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Abstract 

This thesis focusses on the design, synthesis, and biological evaluation of analogues of the naturally 

occurring peptides dianthin G and preptin (1-16) for the potential treatment of osteoporosis. The 

thesis also explores the total chemical synthesis of the bacteriocin glycocin F and analogues along 

with their evaluation as novel agents for the treatment of bacterial infections.  

Dianthin G is a cyclohexapeptide natural product obtained from Dianthus superbus, a Chinese 

medical plant. This peptide was shown to promote osteoblast (bone-forming cell) proliferation in 

vitro at nanomolar concentrations, and is therefore considered a promising candidate for the 

treatment of osteoporosis. An Nα-methyl amide bond scan of dianthin G was performed to probe the 

effect of modifying amide bonds on osteoblast proliferation which resulted in the synthesis of five 

analogues of dianthin G. Biological evaluation of these analogues showed that the presence of all 

native amide bonds in the primary sequence of dianthin G is important for osteoblast proliferation 

activity. In addition, to provide greater structural diversity, a series of dicarba dianthin G analogues 

was synthesised using ring closing metathesis. Dianthin G and one novel dicarba analogue increased 

the number of human osteoblasts and importantly they did not increase osteoclast (bone-resorbing 

cell) differentiation in bone marrow cells. 

 

Preptin is a 34-residue pancreatic hormone shown to be anabolic to bone in vitro and in vivo, and is 

therefore considered a promising candidate for the treatment of osteoporosis. The bone activity of 

preptin resides within the (1-16) N-terminal fragment. Due to its peptidic nature, the truncated 

fragment of preptin is enzymatically unstable; however this provides an attractive framework for the 

creation of stable analogues using peptidomimetic techniques. An alanine scan of preptin (1-16) was 

undertaken which demonstrated that substitution of Ser at position 3 or Pro at position 14 did not 

inhibit the proliferative activity of preptin in primary rat osteoblasts. Importantly, the Ser-3 to Ala 

substitution also showed a significant activity on osteoblast differentiation in vitro and increased the 

formation of mineralised bone matrix. Additional modifications with non-proteinogenic amino acids 

at position 3 improved the stability in liver microsomes, but diminished the osteoblast proliferative 
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activity. In addition, to provide greater structural diversity, a series of macrocyclic preptin (1-16) 

analogues was synthesised using head-to-tail, head-to-side chain macrolactamisation or ring-closing 

metathesis. However, a detrimental effect on osteoblast activity was observed for all preptin 

peptides that contained macrocyclisation. 

 

Glycocin F is a 43-residue glycopeptide bearing a rare S-linked N-acetylglucosamine (GlcNAc) moiety 

at position 43 in addition to an O-linked GlcNAc at position 18 and two disulfide bonds. This peptide 

is a potent bacteriostatic agent, being active against both Gram positive and Gram negative 

pathogens, and therefore is considered a promising candidate for the treatment of bacterial 

infections. Native glycocin F was successfully synthesised using a native chemical ligation strategy 

and then folded into its native structure. In addition, four variants of glycocin F were prepared; three 

of which contained a single modification in one of the sugar residues, and the other contained D-His 

at position 27. The synthetic glycopeptides were shown to possess primarily an α-helical secondary 

structure by circular dichroism spectroscopy. Through biological evaluation, the S-linked GlcNAc 

moiety was found to be essential for the bacteriostatic effect of glycocin F. In addition, a significant 

increase in the antibacterial activity was observed upon replacing O-GlcNAc at position 18 with S-

GlcNAc, possibly due to the S-glycosidic linkage being more resistant to enzymatic cleavage 

compared to the O-glycosidic linkage. 
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1. Peptides in the Pharmaceutical Market 

Peptides are biomolecules consisting of amino acids, which have long captured the interest of the 

scientific community. These molecules have important roles in the cellular processes of living 

systems, from signal transduction and cell division, to cell growth and differentiation. Their diverse 

properties have resulted in their application to a wide range of scientific disciplines, including drug 

discovery and delivery, and nanotechnology.1 

Since the first successful chemical synthesis of the octapeptide hormone oxytocin by du Vigneaud et 

al.2, there has been a rapid evolution in the use of peptides as potential medicines. To date, many 

peptides have been developed and sold as active pharmaceutical components, and this progression 

is likely to continue in the future. Examples of several peptide-based drugs currently in the New 

Zealand market such as daptomycin, teriparatide, and leuprorelin are displayed in Table 1.3  

Table 1. Several therapeutic peptide-based products in today’s New Zealand market.3 

Peptide Trade names Family Structural features Dosage form 

Daptomycin 

(13 residues) 

Cubicin® Antibiotic Cyclic peptide with a fatty acid tail, 

non-proteinogenic amino acids 

Powder for 

injection/ infusion 

Teriparatide 

(34 residues) 

Forteo® Parathyroid 

hormone 

Fragment of human recombinant 

parathyroid hormone 

Liquid injection 

Enfuvirtide 

(36 residues) 

Fuzeon® Antiviral Acetylated N-terminus, amidated C-

terminus 

Powder for 

injection 

Oxytocin 

(9 residues) 

Syntocinon® Oxytocins Internal disulfide bond Liquid injection 

Octreotide 

(8 residues) 

Sandostatin® Anti-cancer Internal disulfide bond, C-terminal 

threoninol, D-amino acids 

Liquid injection 

Leuprorelin 

(9 residues) 

Lucrin® Anti-cancer N-terminal pyroglutamate, C-terminal 

ethylamide, D-amino acid 

Liquid injection 

 

At present, there are around 100 therapeutic peptides on the market in the USA, Europe, and 

Japan.4 This is a surprisingly smaller segment of the total pharmaceuticals market (about 2% of 

global market of all the drugs) given the various biological effects exhibited by this class of 

compounds.1b The discrepancy arises from the characteristic limitations of peptides as conventional 

drugs, including short bioavailability and biostability, rapid degradation by proteases, and difficult 

transportation through cell membranes, which often result in less than optimal pharmacokinetic 
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profiles.5 However, the exquisite specificity and potency of peptides for protein targets, and their 

few off-target side reactions have led to a renaissance. In addition, peptides are deemed safer for 

use as pharmaceuticals as they are predominantly composed of proteinogenic amino acids, for 

which enzymatic degradation results in non-toxic metabolites. 

A clear trend over recent years is the continuous expansion of peptides in the worldwide 

pharmaceutical market. The market for peptide-based drugs has been increasing by 7.5% annually, 

and is currently estimated to be a 13.4 billion dollar industry.1b, 4b, 6 In 2011, the cancer sub-market 

was the largest, representing 21% of the total peptide market, followed by metabolic disorders and 

gastrointestinal diseases.1b Experts have also predicted that the global peptide market will be worth 

USD 23.7 billion by 2020.7 

The growing variety of natural sources, improved peptide synthesis technologies, and the 

applications of peptide therapeutics all underpin the optimistic future for the peptide industry, with 

roughly 140 peptides drugs currently tested in clinical trials for treating a wide variety of diseases 

(e.g. diabetes, obesity, and cancer) and there are more than 500 therapeutic peptides in preclinical 

phases.4b Thus, peptide therapeutics represent strong candidates for the growth and innovation of 

the future pharmaceutical world. 
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2. Overview of Solution- and Solid-Phase Peptide Synthesis 

Modern chemical synthesis of peptides can be accomplished either by solution or solid phase 

methods. Classical solution-phase synthesis is based on the condensation of protected amino acids 

or peptide fragments, followed by the purification and characterisation of each intermediate 

generated (Scheme 1). This technique is straightforward for small peptides, can be executed easily 

on a large scale, and has been used to synthesise biologically-active peptides, examples are oxytocin 

(important hormone in sexual reproduction), human insulin (51-reside peptide hormone regulating 

carbohydrate metabolism), and porcine gastrin-releasing peptide (hormone simulating secretion of 

gastric acid in the stomach).2 However, it requires laborious purification steps after each coupling 

and is problematic for the synthesis of longer peptides, due to problems of insolubility in common 

organic solvents, peptide aggregation and epimerisation.8 

 

Scheme 1. Schematic of solution phase condensation of Nα-protected L-phenylalanine and O-protected L-

threonine ester, where PG = protecting group. 

To overcome these problems, solid-phase peptide synthesis (SPPS), where peptides can be 

synthesised whilst attached to a solid support, was developed by the Nobel Prize winner Robert 

Bruce Merrified in 1963.9 SPPS first involves anchoring an Nα-protected C-terminal residue to an 

insoluble polymeric support via a cleavable chemical linker (Scheme 2). Elongation of the peptide 

sequence is then sequentially achieved from the C-terminus towards the N-terminus, by removal of 

the Nα-protecting group and condensation with the subsequent Nα-protected and Cα-activated 

amino acid residue.10 Upon completion of the desired peptide sequence, the peptide is then 

released from the linker with concurrent removal of side chain protecting groups that are utilised to 

attenuate the otherwise reactive side chains. 
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Scheme 2. A simplified flow diagram of solid-phase peptide synthesis of the tripeptide Gly-Val-Ala. 

Compared to solution-phase synthesis, the main advantages of SPPS are as follows: (1) All synthetic 

steps are performed in one reaction vessel, thereby minimising the loss of material due to 

mechanical transfer of intermediates; (2) amino acids and reagents are used in excess to drive 

reactions to completion and can then be filtered, eliminating the requirement for purification of 

intermediates after every step; and (3) SPPS involves many repetitive stages making automation 

possible. Due to the above reasons, SPPS was chosen for the synthesis of peptides in the next 

chapters.  

There are two commonly employed protocols in SPPS; namely the tert-butyloxycarbonyl 

(Boc)/benzyl and the 9-fluoromethoxycarbonyl (Fmoc)/tert-butyl strategies. Both strategies are 

discussed in the following sections.  

