 

ESI-MS spectra of compounds 1-12, 18-27, 29-39, synthetic tyrocidine A and 

40-43. 

 

Figure B1: H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH (1) 

 

 

Figure B2: H2N-D-Val-D-Phe-2-Abz-D-Ala-COOH (2)  
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Figure B3: H2N-D-Leu-NMe-D-Phe-2-Abz-D-Ala-COOH (3)  

 

 

 

Figure B4: H2N-D-Val-NMe-D-Phe-2-Abz-D-Ala-COOH (4)  
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Figure B5: H2N-D-Ala-D-Val-D-Phe-2Abz-COOH (6) 

 

 

 

 

 

Figure B6: H2N-D-Ala-D-Val-NMe-D-Phe-2Abz-COOH (8) 
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Figure B7: Cyclo(D-Leu-D-Phe-2-Abz-D-Ala) (9) 
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Figure B8: Cyclo(D-Val-D-Phe-2-Abz-D-Ala) (10) 
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Figure B9: Cyclo(D-Leu-NMe-D-Phe-2-Abz-D-Ala) (11)  
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Figure B10: Cyclo(D-Val-NMe-D-Phe-2-Abz-D-Ala) (12)  
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Figure B11: Cyclo(D-Leu-D-Ser-2-Abz-D-Ala) (18) 
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Figure B12: Cyclo(D-Leu-D-Thr-2-Abz-D-Ala) (19) 
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Figure B13: Cyclo(D-Leu-NMe-D-Ser-2-Abz-D-Ala) (20) 
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Figure B14: Cyclo(D-Leu-NMe-D-Thr-2-Abz-D-Ala) (21) 
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Figure B15: Cyclo(D-Leu-D-Tyr-2-Abz-D-Ala) (22) 
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Figure B16: Cyclo(D-Leu-NMe-D-Tyr-2-Abz-D-Ala) (23) 
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Figure B17: H2N-D-Leu-2-Abz-D-Phe-D-Ala-COOH (24)  

 

 

 

 

Figure B18: H2N-D-Leu-2-Abz-NMe-D-Phe-D-Ala-COOH (25)  
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Figure B19: Cyclo(D-Leu-2-Abz-D-Phe-D-Ala) (26)  

 

 

 



  

333 
 

 

 

Figure B20:  Cyclo(D-Leu-2-Abz-NMe-D-Phe-D-Ala) (27)  

 

 

Figure B21: (2RS, 3SR)-3-phenylserinemethylester (29) 

[M+H]
+ 

[M+Na]
+ 
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Figure B22: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserinemethylester (30) 

 

 

 

 

 

 

Figure B23: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine (31) 

 

[M+H]
+ 

[M+H]
+ 

[M+Na]
+ 

[M+Na]
+ 
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Figure B24: N-Fmoc-(2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine (32) 

 

 

 

 

Figure B25: H2N-D-Leu- D/L-3-Pse(TBDMS)-2-Abz- D -Ala-COOH (33) 

 

[M+Na]
+ 

[M+H]
+ 

[M+Na]
+ 
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Figure B26: Fmoc-3-phenylserine (34) 

 

 

 

 

 

Figure B27: Boc-3-phenylserine (35) 

 

[M+Na]
+ 

[M+Na]
+ 
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Figure B28: Boc-3-Pse-2-Abz-OMe (36)  

 

 

 

 

 

 

 

Figure B29: H2N-D-Leu-3-Pse-Phg-D-Ala-COOH (37) 

[M+Na]
+ 

[M+Na]
+ 

[M+H]
+ 
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Figure B30: Boc-3-Pse-o-aminotoluene (38) 

 

 

 

Figure B31: H2N-Leu-Val-Val-D-Phe-2-Abz-Leu-Val-Val-COOH (39) 

[M+Na]
+ 
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Figure B32: Synthetic tyrocidine A 

 

 

Figure B33: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Gln-Tyr-Val-Orn-Leu) (40) 
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Figure B34: (D-Phe-2-Abz-Phe-D-Phe-Asn-Lys-Tyr-Val-Orn-Leu) (41) 

 

Figure B35: Arg-Val-Arg-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Arg-Val-Arg (42) 
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Figure B36: Arg-Ile-Lys-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Lys-Ile-Arg (43) 
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Appendix C 

 
1
H-NMR Spectra of compound 1-3, 9 10, 11, 19, 28-32, 34, 35 and 38. 

 

 

 

Figure C1: H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH (1) 
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Figure C2: H2N-D-Val-D-Phe-2-Abz-D-Ala-COOH (2) 

 

 

Figure C3: H2N-D-Leu-NMe-D-Phe-2-Abz-D-Ala-COOH (3) 
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Figure C4: Cyclo(D-Leu-D-Phe-2-Abz-D-Ala) (9) 

 

 