2.1. Boc-SPPS 

The Boc/benzyl strategy was first established by Merrifield et al.8a, 9 and is based on the use of the 

tert-butyloxycarbonyl (Boc) group as a temporary  protecting group for the Nα-amine of amino acids 

and benzyl-derived protecting groups for the side chains of trifunctional amino acids. The Nα Boc 

protecting group can be simply removed by treatment with neat trifluoroacetic acid (TFA), whereas 

side chain protecting groups that are stable towards TFA can be removed at the final stage of the 

peptide synthesis during peptide cleavage from solid support using anhydrous hydrogen fluoride 

(HF).11 Hence, Boc-SPPS is based on graduated acidolysis to provide selectivity in deprotecting the 

Boc group and side chain protecting groups. 

Using this strategy, peptide synthesis starts with the attachment of a linker on an insoluble 

polymeric support and continues with the formation of an ester bond between the C-terminal amino 
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acid and the linker resin. While the latter acts as a C-terminal protecting group for the former, the N-

terminus of the first amino acid is Boc protected. The removal of this “temporary” acid labile 

protecting group is achieved prior to the amide bond formation with the next amino acid of the 

sequence. The peptide is then simply elongated by repetition of these deprotection and coupling 

steps. After the elongation is complete, the peptide is released from the resin in a process which 

restores the free C-terminus with concomitant removal of the side chain protecting groups using 

anhydrous HF and p-cresol (5% v/v). p-Cresol is employed as a scavenger to prevent undesired 

alkylations of the desired peptide, which can be caused by the carbocations generated upon HF-

mediated removal of the resin and side chain protecting groups.12 

In Situ Neutralisation in Boc-SPPS 

TFA is a very effective reagent for the deprotection of Nα Boc protecting group as it prevents the 

formation of temporary peptide-resin aggregates which otherwise lead to incomplete coupling 

and/or deprotection steps.13 However, deprotection of the Boc group using TFA yields a protonated 

Nα-ammonium species 1 which needs to be neutralised before the next amino acid can be coupled 

(Scheme 3). Neutralisation of the protonated peptidyl resin can cause aggregation, possibly due to 

the increased hydrogen bonding between the amide bonds in neutralised peptidyl resins compared 

to the protonated forms.13-14 

 
Scheme 3. Deprotection of the Nα-Boc group by TFA resulting in α-ammonium species 1. 

By effecting a concurrent neutralisation of the Nα-deprotected resin-bound peptide with the amino 

acid coupling step in one-pot, aggregation of the neutralised peptide-resin is avoided, thus 

improving the solvation of the peptide-resin to afford better coupling.13-14 This techniques is called in 

situ neutralisation protocol and it involves the addition of excess N,N’-diisopropylethylamine 

(iPr2EtN) to the pre-activated mixture of amino acid and coupling reagent, followed by addition of 

the mixture to the protonated α-ammonium peptide-resin. For part of the work presented in this 

thesis, the optimised in situ neutralisation Boc-SPPS protocol was followed, and is summarised in 

Scheme 4. 
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Scheme 4. Optimised manual in situ neutralisation Boc-SPPS. 

 Whilst Boc-SPPS has been employed exclusively during the first years of SPPS and for the synthesis 

of “difficult” peptide sequences, it has some limitations. The large volume of TFA required to remove 

Boc protecting groups during the synthesis of peptides is costly, and due to the corrosive nature of 

TFA, Boc-SPPS is difficult to automate. Furthermore, the use of potentially lethal anhydrous HF to 

release peptides from resins requires a highly specialised equipment. Lastly, preparation of peptides 

containing sensitive functionalities such as phosphorylated or glycosylated residues using Boc SPPS is 

challenging as the glycosidic linkages and the phosphoryl groups are prone to hydrolysis during HF-

mediated cleavage of the peptide from the solid support. 

2.2. Fmoc-SPPS 

The Fmoc/tert-butyl strategy is based on the use of a base-labile 9-fluorenylmethoxycarbonyl (Fmoc) 

group as a temporary protecting group for the Nα-amine of amino acids and different protecting 

groups such as tert-butyl (tBu) or triphenylmethyl (Trt) for the side chains of trifunctional amino 

acids.15 Unlike Boc-SPPS which employs graduated acidolysis to introduce selectivity in removing the 

Nα-protecting group and side chain protecting groups, Fmoc-SPPS applies an orthogonal protecting 

group approach which employs secondary amines to remove Nα-Fmoc protecting group, and acidic 
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conditions such as TFA to remove the peptide from the solid support with concomitant release of 

the side chain protecting groups. 

Fmoc-SPPS is undertaken in a similar manner to Boc-SPPS. After the C-terminal amino acid is 

anchored to the solid support via an appropriate linker, SPPS is carried out by repeated cycles 

involving removal of the Nα Fmoc group followed by coupling of the next Fmoc-protected amino 

acid. 

Although many different bases such as piperidine,15b piperazine,16 and 1,8-diazabicyclo[5.4.0]undec-

7-ene (DBU)17 are suitable for Fmoc removal, the use of 20% piperidine solution in DMF is often used 

in Fmoc-SPPS. The main step in this deprotection reaction is the abstraction of the lone acidic 

hydrogens on the β-carbon of the electron withdrawing fluorenyl ring to yield an aromatic 

cyclopentadiene-type intermediate 2, which quickly undergoes elimination to afford dibenzofulvene 

3 (Scheme 5). Piperidine then plays an additional role where it traps the liberated dibenzofulvene, to 

form a stable dibenzofulvene-piperidine adduct 4.15a  

 

Scheme 5. Deprotection of an Fmoc group by piperidine resulting in a free Nα-amino group.18  

After the elongation is complete, the peptide is released from the resin in a process which restores 

the free C-terminus with concomitant removal of the side chain protecting groups using TFA with 

various scavengers depending on the type of amino acid residues located in the peptide sequence 

(e.g. water, triisopropylsilane (iPr3SiH), and 2,2’-(ethylenedioxy)-diethanethiol (DODT)).15a 

The Fmoc-SPPS strategy avoids the use of the highly toxic HF for the peptide cleavage after chain 

assembly. Furthermore, it also allows for the preparation of glyco- and phosphopeptides which were 

found to be unstable under the conditions involved in Boc SPPS. Fmoc SPPS also allows adopting 

specific peptide cleavage conditions so that the side chain protecting groups on the peptide are 
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intact. This technique is useful for post-synthetic peptide modifications, for example 

macrocyclisation and modification of the C-terminus. For part of the work presented in this thesis, 

the Fmoc-SPPS protocol was followed, and is summarised in Scheme 6. 

 
Scheme 6. Procedure for Fmoc-SPPS. 

 

 

 

 

 

  



10 

3. Choice of Materials and Reagents 

The success of SPPS relies mainly on the primary sequence of the desired peptide and requires the 

careful use of many specialised materials and methods. These include the careful choice of solid 

support,19 linker,20 coupling reagents,21 Nα-amino acid deprotection method, and cleavage 

protocols.22 There is a broad variety of these which are reviewed elsewhere,10, 15a, 23 and a brief 

discussion is covered in this section. 

3.1. Solid Support 

The solid support (resin) provides a microenvironment in which all reactions take place, and 

therefore resin choice is fundamental for a successful synthesis. For efficient synthesis, the solid 

support must have the following characteristics: 1) insoluble in the solvents used during synthesis 

and mechanically stable to allow filtration; 2) chemically inert to the reagents employed in peptide 

synthesis; 3) well-solvated with good swelling capacity to enable efficient diffusion of reagents to 

reaction sites; 4) presence of a functional group for linker attachment.9, 24 

The first solid support for the synthesis of peptides was presented by Merrifield et al.9, a copolymer 

containing styrene cross-linked with divinylbenzene. In SPPS, the anchored peptide well solvated and 

the divinylbenzene crosslinks minimise aggregation of the anchored peptide thus peptide solubility is 

maximised.9 24 

A number of different solid supports have been developed, including polyethylene glycol (PEG)-

based resins (e.g. TentaGel),25 the cross-linked ethoxylate acrylate resin (e.g. CLEAR®),26 and the 

amphiphilic, and highly cross-linked ChemMatrix resins (contains exclusively primary ether bonds).27  

ChemMatrix® resin has been shown to give excellent results in the preparation of long and difficult 

peptides such as the 99-residue HIV-1 protease28 and the β-amyloid (1-42) peptide which is 

associated with Alzheimer’s disease.29 Figure 1 shows the structures of polystyrene and ChemMatrix 

resins as examples of the most currently employed resins. 
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Figure 1. Examples of solid supports used by many peptide chemists. 

Types of Functional Groups on Solid Support 

The solid support has to be functionalised with a chemical moiety to allow linkage with the cleavable 

linker to which the C-terminal amino acid is then anchored. A commonly used chemical moiety to 

accomplish this is the aminomethyl group, which can be integrated onto the polystyrene beads via 

direct aminomethylation.30 This reaction uses N-(hydroxymethyl)phthalimide and catalytic 

trifluoromethanesulfonic acid (TfOH) in trifluoroacetic acid (TFA)/dichloromethane (CH2Cl2) (v/v; 1:1) 

to react with polystyrene resin, producing the phthalimidomethyl-resin 5 (Scheme 7, path A). The 

functionalised resin is then normally heated under reflux in ethanol containing 5% hydrazine to yield 

aminomethyl resin 6.9, 30 A disadvantage of this method is the formation of the highly insoluble by-

product 2,3-dihydrophthalazine-1,4-dione (7) which requires extensive washing with vast amounts 

of organic solvents to aid its removal. 

An improved method was used in this current project for the synthesis of aminomethyl polystyrene 

resin, whereby the hydrazine was replaced with 2-aminoethanol (Scheme 7, path B).30-31 The soluble 

by-product produced (8) using this procedure allowed the resultant aminomethyl-functionalised 

resin 6 to be simply separated from highly soluble by-products by simple washing and filtration 

steps. 
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Scheme 7. Synthesis of aminomethyl polystyrene resin (A) using hydrazine30 or (B) using 2-aminoethanol31. 

Reagents and conditions: (i) TfOH, TFA, CH2Cl2, r.t, <6 h; (ii) 5% NH2NH2, EtOH, reflux, 16 h; (iii) 20% 

NH2CH2CH2OH, EtOH, reflux, 7 h. 

Aminomethyl resin has long been utilised in SPPS as a core solid support to which various linkers 

could be attached through a stable amide bond. Other chemical moieties can also be installed on the 

polystyrene resin for diverse applications; examples are the 2-chlorotrityl chloride group32 for higher 

sensitivity towards acidic cleavage and the p-methylbenzhydrylamine (MBHA) group33 which affords 

a C-terminal amide upon cleavage (Table 2). 

3.2. Linkers in SPPS 

The main function of the chemical linker is to connect the growing peptide chain to the solid 

support. The linker is also a reversible protection of the carbonyl group of the C-terminal amino 

acid, which can be either regenerated as a free carboxylic acid, an amide, or other 

functionalities depending on the choice of the linker. The nature of a linker also determines the 

strength of the required cleavage conditions, and therefore, they enable the synthesis of partially 

and fully side chain protected peptides. 

A wide variety of linkers have been developed in the previous years.23, 34 Table 2 summarises 

examples of the most commonly used linkers which were classified based on sensitivity to cleavage 

conditions.35 
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Table 2. Examples of chemical linkers used in SPPS. 

SPPS Linker resins Cleavage Product 
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3.3. Coupling Reagents 

Once the chemical linker is anchored to the resin, sequential amino acid couplings can be executed. 

Various coupling reagents have been employed for the formation of amide bonds and they have 

been extensively reviewed elsewhere.36 During peptide elongation, coupling reagents activate the 

carbonyl group of the amino acid thus enabling its reaction with the resin-bound, free Nα-amino 

group of another amino acid. There are two main coupling techniques for amide bond formation; 

one employs an in situ activation of the carboxylic acid with a coupling reagent while the other 
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involves the use of pre-activated species that have already been prepared and characterised. In our 

work, the former technique is employed for the on-resin synthesis of peptides. 

For SPPS, three main classes of coupling reagents are commonly used, namely carbodiimides, 

phosphonium and uronium salts (Figure 2). These reagents achieve fast reaction completion while 

maintaining the configurational integrity of the growing peptide. The key members of these three 

classes are discussed in the subsequent sections. In addition to the three classes, other coupling 

reagents have also been used in peptide chemistry, such as carboxylic anhydrides,37 boronic acids,38 

Mukaiyama’s reagent,39 fluoroformamidinium coupling reagents,40 and pentafluorophenol.41 

 

Figure 2. Examples of traditional coupling reagents used for carboxylic acid activation. 

3.3.1. Carbodiimide Reagents 

Carbodiimide activation was introduced in 1955 by Sheehan et al.42 N,N’-dicyclohexylcarbodiimide 

(DCC) 942 was the reagent of choice for many years, before being gradually substituted by N,N’-

diisopropylcarbodiimide (DIC) 1043. DIC is preferred over DCC as the resulting by-product is soluble 

and can be easily removed by simple filtration and washing steps. The mechanism of carbodiimide 

activation is shown in Scheme 8, using DIC as an example.36a The amino acid building block is first 

deprotonated using DIC 10 to yield 18, which then reacts again with the carbodiimide to yield O-

acylisourea intermediate 19. This highly activated intermediate undergoes direct nucleophilic 

substitution with the unprotected Nα-amine on the resin-bound peptide to afford the desired amide 

20 and the N,N-diisopropyllurea by-product 21 (Scheme 8, path A). This reaction competes with the 

attack of another molecule of the deprotonated amino acid 18 to form the symmetrical anhydride 
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22, which can also react with the Nα-amine on the resin-bound peptide to form the desired product 

20 (Scheme 8, path B). Occasionally, the O-acylisourea intermediate can undergo an undesired 

rearrangement via slow intramolecular O → N acyl transfer to yield N-acylurea 23, a stable inert 

form of the incoming amino acid (Scheme 8, path C). 

 

Scheme 8. Amide bond formation in the presence of DIC. 

The major drawbacks of this activation method are the large extent of racemisation of the acidic α-

proton of the activated amino acid as well as formation of the undesired N-acylurea 23. The 

racemisation problem is thought to proceed with tautomerisation of the O-acylisourea 19 to yield 

24, followed by macrolactonisation of the imine to generate protonated oxazolone 25 (Scheme 9).36b 

This protonated moiety is unstable and undergoes deprotonation to yield oxazolone 26. This newly 

generated oxazolone is then deprotonated and undergoes epimerisation to form an oxazolinone 

with an inverted configuration (27) which further reacts with an amine to yield the undesired amino 

acid derivative 28 (Scheme 9, path A) or reacts with the amine to form the desired product 29 with 

retention of configuration (Scheme 9, path B). Under mild basic conditions, it has been shown that 

epimerisation of oxazolone 26 proceeds faster than peptide bond formation. 
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Scheme 9. Epimerisation of the O-acylisourea via oxazolone formation.44 

In addition, racemisation of the O-acylisourea intermediate 19 can also occur upon intramolecular 

proton abstraction with the formation of isouronium-enolate betaine 30 that is stabilised by the 

formation of enol 31 (Scheme 10).45 

 
Scheme 10. Epimerisation of the O-acylisourea via enolate formation.44 

The formation of the unreactive N-acylurea by-product 23 and epimerisation can be minimised by 

the presence of auxiliary nucleophiles. Benzotriazole additives such as 1H-hydroxybenzotriazole 

(HOBt) (32),46 1-hydroxy-7-azabenzotriazole (HOAt) (33),47 and 6-chloro-1-hydroxybenzotriazole (6-

Cl-HOBt) (34)48 are the most employed additives in carbodiimide-catalysed amide bond formation 

(Figure 3). 

 

Figure 3. Structures of commonly used additives used during amide bond formation. 

As shown in Scheme 11, HOBt (32) rapidly reacts with the O-acylisourea intermediate 19, forming 

active OBt ester 35, which then undergoes aminolysis to yield the desired amide 36. Rapid formation 
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of 35 inhibits O → N acyl transfer, thereby preventing formation of the undesired N-acylurea. 

Moreover, the use of active esters prevents macrolactonisation of the O-acylisourea thus minimising 

oxazolone formation and possible racemisation.49 

 

Scheme 11. Carbodiimide-mediated coupling in the presence of HOBt. 

The condensation reaction proceeds even faster with less racemisation when HOAt (33) is used, 

possibly due to the presence of the nitrogen atom at position-7 of the aromatic ring.47, 50 

Incorporation of a nitrogen atom in the aromatic ring leads to two outcomes. First, the electron 

withdrawing effect of a nitrogen atom affects stabilisation of the leaving group, resulting in 

increasing reactivity.51 Second, placement of a nitrogen atom specifically at position 7 leads to a 

neighbouring group effect, accelerating the coupling and reducing the risk of racemisation (Scheme 

11).50a 

With the recent reclassification of HOBt and HOAt as a desensitised explosive, a need for safer 

additives and coupling reagents has risen.52 An analogue of HOBt, namely Cl-HOBt (34), was 

developed and shown to be as reactive as HOBt, and the presence of the chlorine atom was shown 

to stabilise its structure, making 6-Cl-HOBt a less harmful reagent.48 In 2009, Albericio et al.53 

described the use of ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma) (37) as a replacement for the 

benzotriazole-based additives (Figure 4).54 Not only is this reagent safer, but it has also 

demonstrated remarkable efficiency in reducing racemisation and increasing coupling rate, superior 

to those shown by HOBt (31) and comparable to those of HOAt (33), higher sensitivity, stability and 

ability to suppress racemisation than their benzotriazole analogues.55 More recently, an analogue of 

Oxyma, namely 5-(hydroxyimino)-1,3-dimethylpyrimidine-2,4,6 (1H,3H,5H)-trione (Oxyma-B) (38) 

was developed which showed excellent results in suppressing racemisation during peptide synthesis 

with effects superior to those shown by Oxyma (37) and HOAt (33).56  



18 

 

Figure 4. Structures of Oxyma and Oxyma-B. 

The reaction mechanism for Oxyma is shown in Scheme 12 where the additive yields an Oxyma 

active ester (39) upon reacting with O-acylisourea intermediate 19. The intermediate then 

undergoes aminolysis to yield the desired peptide 36. 

 

Scheme 12. Carbodiimide-mediated coupling in the presence of Oxyma. 

 

3.3.2. Phosphonium and Uronium Salts 

Many phosphonium and uronium-based derivatives have been developed and gained in popularity 

as commonly used in situ activators of carboxylic acids. Of the many classes of phosphonium and 

uronium-based derivatives,21 we herein focus on the reagents that integrate hydroxybenzotriazole 

moieties in their chemical structures.  

Introduced by Castro et al.57, benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate (BOP) (11) was the first HOBt-based phosphonium salt that efficiently formed 

an amide bond. However, coupling of amino acids using BOP generates hexamethylphosphoramide 

(HMPA) as a by-product, which has been classified as a potential human carcinogen (Figure 5).58 In 

order to prevent the formation of HMPA, benzotriazolyl-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) (12)59 and the aza analogue 7-azabenzotriazolyl-1-

yloxytripyrrolidinophosphonium hexafluorophosphate (PyAOP) (13)60 were introduced along with 

other hydroxybenzotriazole phosphonium salt derivatives.21 PyBOP (12) and PyAOP (13) contain 

pyrrolidino groups in place of the dimethylamino groups of BOP (11) and are often preferentially 

employed as they produce a less toxic phosphoramide by-product (Figure 5).59 
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Figure 5. Structures of the phosphoramide byproducts generated from BOP and PyBOP. 

Uronium benzotriazole coupling reagents, such as N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HBTU) (14)61 or its chloride-containing derivative 2-(6-chloro-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate) (HCTU) (15) and O-(7-

azabenzotriazole-1-yl)- N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU) (16)47, 62 exist in 

either the aminium or the uronium form. Although these compounds are often represented in their 

more reactive uronium form, it has been demonstrated that the aminium form is predominant in the 

crystalline state while the uronium form is more favoured in solution.63 In addition, it was shown 

that the uronium form switches back to the aminium form when exposed to bases such as 

triethylamine (NEt3) (Scheme 13).63b 

 

Scheme 13. Equilibrium between aminium and uronium species of HBTU (14).63b 

The mechanism of amide bond formation for phosphonium and uronium coupling reagents are very 

similar, and therefore HBTU is used in Scheme 14 as an example to illustrate the coupling reaction 

for the two types of salts. Firstly, the amino acid building block is deprotonated using a base such as 

N,N-diisopropylethylamine (iPr2EtN) to afford 18 and the deprotonated acid then reacts with the 

HBTU to form the O-acylisourea 40. The liberated HOBt then reacts with the activated acid species 

40 to yield the reactive OBt ester 41. Finally, this reactive intermediate undergoes aminolysis with a 

free amine to form the desired amide 36. The free amine can also directly attack the carbonyl group 

of 40 to yield the desired amide bond. 
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Scheme 14. Amide bond formation using the uronium coupling reagent HBTU. 