Figure C5: Cyclo(D-Leu-NMe-D-Phe-2-Abz-D-Ala) (11) 
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Figure C6: Cyclo(D-Val-NMe-D-Phe-2-Abz-D-Ala) (12) 

 

 
Figure C7: Methyl 2-aminobenzoate (17) 
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Figure C8: Cyclo(D-Leu-2-Abz-D-Thr-D-Ala) (19) 
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Figure C9: 3-phenylserine (28) 

 

Figure C10: (2RS, 3SR)-3-phenylserinemethylester (29) 
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Figure C11: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserinemethylester (30) 

 

 

 

Figure C12: (2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine (31) 
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Figure C13: N-Fmoc-(2RS, 3SR)-3-(tert-butyldimethylsilyloxy)-3-phenylserine (32) 

 

Figure C14: Fmoc-3-phenylserine (34) 
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Figure C15: Boc-3-phenylserine (35) 

 

 

 

Figure C16: Boc-3-Pse-o-aminotoluene (38) 
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Figure C17: H2N-Leu-Val-Val-D-Phe-2-Abz-Leu-Val-Val-COOH (39) 

 

 

 

 

 

 

Figure C18: Cyclo(D-Phe-2-Abz-Phe-D-Phe-Asn-Gln-Tyr-Val-Orn-Leu) (40) 
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Figure C19: (D-Phe-2-Abz-Phe-D-Phe-Asn-Lys-Tyr-Val-Orn-Leu) (41) 

 

 

 

 

 

 

 

Figure C20: Arg-Val-Arg-Trp-Arg-D-Leu-D-Phe-2-Abz-D-Ala-Arg-Trp-Arg-Val-Arg (42) 
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Appendix D 

Variable temperature 
1
H-NMR spectra of compounds 1, 3, 9 and 11. 

 

Figure D1: H2N-D-Leu-D-Phe-2-Abz-D-Ala-COOH (1) 
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Figure D1: H2N-D-Leu-NMe-D-Phe-2-Abz-D-Ala-COOH (3) 
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Figure D2: Cyclo(Leu-D-Phe-2-Abz-D-Ala) (9) 
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Figure D1: Cyclo(Leu-NMe-D-Phe-2-Abz-D-Ala) (11) 
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Appendix E 

Crystallographic data 

Table E1: Crystal data, data collection and structure refinement details are summarised in 

below for compound 1, CCDC 1501746. 
 

Crystal data 

 C25H32N4O5 Z = 4 

Mr = 936.08 F(000) = 1996 

Orthorhombic, I222 Dx = 1.225 Mg m
-3

 

a = 12.240 (2) Å Synchrotron radiation, l = 0.71073 Å 

b = 15.552 (3) Å m = 0.09 mm
-1

 

c = 26.665 (5) Å T = 100 K 

V = 5075.9 (17)  Å
3
 Needles, colourless 

 

Data collection 

 Custom single omega axis air bearing with 

micropositioning X-Y stage  

diffractometer 

7669 independent reflections 

Radiation source: Australian Synchrotron MX2 7537 reflections with I > 2s(I) 

Graphite monochromator Rint = 0.107 

oscillation scans qmax = 30.5°, qmin = 2.6° 

Absorption correction: multi-scan  

XDS (Kabsch, 2010) 

h = -17®17 

 k = -22®22 

60560 measured reflections l = -37®37 

 

Refinement 

 Refinement on F
2
 Secondary atom site location: difference Fourier 

map 

Least-squares matrix: full Hydrogen site location: inferred from 

neighbouring sites 

R[F
2
 > 2s(F

2
)] = 0.082 H atoms treated by a mixture of independent 

and constrained refinement 

wR(F
2
) = 0.263 w = 1/[s

2
(Fo

2
) + (0.1P)

2
]   

where P = (Fo
2
 + 2Fc

2
)/3 

S = 2.32 (D/s)max < 0.001 

7669 reflections Dñmax = 1.03 e Å
-3

 

365 parameters Dñmin = -0.72 e Å
-3

 

379 restraints Absolute structure:  Flack H D (1983), Acta 
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Cryst. A39, 876-881 

Primary atom site location: structure-invariant 

direct methods 

Absolute structure parameter: -0.4 (10) 

 

Special details 

 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes)   are estimated 

using the full covariance matrix.  The cell esds are taken   into account individually in the 

estimation of esds in distances, angles   and torsion angles; correlations between esds in cell 

parameters are only   used when they are defined by crystal symmetry.  An approximate 

(isotropic)   treatment of cell esds is used for estimating esds involving l.s. planes. 

Refinement. Refinement of F
2
 against ALL reflections.  The weighted R-factor wR and   goodness 

of fit S are based on F
2
, conventional R-factors R are based   on F, with F set to zero for negative 

F
2
. The threshold expression of   F

2
 > 2sigma(F

2
) is used only for calculating R-factors(gt) etc. 

and is   not relevant to the choice of reflections for refinement.  R-factors based   on F
2
 are 

statistically about twice as large as those based on F, and R-   factors based on ALL data will be 

even larger. 

 

Computing details 

Data collection: Blu-Ice; cell refinement: XDS; data reduction: XDS; program(s) used to 

solve structure: SHELXT; program(s) used to refine structure: SHELXL97 (Sheldrick, 

1997). 

 

 

 

Table E2: Crystal data, data collection and structure refinement details are summarised 

below for compound 11, CCDC 1501747. 
 

Crystal data 

 C26H32N4O4 Z = 4 

Mr = 2598.29 F(000) = 5502 

Orthorhombic, P212121 Dx = 1.200 Mg m
-3

 

a = 14.502 (15) Å Synchrotron radiation,  = 0.71073 Å 

b = 21.96 (2) Å  = 0.09 mm
-1

 

c = 45.17 (5) Å T = 100 K 

V = 14386 (25)  Å
3
 Needles, colourless 

 

Data collection 

 Custom single omega axis air bearing with 

micropositioning X-Y stage  

diffractometer 

26218 reflections with I > 2(I) 

Radiation source: Australian Synchrotron MX1 Rint = 0.072 
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oscillation scans max = 27.8°, min = 2.1° 

Absorption correction: multi-scan  

XDS (Kabsch, 2010) 
h = -1818 

 k = -2828 

222964 measured reflections l = -5858 

32667 independent reflections  

 

 

Refinement 

 Refinement on F
2
 Hydrogen site location: inferred from 

neighbouring sites 

Least-squares matrix: full H atoms treated by a mixture of independent 

and constrained refinement 

R[F
2
 > 2(F

2
)] = 0.102  w = 1/[

2
(Fo

2
) + (0.1P)

2
]   

where P = (Fo
2
 + 2Fc

2
)/3 

wR(F
2
) = 0.285 ()max = 1.411 

S = 2.00 max = 0.85 e Å
-3

 

32667 reflections min = -0.45 e Å
-3

 

1879 parameters Absolute structure:  Flack x determined using 

9640 quotients [(I+)-(I-)]/[(I+)+(I-)]  (Parsons, 

Flack and Wagner, Acta Cryst. B69 (2013) 249-

259). 

2210 restraints Absolute structure parameter: -0.2 (4) 

 

Special details 

 Geometry. All esds (except the esd in the dihedral angle between two l.s. planes)  are estimated 

using the full covariance matrix.  The cell esds are taken  into account individually in the 

estimation of esds in distances, angles  and torsion angles; correlations between esds in cell 

parameters are only  used when they are defined by crystal symmetry.  An approximate (isotropic)  

treatment of cell esds is used for estimating esds involving l.s. planes. 

 

Computing details 

Data collection: Blu-Ice; cell refinement: XDS; data reduction: XDS; program(s) used to 

solve structure: SHELXT; program(s) used to refine structure: SHELXL2014/7 (Sheldrick, 

2014). 
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Table E3: Torsion angles of compound 1. 

BACKBONE 

  Mol 1 

   

D-Leu ψ 50.9 

 ω 167.3 

D-Phe  75.0 

 ψ 17.8 

 ω 176.2 

2-Abz  161.0 

 θ -10.4 

 ψ -150.9 

 ω 172.1 

D-Ala  62.8 

 Terminal 46.6 

   

   

SIDE CHAINS 

  Mol 1 

D-Leu χ1 176.8 

 χ2 -55.4 

D-Leu (conf 1) χ1 64.8 

 χ2 -123.1 

D-Leu (conf 2) χ1 163.9 

 χ2 -66.0 
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Table E4: Hydrogen bonding interactions of compound 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DONOR (D) ACCEPTOR 

(A) 

D···A 

(Å) 

D-H···A 

(°) 

SYMMETRY 

N_1001 OXT_1004 2.77 163.9 X, -Y+1, -Z+1 

N_1001 O_1003 2.94 150.4 X, Y, Z 

N_1001 OXT_1004 2.90 118.2 X, Y, Z 

N_1001 O_1004 2.73 163.7 -X+1, -Y+1, Z 

N_1002 O_1004 2.85 169.0 -X+1, -Y+1, Z 

N_1003 O_1003 2.64 133.7 X, Y, Z 

N_1004 O_1002 3.01 159.9 -X+3/2, Y+1/2, -

Z+3/2 
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Table E5: Torsion angles of compound 11. 