The aza compounds PyAOP (13) and HATU (16) have been shown to be effective reagents for the 

coupling of sterically demanding amino acids and difficult couplings that proceed with good 

suppression of racemisation.47, 60, 62 

The relative activity of phosphonium and uronium coupling reagents are similar, however the 

uronium-based reagents are known for their ability to cap the N-terminal amine of the resin-bound 

peptide (through the release of urea 42), thus forming an unreactive guanidinium by-product 43, 

which leads to early peptide termination (Scheme 15).36b To circumvent this side reaction, the use of 

PyBOP or PyAOP should be considered.15a, 36b Alternatively, excess amounts of the uronium coupling 

reagents should be avoided and pre-activation of the carboxylic acid component is required. 

 

Scheme 15. Formation of the guanidinium by-product using HATU (16). 

Another uronium salt coupling reagent has recently been discovered by Albericio et al.54 based on 

the structure of Oxyma (37).  1-[(1-(Cyano-2-ethoxy-2-oxoethylideneaminooxy)-dimethylamino-

morpholinomethylene)]methanaminium hexafluorophosphate (COMU) (17) has been shown to be a 

better substitute to classical benzotriazole-based reagents in terms of racemisation suppression, 

coupling rate, stability, and safety.54, 64 The proposed mechanism of amino acid coupling with COMU 

is detailed in Scheme 16. Firstly, the amino acid building block is deprotonated using a base to afford 

18 and the deprotonated acid then reacts with the COMU to form the highly reactive species 44 with 
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the release of Oxyma (37). This reactive species may either undergo a reaction with the NH2 of a 

resin-bound peptide or acyl transfer with the generated Oxyma yielding an Oxyma active ester (39) 

which then yields the desired peptide 36 via aminolysis.21 

 

Scheme 16. Proposed mechanism of amide bond formation using COMU.65 

In the work described herein, it was decided to employ the standard Fmoc-SPPS or Boc-SPPS 

protocol involving the use of the uronium-based reagents HCTU and HATU. However, HBTU was 

used exclusively for the formation of bridged lactam bonds in macrocyclic peptides.  



22 

4. Synthesis of Difficult Peptide Sequences 

Although SPPS has been used for the successful synthesis of a vast number of medium-sized 

peptides, certain peptide sequences still require laborious syntheses. Depending on the peptide 

sequence, undesired cyclic by-products can be generated as a result of side reactions during peptide 

synthesis. One of the most common examples is the formation of the six-membered ring 

diketopiperazines (45) during the Nα-Fmoc removal of the second amino acid residue onto the 

peptide chain. Formation of this cyclic moiety causes deletion of the first two C-terminal residues 

and regeneration of the hydroxyl sites on the linker (Scheme 17).66 

 

Scheme 17. Formation of diketopiperazines.67 

Another cyclic by-product that occurs during peptide synthesis is the five-membered ring 

aspartimide.68 This side reaction can occur under both basic and acidic conditions in peptide 

sequences containing Asp-X (X = Gly, Ser, Thr, Asn, Gln).69 

In Fmoc-SPPS, the reaction occurs during removal of the Fmoc group under basic conditions and 

involves attack of the deprotonated amide nitrogen of residue X onto the side chain carbonyl group 

of Asp residue to give the five-membered imide 46 (Scheme 18A).69 This imide intermediate can 

further react with piperidine to form α- (47) and β-piperidides (48). Under aqueous conditions, 

hydrolysis of the imide-containing peptide 46 occurs which leads to a mixture of the desired peptide 

49 and a β-peptide 50. The side-chain carboxyl group of this β-peptide will become a part of the new 

peptide backbone. 

In Boc-SPPS, the reaction occurs during the cleavage of a peptide from the resin using HF. A 

proposed mechanism for acid-catalysed aspartimide formation is that the carbonyl oxygen of the 

protected Asp residue is protonated (peptidyl resin 51), which enhances the electrophilicity of the 

carbonyl carbon (Scheme 18B).70 Subsequently, this electrophilic carbonyl carbon is attacked by the 

peptide bond nitrogen to yield the undesired aspartimide 46. 

 



23 

 

Scheme 18. Aspartimide formation during (A) Fmoc-SPPS and (B) Boc-SPPS.70 

Various techniques have been developed to facilitate the preparation of difficult peptides, including 

the use of hindered linkers (e.g. 2-chlorotrityl chloride) for the synthesis of peptides that are prone 

to diketopiperazine formation, and the use of less basic Fmoc-deprotection reagents (e.g. 5% 

piperazine instead of piperidine) together with auxiliary nucleophiles (e.g. HOBt) for those that are 

prone to aspartimide formation.71 
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In addition to the undesired cyclic products generated during SPPS, other difficulties associated with 

peptide synthesis are mainly related to steric hindrance at the reaction site due to the introduction 

of sterically hindered amino acid residues or the formation of aggregated sequences.72 The latter 

results in the formation of secondary structures which slow down the diffusion of reagents into the 

peptide-resin matrix, thereby resulting in early terminations or deletions of the elongating sequence 

and accumulation of by-products.14 For Boc-SPPS, repetitive TFA treatments and in situ 

neutralisation can reduce the aggregation effect.13, 73 However, the toxicity and difficult handling of 

HF makes Boc-SPPS inconvenient for many peptide chemists. While in the case of Fmoc-SPPS where 

on-resin aggregation can easily happen, difficult peptide sequences pose a more severe limitation 

for the synthesis of high quality peptides.67 

One way to prevent the formation of on-resin aggregated sequences and enhance the solubility of 

peptides in Fmoc-SPPS is to increase the temperature, consequently leading to reduced times for 

coupling and Nα-deprotection reactions and improved coupling efficiency of bulky amino acids. 74 

Towards this end, microwave-assisted SPPS has been developed and it has been used successfully 

for the synthesis of a wide range of peptides, including the 109-residue exon 1 huntingtin peptide 

including a poly-glutamine stretch,75 insulin analogues,76 phosphopeptides,77 antifreeze 

glycopeptides,78 and the synthetically-challenging β-amyloid peptides.29, 79 

An alternative way to circumvent the problem of aggregation in SPPS is to introduce chemical 

modifications in the peptide sequence.71 These temporary modifications can then be cleaved under 

specific conditions to obtain the native sequence. An example of such modifications is the backbone 

amide protecting groups such as pseudoprolines and ortho-hydroxybenzyl-based moieties (Figure 6). 

 

Figure 6. Examples of pseudoprolines and ortho-hydroxybenzyl-based moieties used to aid the synthesis of 

difficult peptide sequences. 

Considered as proline mimics, pseudoprolines are oxazolidine or thiazolidine derivatives of Ser, Thr 

((4S)-oxazolidine-4-carboxylic acid), and Cys ((4R)-thiazolidine-4-carboxylic acid) (Figure 6).80 The 
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oxazolidine or thiazolidine moiety can be cleaved with TFA to liberate the respective Ser, Thr, or Cys 

residue.81 The structure of pseudoprolines strongly favours a cisoid-conformation in the amide bond 

preceding the cyclic moiety. Formation of a cis-amide bond induces a kink in the peptide sequence, 

resulting in the disruption of formed secondary structures of peptides during SPPS.81-82 Examples of 

difficult peptide and protein sequences prepared with the aid of pseudoprolines are ubiquitin,83 the 

D2 domain of vascular endothelial growth factor receptor 1,84 and various cyclotetrapeptides.85 

Another popular method to prevent on-resin peptide aggregation benefits from the acid lability of 

electron-rich benzyl protected amides. Both 2,4-dimethoxybenzyl (Dmb) and 2-hydroxy-4-

methoxybenzyl (Hmb) groups were found to have considerable aggregation-disrupting effects during 

Fmoc-SPPS (Figure 6).86 These groups are able to mask the amide–amide hydrogen bonding potential 

for on-resin bound peptide chains. The masking of backbone amides prevents the formation of 

interchain hydrogen bonds, inhibits interchain aggregation and favours an open chain, disordered 

structure, with a concomitant increase in the solubility of peptides.  Following SPPS, the Dmb and 

Hmb groups can be cleaved with TFA to recover native amide bonds. Importantly, Fmoc-Asp(OtBu)-

(Dmb)Gly-OH and FmocAsp(OtBu)-(Hmb)Gly-OH have also been proven to be excellent building 

blocks to prevent the formation of aspartimides.87 N-(2-hydroxybenzyl) group (Hbz) is an alternative 

backbone amide protecting group that was shown to be more stable to repetitive TFA treatments 

than their Dmb and Hmb and therefore it is convenient for Boc-SPPS.88 Various other analogues of 

hydroxybenzyl-based moieties have been developed and are reviewed elsewhere.71 

The aggregation problem in Fmoc SPPS can also be minimised by the use of an O-acyl isopeptide 

bond approach.89 This approach interrupts the regular pattern of backbone amide bonds by 

introducing ester bonds at the level of Ser/Thr residues. The peptide sequence can be synthesised by 

SPPS, and the ester bond is introduced through the β-hydroxyl group of Ser or Thr to yield 52 

(Scheme 19). The peptide is then further elongated using standard SPPS (yielding 53) and then 

cleaved from the resin, affording the O-acyl isopeptide 54. The native amide bond can then be 

regenerated in solution via an O- to N- intramolecular acyl shift under weakly alkaline conditions to 

yield the desired peptide 55.90 The O-acyl isopeptide approach has been used for the synthesis of 

various difficult peptide sequences such as an analogue of the synthetically challenging 37-residue 