BACKBONE 

  Mol 1 Mol 2 Mol 3 Mol 4 Mol 5 

   109.3 111.2 111.1 114.68 

D-Leu ψ  -107.1 -109.7 -113.7 -109.5 

 ω  -179.2 -178.7 -179.8 178.42 

D-NMe-Phe   -57.2 -54.4 -54.0 -56.4 

 ψ  -45.6 -41.7 -37.1 -37.9 

 ω  178.10 177.8 175.2 -178.7 

2-Abz   -142.1 -149.0 -148.96 -151.1 

 θ  -2.8 -1.8 -2.3 -3.8 

 ψ  128.0 129.9 132.1 127.9 

 ω  179.2 179.5 -177.1 -179.0 

D-Ala   57.5 56.6 51.6 55.4 

 ψ  52.60 48.9 51.56 49.2 

 ω  -167.3 -165.1 -167.1 -165.7 

  Not 

reliable 

    

SIDE CHAINS 

  Mol 1 Mol 2 Mol 3 Mol 4 Mol 5 

D-Leu (conf 1) χ1  -175.8 173.9 166.4 64.5 

 χ2  173.1 170.0 164.5 67.9 

D-Leu (conf 2)   n/a 57.7 n/a 74.9 

   n/a 54.7 n/a 147.2 

2-Abz (conf 1) χ1  59.0 59.5 56.3 50.3 

 χ2  67.1 78.9 67.8 79.3 
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Table E6: Hydrogen bonding interactions of compound 11, molecule 1. 

 

 

 

 

 

 

 

 

 

DONOR (D) ACCEPTOR 

(A) 

D···A 

(Å) 

D-H···A 

(°) 

SYMMETRY 

N_1001 O1_4003 2.91 177.0 -X, Y+1/2, -Z+1/2 

O_7004 [wat] OXT_1002 2.92  -X, Y+1/2,- Z+1/2 

N_1004 OXT_4004 2.94 172.9 -X, Y+1/2,- Z+1/2 

N_3004 O_1004 2.82 167.6 X, Y, Z 
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Appendix F 

NMR restraint tables of compounds 1, 3, 9 and 4. 

Table F1: NOE  restraints of compound 1 

Residue 

1 
Atom 1 

Residue 

2 
Atom 2 

Distance / 

A 

Error / 

A 
Volume 

Shift 

1 

Shift 

2 

D-Leu C
β
H1 D-Leu C

β
H2 1.8 0.1 1757870 1.538 1.323 

D-Leu C
α
H D-Leu C

δ
1H 2 0.3 752124 3.799 0.771 

D-Leu C
δ
1H D-Leu C

β
H1 2.1 0.4 589781 0.774 1.526 

D-Leu C
δ
2H D-Leu C

α
H 2.2 0.4 540904 0.757 3.8 

D-Leu C
β
H2 D-Leu C

α
H 2.4 0.5 317502 1.306 3.8 

D-Leu C
δ
2H D-Leu C

α
H 2.6 0.5 166849 1.344 3.797 

D-Leu C
γ
H D-Phe NH 2.6 0.5 176084 1.333 7.653 

D-Leu C
β
H1 D-Phe C

δ
1/2H 2.9 0.6 64923 1.527 7.247 

D-Leu C
β
H2 D-Phe C

δ
H 3.1 0.6 64573 1.318 7.227 

D-Leu C
γ
H D-Phe C

δ
1H 3.1 0.6 66362 1.348 7.255 

D-Leu C
β
H1 D-Phe C

ε
1/2H 3.1 0.6 67288 1.527 7.287 

D-Leu C
α
H 2-Abz NH 3.1 0.6 62122 3.794 11.472 

D-Phe NH D-Leu C
α
H 2.1 0.4 567311 7.652 3.799 

D-Phe NH D-Leu C
β
H2 2.3 0.5 242047 7.652 1.318 

D-Phe C
δ
1/2H D-Leu C

β
H2 2.7 0.5 148578 7.233 1.322 

D-Phe C
ε
1/2H D-Leu C

δ
1H 2.8 0.6 105648 7.287 0.773 

D-Phe C
δ
1/2H D-Leu C

δ
1H 3.1 0.6 67629 7.235 0.777 

D-Phe NH D-Leu C
β
H1 3.1 0.6 67580 7.655 1.523 

D-Phe NH D-Leu C
δ
1H 3.3 0.7 44252 7.657 0.768 

D-Phe C
ε
1/2H D-Leu C

β
H2 3.4 0.7 36900 7.281 1.311 

D-Phe C
β
H2 D-Phe C

β
H1 1.7 0 2307451 3.151 3.495 

D-Phe C
δ
1/2H D-Phe C

β
H2 2 0.3 781154 7.232 3.151 

D-Phe NH D-Phe C
α
H 2 0.3 775139 7.653 4.413 

D-Phe C
β
H1 D-Phe C

α
H 2.1 0.4 699440 3.487 4.418 

D-Phe C
α
H D-Phe C

δ
1/2H 2.1 0.4 614215 4.412 7.234 

D-Phe C
β
H1 D-Phe C

δ
1/2H 2.2 0.4 451128 3.496 7.236 

D-Phe NH D-Phe C
β
H2 2.6 0.5 141208 7.651 3.152 

D-Phe NH D-Phe C
δ
1H 2.9 0.6 97777 7.651 7.232 

D-Phe C
δ
1/2H D-Phe NH 3 0.6 80292 7.237 7.666 

D-Phe NH D-Phe C
β
H1 3.3 0.7 40944 7.656 3.49 

D-Phe C
ε
1/2H D-Phe C

β
H2 3.4 0.7 33971 7.277 3.154 

D-Phe C
ε
1/2H D-Phe C

α
H 3.6 0.7 26542 7.276 4.412 

D-Phe C
ε
1/2H D-Phe C

β
H1 3.6 0.7 27370 7.277 3.494 

D-Phe C
α
H 2-Abz NH 2.4 0.5 278460 4.412 11.482 

2-Abz NH D-Phe NH 2.4 0.5 314079 11.478 7.651 

2-Abz NH D-Phe C
β
H1 3.3 0.7 45318 11.488 3.507 

2-Abz NH D-Phe C
β
H2 3.3 0.7 46442 11.478 3.16 

2-Abz C
γ
1H 2-Abz NH 3 0.6 80961 8.66 11.477 

2-Abz NH 2-Abz C
β

2H 3.4 0.7 36318 11.48 7.735 

D-Ala NH 2-Abz C
β

2H 1.8 0.1 1716750 7.587 7.73 

D-Ala NH 2-Abz NH 3.5 0.7 32837 7.581 11.478 

D-Ala C
β
H D-Ala NH 2 0.3 751642 1.502 7.586 

D-Ala C
α
H D-Ala NH 2.4 0.5 274345 4.349 7.588 
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Table F2: NOE restraints of compound 3 

 