WW domain FBP2891 and corticotropin releasing factor.67 
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Scheme 19. The O-acyl isopeptide approach for the synthesis of native amide bonds.71 
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5. Synthesis of Long Peptides using Native Chemical Ligation 

Regardless of the synthetic strategy and methods employed, there is an inherent limit to SPPS. It is 

commonly believed that only short peptides up to fifty amino acid residues in length can be 

efficiently synthesised on resin.92 This limitation of SPPS can be attributed to the formation of 

aggregates (as previously mentioned in section 4) and the higher number of side reactions observed 

when the peptide sequence increases in length.15a In order to solve the length limitation of SPPS, the 

idea of chemoselective ligation between two peptide fragments to produce a large polypeptide was 

developed.92-93 

A number of ligation strategies was discovered, including hydrazone ligation, oxime ligation, 

thiazolidine ligation, and thioester ligation (Scheme 20). Hydrazone ligation is based on the reaction 

of a hydrazine with an aldehyde to form a hydrazone bond.94 This strategy has been successfully 

used for the preparation of synthetic HIV-1 vaccines95 and peptide dendrimers.96 oxime ligation is 

based on the reaction of an oxyamine with a free carbonyl group to form an oxime bond.97 This 

strategy has been successfully used for the preparation of peptide dendrimers98 and 195-residue 

branched polypeptides.96 Thiazolidine ligation is based on the reaction of alkyl aldehydes with the 

mercaptamine moiety of a cysteine residue to form 5-membered thiazolidine ring followed by an O 

to N-acyl rearrangement.99 This strategy has been successfully used for the preparation of analogues 

of HIV-1 protease.99 Thioester ligation is based on the reaction of a thiocarboxylate group with an 

acyl halide to form a thioester bond.93 This strategy has been successfully used for the preparation of 

an analogue of HIV-1 protease.93 

 

Scheme 20. Different types of peptide ligation strategies. 
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All of the previously described strategies are based on ligating two peptides to form non-native 

bonds. However, concerns over the effect of using non-native bonds, as replacements of native 

amide bonds, on the biological activity of the resulting peptide led to the development of native 

chemical ligation (NCL) by Kent et al.100 which revolutionised the area of chemical synthesis  of long 

peptides and proteins.  The NCL method has been applied for the synthesis of many peptides and 

proteins, including the 203-reside HIV-1 protease101 and the 166-reside erythropoietin.102 The 

technique is based on a chemoselective reaction between an unprotected peptide containing an N-

terminal cysteine and an unprotected peptide-α-thioester, forming a native amide bond at the 

ligation site, thus preserving the biological effect of the resulting polypeptide.100 Hence, the focus of 

this section will be on the NCL strategy as it was utilised in combination with SPPS for parts of the 

work presented in this thesis.  

Mechanistically, the first step in NCL is the reversible intermolecular exchange (trans-

thioesterification) of the activated C-terminal thioester 56 with the thiol of the N-terminal cysteine 

of the second fragment 57, affording a thioester-linked branched intermediate 58 (Scheme 21). 

Spontaneously, the intermediate is rapidly transformed via an irreversible intramolecular SN acyl 

rearrangement to form the thermodynamically-favoured, native amide bond (59).103 The reversible 

nature of the first step and the irreversibility of the last step cause the freely equilibrating 

intermediates to be diminished over time resulting in the formation of the ligated polypeptide in 

high yield.100, 104 

 

Scheme 21. Proposed mechanism of native chemical ligation (NCL). 

The rate of the NCL reaction is dependent upon a number of factors including pH and solvent.105 NCL 

is usually performed in an aqueous environment at neutral pH, as this avoids the undesired cleavage 

of thioesters, attack on the thioester by basic amino acid side chains in basic conditions, or the 

reduced reactivity of the cysteine thiol moiety in acidic conditions.106 The use of denaturing agents, 

such as 6 M guanidinium hydrochloride, enables the solubilisation and ligation of aggregation-prone 

peptides that would not be soluble under standard conditions. Moreover, the addition of tris-(2-
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carboxyethyl)phosphine (TCEP) to the NCL reaction has been found to increase the rate of NCL due 

to its ability to prevent disulfide bond formation by maintaining a reducing environment.107 

Further affecting the speed of NCL reaction is the nature of the thioester. Peptide alkyl thioesters are 

commonly more stable than aryl thioesters; however, this translates to slower reaction rates in 

NCL.108 It was previously shown that peptide aryl thioesters undergo NCL faster than alkyl thioesters, 

as aryl thiols are better leaving groups than alkyl thiols.108 Thus, peptide thioesters are often 

synthesised as their alkyl derivatives and then converted via trans-thioesterification into the more 

reactive aryl thioesters in situ during NCL by the addition of exogenous aryl thiols such as 4-

mercaptophenylacetic acid (MPAA). The addition of thiol additives can also keep internal cysteines in 

a reduced state, and in some cases increases the solubility of the peptide thioester.109 Kent and co-

workers have utilised MPAA in large syntheses such as HIV-1 protease101 and ribonuclease A,110 

further validating the effect of MPAA as an effective catalyst in NCL. 

A final consideration regarding the rate of NCL is the C-terminal thioester residue. Dawson et al.104 

examined the reaction rates of pentapeptide thioesters containing different C-terminal amino acids, 

and found that ligation occurred faster at less hindered amino acids (e.g. glycine, alanine)  and 

slowly at sterically demanding side chain branched residues (e.g. isoleucine, valine) (Table 3).104 

Cysteine and Histidine thioesters were shown to react at an equal rate to that of a glycine thioester, 

suggesting that the side chain functional groups of these residues may have a role in the trans-

thioesterification step.104 

Table 3. Influence of the C-terminal amino acids on the reactivity of NCL.104 

C-terminal residue on thioester end Reaction time 

Cys, Gly, His ≤ 4 h 

Ala, Met, Phe, Trp, Tyr ≤ 9 h 

Arg, Asn, Asp, Gln, Glu, Lys, Ser   ≤ 12 h 

Ile, Leu, Pro, Thr, Val  ≥ 48 h 

 

5.1. NCL at Non Cysteine Amino Acids 

As previously mentioned, NCL necessitates an N-terminal cysteine residue for the ligation step. 

While this may not be problematic for many cysteine-containing peptides, synthesis of peptides that 

are cysteine-deficient or have cysteine residues that are not uniformly spaced apart in the sequence 

is challenging.111 Thus, since NCL was first reported, considerable attention has been applied to 

expand the NCL technique to cysteine-free peptide junctions.103, 112 
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The most common approach is replacing the N-terminal amino acid residue by a Cys surrogate that 

contains a thiol group in a β- or γ-position, which can be further desulfurised. This method was first 

demonstrated by Dawson et al.113 in the synthesis microcin J25, a 21-residue macrocyclic peptide 

that has no cysteines. In their work, an alanine residue was replaced by a cysteine, which was then 

utilised to perform the intramolecular ligation to yield the macrocyclic peptide. Following NCL-

mediated macrocyclisation and purification, the peptide was then subjected to a  desulfurisation 

reaction in the presence of metals (such as palladium/Al2O3 or Raney nickel) to afford the native 

sequence with an alanine residue.113 However, the lack of selectivity, such as hydrogenation of 

tryptophan and demethylthiolation of methionine, limit the generality of this approach.113 In order 

to overcome such problems, Danishefsky et al.114 developed a radical-based, metal-free approach for 

rapid desulfurisation of thiols under aqueous conditions. This reduction method depends on the 

utilisation of the water-soluble, radical initiator 2,2’-azobis[2-(2-imidazolin-2-

yl)propane]dihydrochloride (VA-044) and TCEP. Mechanistically, VA-044 decomposes to yield a 2-

isopropyl-4,5-dihydro-1H-imidazole radical initiator (60) upon heating (Scheme 22). This radical 

initiator generates a thiol radical upon reacting with a cysteine side chain, which reacts with TCEP to 

yield a phosphine radical intermediate. The latter undergoes C-S bond scission to yield an alkyl 

radical (61) which gets quenched by abstracting a hydrogen radical from a thiol additive to yield the 

native ligation product (62).114  

 

Scheme 22. Proposed mehchanism for desulfurisation of Cys to Ala.114 

The desulfurisation approach has been successfully expanded through the use of synthetically 

derived thiol-containing amino acids, which added significant flexibility to the selection of ligation 

sites.115 NCL has been applied to Arg116, Asp117, Lys118, Glu,119 and Phe120 and could be expanded to 

other amino acids using a similar logic (Figure 7).121 With the exception of a few thiol-containing 

amino acids such as Ala and Val, derived from Cys and penicillamine,122 which are commercially 

available, the majority of synthetic approaches to thiol-containing amino acid building blocks require 
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multiple synthetic steps. However, ligation-desulfurisation chemistry using these thiol-functionalised 

amino acid building blocks has been employed successfully for the synthesis of complex peptides 

and proteins, including the 84-residue human parathyroid hormone and a 60-residue mucin 1 

glycopeptide oligomer.116, 123 

 

Figure 7. Examples of thiol-containing amino acids. 

The ligation-desulfurisation approach is usually performed over two steps separated by an 

intermediary purification step to remove the aryl thiol additive, i.e. MPPA, from the ligated product 

mixture. The reason behind this is that aryl thiol are able to act as radical scavengers, thereby 

complicating the desulfurisation reaction.109 Recently, Payne et al.124 reported a one-pot ligation-

desulfurisation reaction using trifluoroethanethiol as a ligation additive. This alkyl thiol has a similar 

reactivity to MPAA and does not interfere with the desulfurisation reaction. Application of the 

trifluoroethanethiol-promoted one-pot ligation-desulfurisation has been demonstrated in the 

synthesis of the 70-residue antithrombotic protein madanin-1124 and the 62-residue peptide 

hormone augurin.125 Due to the odorous and volatile nature of trifluoroethanethiol, an alternative 

low-cost alkyl thiol reagent, namely methyl thioglycolate, was reported by Li et al.126 found to be 

superior to MPAA and trifluoroethanethiol in terms of performing a one-pot ligation/desulfurisation 

reactions with ease. This alkyl thiol was used successfully for the synthesis of the 76-residue 

ubiquitin.126 

An alternative approach to form a native amino acid residue at the ligation site is the use of 

selenocysteine residues, which contains a selenium atom in place of the sulfur in cysteine. Dawson 

et al.127 reported that selenocysteine residues can rapidly undergo chemoselective deselenisation to 

form alanine. The reaction usually takes place at room temperature in the presence of TCEP and 

dithiothreitol (DTT) and is thought to occur through a similar mechanism to the phosphine-mediated 

radical desulfurisation of Cys. The selectivity of the deselenisation reaction may be attributed to the 



32 

favoured formation of selenium-centred radicals over sulfur-centred radicals and the relatively weak 

carbon-selenium bond.127-128 This method enables the use of ligation/desulfurisation strategies for 

peptides containing disulfides or free cysteines. 

Another often-exploited post-ligation transformation is the S-alkylation of the ligation site cysteine 

to form modified proteinogenic amino acids that retain the side chain functionality.112 The alkylation 

is highly selective for cysteine residues as no other reactive side chains (e.g. amines and hydroxyl 

groups) are affected. Pseudo-Gu/Gln can be generated at ligation site cysteines by alkylation with 

bromoacetic acid or bromoacetamide, respectively (Scheme 23).129 Modification of the two cysteine 

residues by alkylation with iodoacetamide to afford pseudo-Glu in an analogue of erythropoietin did 

not significantly affect the bioactivity.129a Pseudo-Lys can be generated from the alkylation of 

cysteine with bromoethylamine (Scheme 23).130 Additionally, methionine-containing peptides can be 

assembled at the X-Met ligation site using an N-terminal homocysteine to facilitate NCL-like ligation, 

then selectively S-methylated to generate the native methionine (Scheme 23).131 

 

Scheme 23. Amino acids resulting from the alkylation of cysteine and homocysteine.112 

In 2008, Kajihara et al.132 developed a method for converting cysteine residues at the NCL sites to 

serine through sequential reactions of: (i) S-methylation of cysteine with methyl-4-

nitrobenzenesulfonate; (ii) activation and intramolecular rearrangement with CNBr in the presence 

of formic acid; and (iii) O- to N-acyl transfer at slightly basic conditions (pH 7-8) (Scheme 24). 

Activation of the methylated cysteine with CNBr in formic acid can cause the undesired formylation 

of unprotected hydroxyl groups, and an additional step is required to remove these.  
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Scheme 24. Generation of a ligation-site serine from a cysteine residue.132  

5.2. Preparation of Peptide α-Thioesters 

The advent of NCL greatly expands the capability of long peptide and protein chemical synthesis.133 

However, an often-encountered technical problem is how to prepare the sensitive C-terminal α-

thioester moiety. Thioester species undergo aminolysis when exposed to the nucleophilic Fmoc 

deprotection reagents used in Fmoc-SPPS.134 Syntheses of peptide α-thioesters are therefore 

accomplished principally using Boc-SPPS. Dawson et al.104 demonstrated the employment of an on-

resin mercaptoalkyl linker, which enabled the direct synthesis of any desired peptide α-thioester 

using Boc-SPPS. Briefly, a carboxylic acid containing a trityl-masked sulfhydryl group is first 

immobilised to a solid support via a linker to yield 63 (Scheme 25). After the removal of the trityl 

group using TFA, the C-terminal amino acid residue of the desired peptide sequence is directly 

coupled to the free thiol to install the thioester. The remaining peptide sequence 64 is assembled 

using standard Boc-SPPS and cleaved using HF to yield 65. 
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Scheme 25. Direct preparation of peptide α-thioester by Boc-SPPS (X = any amino acid).104 Reagents and 

conditions: (i) S-trityl mercaptopropionic acid, HBTU, iPr2EtN, r.t, 16 min; (ii) TFA, iPr3SiH, H2O, r.t, 2 x 1 min; 

(iii) Boc-SPPS; (iv) HF, p-cresol, 0 °C, 1 h. 

Despite being a generally high yielding method, the harsh acidic conditions employed in Boc-SPPS to 

liberate the peptide α-thioester from the resin and the difficulty in the synthesis of acid-labile 

structures (e.g. glycopeptides), has led to this chemistry being eclipsed by the more amenable Fmoc-

SPPS. 

To date, a number of alternative Fmoc-SPPS approaches have been published. One commonly used 

strategy involves the direct conversion of side chain protected peptides into the corresponding 

thioesters in solution (Scheme 26). Briefly, a side chain protected peptide is synthesised on a highly 

acid-labile linker using Fmoc-SPPS. After liberating the protected peptide 66 from the resin, the C-

terminal carboxylic group of the side chain protected peptide is thioesterified with the appropriate 

thiol in solution, which is then followed by side chain protecting group deprotection with TFA to a 

afford the unprotected peptide α-thioester 67.135 This approach was used for the synthesis of N-

terminal modified histones,136 pro-neuropeptide Y fragments,137 and glycosylated polypeptides.138 

The high risk of epimerising the C-terminal residue during the thioesterification reaction limits this 

otherwise very useful approach to C-terminal Gly residues or requires careful optimisation of the 

reaction conditions to suppress epimerisation of the peptide.137, 139 
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Scheme 26. Synthesis of a peptide α-thioester using late-stage thioesterification.137 Reagents and conditions: 

(i) TFE, acetic acid, CH2Cl2, r.t, 1 h; (ii) p-acetamidothiophenol, PyBOP, iPr2EtN, CH2Cl2, r.t, 3 h; (iii) TFA, phenol, 

thioanisole, p-cresol, r.t, 3 h.  

Another common Fmoc-SPPS strategy for the synthesis of peptide thioesters is based on the “safety-

catch” principle.140 The design of “safety-catch” linkers includes a chemical modification reaction, 

which increases the reactivity of the peptide acyl group. The desired peptide thioester is then 

obtained upon nucleophilic cleavage of the activated peptidyl linkage. This approach begins with 

elongating a peptide onto the alkanesulfonamide “safety-catch” resin 68 (Scheme 27). Following 

chain assembly (which yields 69), the sulfonamide linker is activated by alkylation using either 

iodoacetonitrile141 or trimethylsilyldiazomethane,140a to form the secondary sulphonamide (70 in the 

case of iodoacetonitrile). The resulting resin-bound peptide is then subjected to thiolysis to yield a 

resin-bound peptide α-thioester, which is treated with TFA for global deprotection to form the 

thioester 71.140a, 142 The sulfamylbutyryl approach has been used to synthesise long peptide 

thioesters,143 glycoproteins144 and phosphoproteins.145 

 

Scheme 27. Fmoc-based peptide thioester synthesis of a fragment of the antibacterial glycopeptide diptericin 

using the sulfonamide “safety-catch” resin.146 Reagents and conditions: (i) Fmoc-SPPS; (ii) ICH2CN, iPr2EtN, 

NMP, r.t, 24 h; (ii) BnSH, THF, r.t, 24 h; (iv) TFA, phenol, H2O, thioanisole, ethanedithiol, r.t, 4 h. 

Dawson et al.147 reported an alternative Fmoc-SPPS strategy using peptide N-acyl-

benzimidazolinones (Nbz), which can be easily transformed to peptide thioesters upon treatment 

with an exogenous aryl thiol (Scheme 28). This approach begins with the synthesis of a resin-bound 

peptide o-aminoanilide 72 from 3,4-diaminobenzoic acid, which, following Fmoc-SPPS, undergoes 

rapid cyclisation to afford the resin-bound benzamidazolinone 73 upon treatment with p-



36 

nitrophenylchloroformate and a base. Subsequent TFA cleavage of the peptide yields the 

unprotected peptide-Nbz 74, which can be transformed to the corresponding thioester 75 in the 

presence of a suitable thiol (e.g. MPAA).148 In syntheses using highly basic conditions, or those of Gly-

rich sequences, the free amine of the 3,4-diaminoaryl linker can be acylated to yield a branched 

peptide that cannot be cyclised to generate the Nbz peptide. Recently, a second-generation linker 

with a methylated amine was reported by Dawson et al.147b which does not show the undesired 

acylation. The usefulness of these approaches have been demonstrated in the total synthesis of 

chemokine protein CCL1,149 HIV-1 Tat protein,150 and in the semisynthesis of the N-terminal domain 

of the anthrax lethal factor.151 

 

Scheme 28. Synthesis of C-terminal peptide N-acylureas.147a Reagents and conditions: (i) Fmoc-SPPS; (ii) p-

nitrophenylchloroformate, CH2Cl2, r.t, 40 min; (iii) iPr2EtN, DMF, r.t, 15 min; (iv) TFA, iPr3SiH, H2O, CH2Cl2, r.t, 2 

h; (v) 200 mM MPAA, pH 7.0, r.t, 1 h. 