Residue 1 
Atom 

1 
Residue 2 

Atom 

2 

Distance / 

A 

Error / 

A 
Volume 

Shift 

1 

Shift 

2 

D-Leu C
β
H1 D-Leu C

β
H2 1.8 0.1 8665355 1.568 0.995 

D-Leu C
δ
1H D-Leu C

γ
H 2 0.3 4638884 0.85 1.775 

D-Leu C
α
H D-Leu C

δ
1/2H 2.1 0.4 2401999 4.145 0.852 

D-Leu C
γ
H D-Leu C

δ
1/2H 2.1 0.4 3710703.5 1.782 0.863 

D-Leu C
δ
1H D-Leu C

β
H1 2.3 0.5 1827877 0.863 1.569 

D-Leu C
α
H D-Leu C

β
H2 2.5 0.5 1413867 4.146 0.997 

D-Leu C
γ
H D-Leu C

β
H1 2.7 0.5 917758 1.779 1.567 

D-Leu C
γ
H D-Leu C

α
H 2.8 0.6 666126 1.774 4.149 

D-Leu C
β
H1 D-Leu C

α
H 2.8 0.6 713586 1.567 4.16 

D-Leu C
δ
1H NMe-D-Phe NMe 2.5 0.5 1250199.5 0.852 2.824 

D-Leu C
β
H2 NMe-D-Phe C

δ
1/2H 2.9 0.6 567393 0.995 7.232 

D-Leu C
δ
1H NMe-D-Phe C

ε
1/2H 3.1 0.6 352272 0.853 7.309 

D-Leu C
δ
1H NMe-D-Phe C

δ
1/2H 3.4 0.7 237022 0.858 7.226 

D-Leu C
β
H1 NMe-D-Phe C

ε
1/2H 3.6 0.7 123855 1.566 7.323 

D-Leu C
β
H2 NMe-D-Phe C

ε
1/2H 3.6 0.7 166096.5 0.992 7.315 

D-Leu C
γ
H NMe-D-Phe C

δ
1/2H 3.8 0.8 115324 1.767 7.231 

D-Leu C
δ
2H 2-Abz NH 3.6 0.7 149360 0.844 11.556 

D-Leu C
δ
2H D-Ala NH 3.3 0.7 281827 0.842 7.501 

NMe-D-Phe NMe D-Leu C
α
H 1.9 0.2 6319504 2.825 4.148 

NMe-D-Phe NMe D-Leu C
β
H2 2.4 0.5 1707573 2.823 1 

NMe-D-Phe NMe D-Leu C
δ
1/2H 2.6 0.5 1061904.5 2.824 0.86 

NMe-D-Phe C
δ
1/2H D-Leu C

β
H1 2.9 0.6 627338.5 7.229 1.567 

NMe-D-Phe C
ε
1/2H D-Leu C

δ
1/2H 3.2 0.6 339903 7.316 0.861 

NMe-D-Phe C
δ
1/2H D-Leu C

δ
1/2H 3.5 0.7 171499.5 7.23 0.857 

NMe-D-Phe C
β
H1 NMe-D-Phe C

β
H2 1.8 0 8231222.5 3.514 3.294 

NMe-D-Phe C
α
H NMe-D-Phe NMe 2.1 0.4 4283007.5 4.262 2.825 

NMe-D-Phe C
β
H2 NMe-D-Phe C

δ
1/2H 2.2 0.4 2035988 3.298 7.229 

NMe-D-Phe C
α
H NMe-D-Phe C

δ
1/2H 2.3 0.5 1809874 4.262 7.229 

NMe-D-Phe C
β
H1 NMe-D-Phe C

α
H 2.3 0.5 2447954.5 3.499 4.263 

NMe-D-Phe C
β
H1 NMe-D-Phe C

δ
1/2H 2.4 0.5 1283618 3.498 7.232 

NMe-D-Phe C
δ
1/2H NMe-D-Phe NMe 2.8 0.6 763606 7.228 2.824 

NMe-D-Phe C
α
H 2-Abz NH 2.6 0.5 994150 4.262 11.557 

NMe-D-Phe C
β
H1 D-Ala C

α
H 3 0.6 425082.5 3.488 4.421 

2-Abz NH D-Leu C
α
H 3.2 0.6 232646 11.558 4.15 

2-Abz NH NMe-D-Phe NMe 2.5 0.5 1245101.5 11.559 2.824 

2-Abz NH NMe-D-Phe C
β
H2 4 0.8 88435 11.562 3.296 

2-Abz C
γ
1H NMe-D-Phe C

β
H2 4 0.8 88778.5 8.655 3.32 

2-Abz NH NMe-D-Phe C
β
H1 4.2 0.8 60720.5 11.562 3.508 

2-Abz C
γ
1H 2-Abz C

δ
H 2.2 0.4 2265305 8.646 7.56 

2-Abz C
β

2H 2-Abz C
γ
2H 2.2 0.4 2866178.5 7.746 7.158 

2-Abz C
δ
H 2-Abz C

γ
2H 2.2 0.4 2292353.5 7.558 7.153 

2-Abz C
γ
1H 2-Abz NH 3.4 0.7 234077.5 8.64 11.557 

2-Abz C
β

2H D-Ala NH 2 0.2 5410476 7.743 7.495 

2-Abz C
β

2H D-Ala C
β
H 3.5 0.7 127191.5 7.75 1.518 

2-Abz NH D-Ala NH 3.9 0.8 87637 11.558 7.488 

D-Ala C
α
H D-Leu HD2 3.9 0.8 103017 4.423 0.818 

D-Ala NH D-Leu C
δ
1/2H 4 0.8 80362.5 7.484 0.839 
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D-Ala C
α
H NMe-D-Phe HZ 3.4 0.7 131426 4.421 7.252 

D-Ala C
α
H 2-Abz NH 3.9 0.8 104310 4.412 11.556 

D-Ala C
β
H D-Ala C

α
H 2.1 0.4 2422563 1.506 4.411 

4 C
β
H 4 NH 2.2 0.4 2585409 1.508 7.495 

4 NH 4 C
α
H 2.6 0.5 862111.5 7.499 4.414 

 

 