Melnyk et al.152 published another Fmoc-SPPS strategy for peptide thioesters that leads to the 

formation of alkylated amides as stable thioester precursors (Scheme 29). To do so, peptides are 

synthesised by Fmoc-SPPS on a bis(2-sulfanylethyl)amido (SEA) resin-bound linker (peptidyl resin 

76). Upon TFA cleavage, peptide 77 is released with a tertiary amide on its C-terminus with two free 
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thiol groups attached. To protect this peptide from an undesired NS shift, oxidation with iodine in 

acetic acid oxidises both thiols to form a stable disulfide bond 78. Upon thiol addition, the bis(2-

sulfanylethyl)amido peptide can be easily converted to its reactive thioester 79 at acidic pH for direct 

application in NCL.153 It was also shown that SEA-peptide amide 77 can be used in ligation using 

MPAA at neutral pH.154 This SEA approach has been used for the synthesis of the Kringle 1 domain 

and the biotinylated N-terminal domain of hepatocyte growth factor.155 
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Scheme 29. Synthesis of SEA peptides by Melnyk et al.152-153 Reagents and conditions: (i) 80, DMF, r.t, 

overnight; (ii) Fmoc-Gly-OH, PyBrOP, iPr2EtN, CH2Cl2, DMF, r.t, overnight; (iii) Fmoc-SPPS; (iv) TFA, , Me2S, 

iPr3SiH, H2O, r.t, 90 min; (v) 0.1 M aq NH4HCO3, r.t, overnight; (vi) 3-mercaptopropionic acid, TCEP, 0.2 M 

Na2HPO4, pH 4.0, 37 ⁰C, 16 h. 
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Other strategies also exist for the formation of peptide thioesters, such as the use of peptide 

hydrazides and the on-resin conversion of peptides to the corresponding thioester by using allyl 

esters or alkyl aluminium thiolates, and these strategies are reviewed elsewhere.156 

In some of the work presented in this thesis, the Boc-SPPS method was used for the synthesis of 

peptide thioesters for use in native chemical ligation (Chapter Two). In addition, the late installation 

of a thioester moiety onto a side chain protected peptide was also performed (Chapter Three).   
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6. Design and Synthesis of Peptidomimetics 

Although peptides are considered to be molecules that exert potent physiological effects, they are 

also recognised by weak spots like chemical instability, rapid in vivo degradation by proteases, poor 

oral availability and fast elimination, and low cell membrane permeability, all of which can limit 

peptides applications in medicine.4a, 5c Furthermore, their conformational flexibility limits affinity and 

receptor selectivity. To make peptides better drug candidates, traditional rational design of peptide 

therapeutics has focussed on techniques to mitigate these weaknesses.157 A paradigm shift in the 

design and development of drugs has resulted in the birth of peptidomimetics as an important drug 

design tool. 

Peptidomimetics are chemically modified molecules that mimic the structural properties and/or 

biological activity of a peptide and conceivably display improved pharmacological properties.158 For 

example, the in vivo hydrolysis of a peptide can be reduced by selectively protecting or substituting a 

peptide bond, by introducing unusual chemical moieties, or by altering the conformation of a 

peptide in a way that makes it no longer recognised by proteases. Briefly, a general strategy for the 

rational design of peptidomimetic therapeutics involves the following steps: 

A. Investigation of the structure-activity relationship (SAR) of the individual amino acids. 

Systematic exchange of different residues, e.g. by alanine (alanine scan), or D-amino acids, 

and reduction of the peptide length, will lead to identification of a minimal fragment and 

amino acid residues that are needed for the biological effect. 

B. The synthesis of conformationally constrained peptide analogues in order to limit the 

possible relative orientations of the key residues identified as required for recognition and 

activation. 

C. Construction of a non-peptide mimetic where the important pharmacophores have been 

mounted onto a carefully selected non-peptidic scaffold or template. This requires 

topographic information obtained from 3D pharmacophore models. 

The following sections discuss some of the most common methods used for peptide modification 

and developing peptidomimetics. 

6.1. Introduction of Non-Proteinogenic Amino Acids 

The physiochemical properties of peptides can be enhanced by replacing one or more proteinogenic 

amino acid residues with a non-proteinogenic one. Such amino acids are rarely the substrates of 

proteolytic enzymes; therefore, their insertion into the sequence improves the stability of the 
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modified peptide sequence. Examples of non-proteinogenic amino acids include D-amino acids,159 N-

alkyl amino acids,160 α-substituted amino acids,161 β-amino acids,162 and proline analogues.163 Of the 

large number of non-proteinogenic amino acids reviewed in the literature,164 only N-methyl amino 

acids and α-substituted amino acids are discussed in the following paragraphs as they were used in 

this thesis for incorporation into peptide sequences. 

6.1.1. N-Methylation of Peptide Bonds 

Generally, incorporation of N-methyl amino acids in peptides result in analogues with improved 

pharmacological properties and stability.165 N-methylation is also employed to promote 

conformational changes in the peptide backbone as it enables greater access to the cis- rather than 

the usual trans- amide conformations. Furthermore, N-methylation eliminates some inter- and intra-

molecular hydrogen bonds, thereby reducing the overall polarity of the peptide.166 

The structural changes induced by N-methylation can have either positive or negative effects on the 

function of a peptide. Some peptides may require one or several amide NH protons as hydrogen 

bond donors for binding to a target or to maintain the peptide in a bioactive conformation through 

intramolecular hydrogen bonds. N-methylation of an amide might disrupt either one or both of 

these properties. In contrast, N-methylation may restrict a peptide backbone to its active 

conformation and thereby improve bioactivity by minimising the energy penalty associated with 

conformational change to a receptor-bound form.167 

An example of a potent N-methylated peptide is the marine cyclodepsipetide Aplidine (Figure 8) that 

exhibited antitumor activity against a variety of human cancer cell lines such as breast, melanoma, 

and lung cancers.168 Recently, Aplidin has entered phase III clinical trials for the treatment of 

relapsed/refractory multiple myeloma in combination with dexamethasone. Another example is the 

cyclic undecapeptide Cyclosporine A, which is extensively used as an immunosuppressant to prevent 

graft rejection after organ transplantations.169 Finally, the cytotoxic N-methylated peptide 

monomethyl Auristatin-E (MMAE) has been conjugated to a monoclonal antibody and is currently 

being used for the treatment of relapsed Hodgkin lymphoma and systemic anaplastic large cell 

lymphoma.170 
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Figure 8. Examples of N-methylated peptides that are either clinically used or in late phase clinical trials. N-

methylated amino acids are highlighted in red. 

The possibility for improving cell permeability, bioavailability, stability, and bioactivity by amide N-

methylation has driven the development of robust methods for chemical synthesis of N-methylated 

peptides. Amino acids can be N-methylated prior to their incorporation into a peptide sequence via 

simple SN2 substitution171 or reductive methods.172 A more facile methodology involves N-

methylation of N-terminal amines on solid-phase during peptide chain elongation.173 More recently, 

on-resin structure-directed selective N-methylation has been employed to access libraries of N-

methylated cyclic hexapeptides.174 On-resin N-methylation is useful for synthesis of large 

combinatorial N-methylated peptide libraries, while separate syntheses of N-methylated amino acid 

monomers in solution followed by assembly on solid phase may be more suitable for larger scale 

preparations and for the synthesis of specific peptide sequences. 

6.1.2. Cα,α-Disubstituted amino acids 

Cα,α-disubstituted glycines exist in many natural sequences and in several peptide antibiotics,175 such 

as the antimicrobial peptide alamethicin.176 Examples of such amino acids are α-aminoisobutyric acid 

(Aib), diethylglycine (Deg), and several kinds of cyclic derivatives (Figure 9).166 
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Figure 9. Examples Cα,α-disubstituted glycines.166 

Cα,α-disubstituted amino acids have been utilised for the synthesis of peptidomimetics as enzyme 

inhibitors, and to make peptides more resistant to enzymatic biodegradation. For example, in 

contrast to angiotensin II, the [αMeTyr(4)] analogue is resistant to chymotrypsin degradation.177 Aib-

containing peptidomimetics of the insect kinin neuropeptide family also exhibited high resistance to 

an insect angiotensin-converting enzyme.178 Incorporation of Aib residues has also been reported for 

bradykinin, enkephalin, and angiotensin II.179 

One of the relevant features of introducing a second alkyl group at the α-carbon atom is the 

conformational constraint which results from the dramatic restriction in the range of accessible 

backbone conformations for Cα,α-disubstituted amino acids as compared to the standard 

proteinogenic amino acids.180 These amino acids have also been used to stabilise specific secondary 

structures and to promote the formation of a secondary structure in short, unstructured peptides.181 

For example, Aib was shown to induce helical conformation in peptides.181b, 182 The high helical 

propensity of Aib has been used in the design of helical peptides as antimicrobial agents or inhibitors 

against HIV-1 virus entry into cells.183 Moreover, Aib acts as a good β-sheet breaker amino acid and 

was incorporated in short peptide sequences that inhibit the formation of amyloid fibrils by human 

islet amyloid polypeptide, which is linked with the pathogenesis of type-II diabetes.184 
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6.2. Introduction of Peptide Backbone Modifications 

The backbone of a peptide can be altered in a number of ways by isosteric or isoelectronic 

replacement.5d Backbone modifications of peptides can be categorised as follows: (i) replacement of 

Nα (e.g. depsipeptides)185; (ii) replacement of Cα (e.g. azapeptides)186; (iii) extension of the backbone 

by one or two atoms (e.g. α-aminoxypeptides)187 and (iv) atom modification of the carbonyl moiety 

(e.g. boron isosteres)188 (Figure 10). Other modifications also exist and have been reviewed 

elsewhere.5d, 189 

 

Figure 10. Examples of peptidomimetics related to backbone modification. 

Such modifications generate an amide bond surrogate with distinct three dimensional structures and 

with significant changes in polarity, hydrogen bonding pattern and acid-base character.190 The 

introduction of such modifications to the peptide sequence is expected to prevent protease-

mediated cleavage of peptide bonds and significantly enhance the metabolic stability of the 

peptide.191 However, they may also have some negative effects on the biophysical and biochemical 

properties of the peptide, in particular their secondary structure conformation, folding properties, 

flexibility, and hydrophobicity. 

6.3. Peptide Cyclisation 

Cyclisation of peptide sequences to form their macrocyclic counterparts has been recognised for its 

great potential in drug discovery for decades.192 Various linear peptides can undergo different types 

of macrocyclisation depending on the functional groups available. Macrocyclisation is performed by 

forming a covalent bond between two sites in the linear molecule and can be divided into four 
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classes: head-to-tail, head-to-side chain, side chain-to-tail, and side chain-to-side chain (Figure 

11).193 

 

Figure 11. Four possible ways a peptide can be constrained to form a macrocycle.193 

Macrocycles, naturally occurring as well as synthetic, have been argued to occupy a relatively 

underexplored range of molecular weights and three dimensional structures for drug discovery.192 

Over the past several years, these types of structures have been investigated with increasing interest 

and more macrocyclic natural products are being discovered. 