Table F3: NOE restraints of compound 9 

Residue 

1 
Atom 1 

Residue 

2 
Atom 2 

Distance / 

A 

Error / 

A 
Volume 

Shift 

1 

Shift 

2 

D-Leu C
δ
1H D-Leu C

γ
H 2.1 0.4 4321914 0.891 1.459 

D-Leu C
δ
1H D-Leu C

β
H1 2.2 0.4 3686998 0.899 1.492 

D-Leu C
δ
2H D-Leu C

γ
H 2.2 0.4 3356156 0.832 1.455 

D-Leu C
β
H1 D-Leu C

δ
2H 2.3 0.5 2235470 1.469 0.839 

D-Leu C
δ
2H D-Leu C

β
H2 2.4 0.5 1513028 0.837 1.345 

D-Leu C
α
H D-Leu C

δ
2H 2.5 0.5 1488296 4.398 0.842 

D-Leu C
β
H1 D-Leu C

α
H 2.6 0.5 1487980 1.465 4.396 

D-Leu C
α
H D-Leu C

δ
1H 2.6 0.5 1286004 4.398 0.895 

D-Leu C
α
H D-Leu C

β
H2 2.6 0.5 1260268 4.402 1.343 

D-Leu C
β
H2 D-Leu C

δ
1H 2.7 0.5 899506 1.343 0.898 

D-Leu C
β
H2 D-Leu NH 2.7 0.5 1198212 1.343 6.363 

D-Leu C
α
H D-Leu NH 2.8 0.6 832292 4.391 6.36 

D-Leu NH D-Leu C
β
H1 2.9 0.6 698598 6.363 1.469 

D-Leu C
β
H1 D-Phe C

δ
1/2H 2.8 0.6 905668 1.463 7.178 

D-Leu C
δ
2H D-Phe NH 3.5 0.7 182730 0.837 7.471 

D-Leu C
δ
2H D-Phe C

δ
1/2H 3.5 0.7 250380 0.836 7.178 

D-Leu C
δ
1H D-Phe C

ε
1/2H 3.6 0.7 201514 0.907 7.31 

D-Leu C
δ
1H D-Phe C

δ
1/2H 3.6 0.7 183458 0.902 7.19 

D-Leu C
β
H1 D-Phe C

β
H1 3.7 0.7 160804 1.464 3.047 

D-Leu C
α
H 2-Abz NH 3.9 0.8 116868 4.396 9.813 

D-Leu NH 
D-Leu/D-

Ala 

C
β
H2 / 

C
β
H 

2.5 0.5 1674268 6.363 1.331 

D-Phe NH D-Leu C
α
H 2.2 0.4 3706232 7.476 4.398 

D-Phe NH D-Leu C
β
H1 3.3 0.7 299670 7.475 1.47 

D-Phe NH D-Leu NH 3.3 0.7 342866 7.477 6.362 

D-Phe C
ε
1/2H D-Leu C

δ
2H 3.5 0.7 213554 7.296 0.84 

D-Phe NH D-Leu C
β
H2 3.6 0.7 199620 7.477 1.344 

D-Phe C
ε
1/2H D-Leu C

β
H1 4 0.8 98312 7.297 1.467 

D-Phe C
δ
1/2H D-Leu C

β
H2 4 0.8 100892 7.177 1.345 

D-Phe C
β
H1 D-Phe C

β
H1 1.8 0.1 11256124 3.047 3.367 

D-Phe NH D-Phe C
α
H 2.2 0.4 3368920 7.476 4.089 

D-Phe C
β
H1 D-Phe C

δ
1/2H 2.3 0.5 2739576 3.044 7.177 

D-Phe C
β
H1 D-Phe C

δ
1/2H 2.4 0.5 2134078 3.356 7.178 

D-Phe C
α
H D-Phe C

β
H1 2.4 0.5 2320716 4.087 3.356 

D-Phe C
α
H D-Phe C

δ
1/2H 2.5 0.5 1891268 4.087 7.177 

D-Phe C
β
H1 D-Phe C

α
H 3.1 0.6 496032 3.036 4.096 

D-Phe NH D-Phe C
β
H1 3.4 0.7 295842 7.476 3.05 

D-Phe NH D-Phe C
β
H1 4 0.8 107242 7.477 3.346 

D-Phe C
α
H 2-Abz NH 2.5 0.5 1677926 4.087 9.81 

D-Phe NH 2-Abz NH 2.6 0.5 1306646 7.476 9.81 

D-Phe C
ε
1/2H D-Ala C

β
H 3.8 0.8 140978 7.295 1.325 
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D-Phe C
δ
H D-Ala C

β
H 4.1 0.8 93726 7.23 1.328 

2-Abz NH D-Leu NH 3.4 0.7 192862 9.812 6.365 

2-Abz C
β

2H 2-Abz C
γ2

H 2.2 0.4 2517570 7.509 7.144 

2-Abz C
γ
1H 2-Abz C

δ
H 2.3 0.5 2635836 8.308 7.484 

2-Abz C
γ2

H 2-Abz C
δ
H 2.3 0.5 2745836 7.145 7.48 

2-Abz C
γ
1H 2-Abz NH 3.5 0.7 229800 8.302 9.808 

2-Abz C
β

2H D-Ala C
β
H 3.9 0.8 121072 7.5 1.315 

2-Abz C
β

2H D-Ala C
α
H 3.9 0.8 124078 7.497 3.833 

2-Abz NH D-Ala NH 3.9 0.8 118426 9.813 7.395 

D-Ala C
β
H D-Leu NH 2.5 0.5 1622932 1.326 6.362 

D-Ala NH D-Leu NH 2.6 0.5 1293248 7.399 6.363 

D-Ala C
α
H D-Leu NH 3.4 0.7 258482 3.835 6.364 

D-Ala C
α
H D-Phe NH 3.4 0.7 285430 3.834 7.479 

D-Ala C
α
H D-Phe C

δ
1/2H 3.8 0.8 111986 3.828 7.172 

D-Ala C
β
H 2-Abz C

δ
H 3.7 0.7 157716 1.334 7.484 

D-Ala C
β
H D-Ala C

α
H 2.2 0.4 3203800 1.322 3.833 

D-Ala C
β
H D-Ala NH 2.2 0.4 3495356 1.324 7.398 

D-Ala NH D-Ala C
α
H 2.8 0.6 888888 7.4 3.837 

 

Table F4: NOE restraints of compound 12 

Residue 1 
Atom 

1 
Residue 2 

Atom 

2 

Distance / 

A 

Error / 

A 
Volume 

Shift 

1 

Shift 

2 

D-Leu C
δ
1H D-Leu C

γ
H 2.2 0.4 3417072 0.929 1.555 

D-Leu C
δ
2H D-Leu C

γ
H 2.2 0.4 3073734 0.877 1.555 

D-Leu C
β
H1 D-Leu C

α
H 2.4 0.5 1600434 1.556 4.876 

D-Leu C
α
H D-Leu C

δ
1H 2.5 0.5 1375856 4.875 0.936 

D-Leu C
δ
2H D-Leu C

α
H 2.5 0.5 1531068 0.888 4.874 

D-Leu C
α
H D-Leu C

β
H2 2.5 0.5 1249160 4.873 1.422 

D-Leu NH D-Leu 
C
γ
H / 

C
β
H1 

2.7 0.5 889048 6.383 1.555 

D-Leu C
β
H2 D-Leu NH 2.7 0.5 831614 1.424 6.386 

D-Leu NH D-Leu C
α
H 2.7 0.5 262810 6.391 4.869 

D-Leu NH D-Leu C
δ
2H 3.8 0.8 104804 6.385 0.898 

D-Leu C
α
H NMe-D-Phe NMe 1.9 0.2 4969922 4.875 2.785 

D-Leu C
δ
2H NMe-D-Phe C

ε
1/2H 3.4 0.7 219698 0.892 7.316 

D-Leu NH NMe-D-Phe NMe 3.5 0.7 191080 6.388 2.784 

D-Leu 
C
γ
H / 

C
β
H1 

NMe-D-Phe C
β
H2 3.7 0.7 126744 1.55 3.184 

D-Leu NH D-Ala NH 2.5 0.5 849268 6.391 7.346 

NMe-D-Phe C
δ
1/2H D-Leu 

C
γ
H / 

C
β
H1 

2.7 0.5 812798 7.201 1.555 

NMe-D-Phe NMe D-Leu C
δ
2H 3 0.6 461684 2.79 0.885 

NMe-D-Phe C
δ
1/2H D-Leu C

δ
2H 3.4 0.7 229698 7.209 0.887 

NMe-D-Phe NMe D-Leu 
C
γ
H / 

C
β
H1 

3.4 0.7 224610 2.783 1.553 

NMe-D-Phe NMe D-Leu C
δ
1H 3.6 0.7 165354 2.775 0.935 

NMe-D-Phe C
β
H1 NMe-D-Phe C

β
H2 1.8 0.1 10020568 3.385 3.183 

NMe-D-Phe NMe NMe-D-Phe C
α
H 2 0.3 4659682 2.785 3.985 

NMe-D-Phe C
δ
1/2H NMe-D-Phe C

β
H2 2.3 0.5 2502440 7.201 3.195 

NMe-D-Phe C
β
H1 NMe-D-Phe C

α
H 2.3 0.5 2377834 3.367 3.982 

NMe-D-Phe C
β
H2 NMe-D-Phe C

δ
1/2H 2.4 0.5 1732374 3.192 7.202 

NMe-D-Phe C
δ
1/2H NMe-D-Phe C

β
H1 2.4 0.5 1968750 7.202 3.368 
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NMe-D-Phe C
α
H NMe-D-Phe C

δ
1/2H 2.4 0.5 1990114 3.981 7.201 

NMe-D-Phe C
δ
1/2H NMe-D-Phe NMe 2.8 0.6 750338 7.202 2.785 

NMe-D-Phe NMe 2-Abz NH 2.5 0.5 1469782 2.785 9.875 

NMe-D-Phe C
ε
1/2H D-Ala C

β
H 2.5 0.5 1485806 7.332 1.365 

2-Abz NH D-Leu NH 3.1 0.6 239624 9.875 6.385 

2-Abz NH D-Leu C
α
H 3.7 0.7 100240 9.871 4.884 

2-Abz NH NMe-D-Phe C
β
H1 3.8 0.8 107954 9.869 3.388 

2-Abz NH NMe-D-Phe C
β
H2 3.9 0.8 98380 9.875 3.191 

2-Abz C
β

2H 2-Abz C
γ
2H 2.1 0.4 3453494 7.532 7.151 

2-Abz C
γ
2H 2-Abz C

δ
H 2.2 0.4 3342476 7.143 7.501 

2-Abz C
γ
1H 2-Abz C

δ
H 2.3 0.5 2608998 8.357 7.501 

2-Abz NH 2-Abz C
γ
1H 3.4 0.7 163344 9.874 8.354 

D-Ala C
β
H D-Leu NH 2.5 0.5 1319556 1.369 6.386 

D-Ala C
α
H D-Leu NH 3.3 0.7 276206 4.045 6.387 

D-Ala NH 2-Abz C
β

2H 2.1 0.4 3546982 7.348 7.527 

D-Ala C
β
H D-Ala NH 2.2 0.4 3355186 1.365 7.331 

D-Ala C
α
H D-Ala C

β
H 2.2 0.4 3406412 4.045 1.365 

D-Ala C
α
H D-Ala NH 2.7 0.5 294242 4.042 7.331 
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