As opposed to their linear counterparts, cyclic peptides are more membrane permeable and less 

susceptible towards enzyme degradation.194 In addition, peptide macrocyclisation cuts down the 

possibilities for the overall peptide conformation, as only certain combinations of backbone torsions 

are allowed in the cyclic structure.195 Hence, cyclization of peptides results in a reduced number of 

molecular conformations in solution compared to their linear counterparts. When these constrained 

peptides are used as targeting entities, the limited number of conformations results in higher affinity 

for targeting biological receptors.194a Thus, cyclic peptides locked in the space of bioactive 

conformations of the native peptide would result in better binding and selectivity towards the 

targeted receptors.194a 

Macrocyclic peptides are chemically synthesised by the initial design of linear precursors, which are 

then cyclised either in in solution under high dilution conditions, to minimise unwanted 

intermolecular reactions (e.g. oligo- and polymerisation) or on-resin using the pseudo-dilution 

effect.196  The advantage of on-resin macrocyclisation is certainly the easier product isolation that in 

many cases does not involve chromatographic purification. However, synthesis scale-up on-resin is 

usually low due to mechanical properties of the resins and the higher costs compared to synthesis in 

solution.197 

The size of the ring and the amino acid sequence are essential aspects that govern the success of 

peptide macrocyclisation. As macrocyclisation requires the linear precursor to adopt an entropically 

disfavoured conformation, intramolecular cyclisation is hence more challenging for shorter peptides 



46 

than longer peptides. The cyclisation of peptides with less than six residues is typically met with 

extensive oligomerisation and C-terminal epimerisation.193 In contrast, the cyclisation of longer 

peptides containing more than seven amino acids is less residue dependent, as the greater flexibility 

of the larger ring system accommodates trans-amide bonds without the ring strain faced by smaller 

ring systems. Cyclic peptides containing one or more turn-inducing amino acids such as Pro, D- or N-

methyl amino acids or the achiral Gly should in principle be easier to form since these amino acids 

favour cis-amide bonds which in turn facilitate cyclisation by bringing the reactive functional groups 

in close spatial proximity.193 In the absence of internally incorporated conformational elements, 

external conformational elements can be used to aid cyclisation.193 Two examples of external 

elements are polymeric scaffolds that isolate the linear precursor into a cavity which promotes 

intramolecular cyclisation, and using transition metal ions which coordinate to a linear precursor and 

pre-organises it for cyclisation.193 

The most commonly used covalent linkages for peptide macrocyclisation in the peptidomimetics 

field are lactam36b and lactone198 bridges (Figure 12). However, further covalent connections have 

been discovered and used for synthesising macrocyclic analogues of naturally occurring peptides, 

such as thioether bond, the incorporation of heterocycles, and dicarba bonds.193, 199 Based on our 

work in the next chapters, we herein focus on specific macrocyclisation strategies, including 

lactamisation200 and ring-closing metathesis (RCM).201 

 

Figure 12. Covalent linkages for peptide macrocyclisation. 

6.3.1. Macrolactamisation 

Macrolactamisation is one of the most commonly used strategies in the conformational constraint of 

peptides and peptidomimetics.202 It involves an intramolecular coupling of amine and carboxylic acid 

moieties present within the linear peptide sequence. While many combinations exist, head-to-tail 

and side chain-to-side chain macrolactamisations are the most common examples.  

The success of macrolactamisation is dependent on many factors, such as the amino acid sequence, 

the appropriate choice of coupling reagents, and the rational retrosynthetic strategy. Proper ring 

connection can increase cyclisation rate and suppress side reactions, such as dimerization, 

oligomerisation, and epimerisation of the C-terminal residue. Other factors are also important, such 
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as solution concentration, temperature, the choice of base and additives, ratio of substrates, and 

reaction time. 

The simplest approach to accomplish a side chain-to-side chain macrolactamisation is to arrange for 

appropriately protected side chains of Asp/Glu and Lys residues to be assembled into a linear 

peptide precursor. After specific deprotection of the side chains of those residues, conventional 

coupling methods can then be used on-resin to afford the amide bond between the side chains.203 

An early example of this work is the development of modulators of melanocortin receptors by 

cyclisations of Asp and Lys side chains in the linear sequences.204 Recently, a series of truncated 

secretin analogues constrained with internal lactam bonds were synthesised, from which a specific 

analogue was shown to stabilise the secondary structure of the native peptide and improve its 

receptor binding.205 

On the other hand, the success of head-to-tail macrolactamisation relies on the configuration of the 

C-terminal amino acid residue.197b  Characteristics of residues at the disconnection point which 

promote macrolactamisations are residues with opposite stereochemical configuration, such as 

cyclisations between L- and D-amino acids, and sterically unencumbered residues such as amino 

acids that are not hindered by N-alkylated, α,α-disubstituted or β-branched groups.193, 197b 

Solution-phase and solid-phase methods for head-to-tail peptide macrolactamisation will be 

discussed as examples of the macrolactamisation strategy. 

6.3.1.1. Solution-Phase Head-to-Tail Cyclisation Strategies 

Generally, solution-phase head-to-tail macrolactamisation requires the reactive side chain 

functionalities of the desired linear precursor to be appropriately protected in order to minimise by-

product formation from competing functionalities during macrocyclisation. This is frequently 

achieved by preparing the linear, side chain-protected peptide precursor using a highly acid labile 

linkers such as 2-chlorotrityl chloride. The use of 2-chlorotrityl linker to prepare side chain-protected 

linear precursors for subsequent head-to-tail solution-phase macrolactamisation has been applied 

by Kessler et al.200 for the synthesis of side chain-protected cyclohexapeptides (Scheme 30). Upon 

completion of the synthesis, the resin-bound side chain-protected peptide precursor 81 was 

released from the resin to yield 82 and macrolactamisation is then performed in solution to yield 

83.206 This synthetic approach has since been the method of choice for the synthesis of cyclic 

peptides (e.g. in the syntheses of the anti-tumour cyclic peptide trunkamide A and N-methylated 

cyclic Arg-Gly-Asp pentapeptides).207 
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Scheme 30. Solution phase cyclisation of a side chain protected cyclohexapeptide 83.200 Reagents and 

conditions: (i) Fmoc-Ala-OH, iPr2EtN, CH2Cl2, r.t, 1 h; (ii) Fmoc-SPPS; (iii) AcOH, TFE, CH2Cl2, r.t, 1 h; (iv) TBTU, 

HOBt, iPr2EtN, DMF, r.t, 2 h. 

In order to avoid problems associated with the use of side chain-protected peptides (such as 

solubility and aggregation), an alternative method for the cyclisation of unprotected peptides was 

developed by Tam et al.208 using Dawson and Kent’s thiol-mediated NCL chemistry. An example of 

this strategy is given in the synthesis of Leu-enkephalin analogues (Scheme 31).100 The cyclisation 

site of the linear Leu-enkephalin pentapeptide precursor was positioned between an N-terminal Cys 

and a C-terminal thioester.208 Intramolecular trans-thioesterification of this linear precursor, 

followed by subsequent S- to N-acyl transfer of the thioester intermediate 84, furnished the amide-

linked head-to-tail macrocycle 85.208 This method was then extended to the synthesis of enkephalin 

analogues of different ring sizes,208 the synthesis of macrocyclic, disulfide-rich conotoxin 

analogues,209 and other macrocyclic peptides.210 
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Scheme 31. Solution phase cyclisation of the enkephalin analogue 85 using NCL.208 Reagents and conditions: 

0.2 M Na2HPO4, 0.1 M citric acid buffer, pH 7.2, TCEP, r.t, 2 h. 

As previously mentioned in Section 5, NCL strategy requires a cysteine residue to be present at the 

N-terminus of a peptide. For sequences that do not have Cys residues however, the cyclic peptide 

can be devoid of its Cys ‘scar’ using  post-cyclisation transformations such as Cys desulfurisation 

which converts it into an alanine residue.113 

Alternatively, non-Cys-containing cyclic peptides can also be prepared by the solution phase 

cyclisation of side chain-protected or unprotected precursors using the traceless Staudinger 

ligation.211 This ligation first requires the preparation of an azidopeptide phosphinothioester 

precursor 87, which in turn is derived from the DIC-mediated coupling of C-terminal deprotected 

peptide 86 and diphenylphosphinomethanethiol (Scheme 32). Briefly, the ligation strategy involves 

the intramolecular reaction of the N-terminal azide with the C-terminal phosphine (86) forming a 

cyclic iminophosphorane intermediate 87. This macrocycle then rearranges to the 

amidophosphonium salt 88, as the azalide attacks the thioester electrophile in an SN acyl transfer, 

after which hydrolysis of the P-N bond affords the desired amide bond 89.212 This 

macrolactamisation method has subsequently been used for the cyclisation of several unprotected 

11-residue precursors of the antibacterial cyclic peptide microcin J25.211 However, despite its 

compatibility with many functional groups it has a few drawbacks, such as the hazardous syntheses 

of the corresponding azides of natural amino acids, slow kinetics, and the requirement of a large 

excess of phosphine reagents, which are susceptible to oxidation.213 
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Scheme 32. Solution phase cyclisation of residues 1-11 of micron J25 (90) using the traceless Staudinger 

ligation.211 Reagents and conditions: (i) HSCH2P(BH3)Ph2, DIC, DMAP, CH2Cl2, r.t, 12 h; (ii) TFA, iPr3SiH, r.t, 1 h; 

(iii) iPr2EtN, DMF, r.t, 12 h. 

Inspired by the prevalent role that imidazole plays in catalysing the hydrolysis process and 

transferring of activated acyl groups, Houghten et al.214 reported another thioester-based method 

for the head-to-tail cyclisation of peptides using the direct aminolysis of peptide thioesters in the 

presence of imidazole. The authors proposed a two-step mechanism for this reaction: the thioester 

reacts reversibly with imidazole to give a highly reactive acyl imidazolyl intermediate, which is then 

trapped immediately by the amine to produce the desired amide. This strategy was used for the 

synthesis of cyclopeptides as ligands of the µ-opioid receptor215 and for synthesising the antibiotic 

cyclodecapeptide Tyrocidine A (91) in high yield (Scheme 33).214 
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Scheme 33. Imidazole-catalysed cyclisation of Tyrocidine A (91).214 Reagents and conditions: 1.5 M imidazole, 

CH3CN, r.t, overnight. 

Intramolecular Ser/Thr ligation is another type of ring contraction strategy first described by Li et 

al.216, which requires a serine or threonine residue at the N-terminus and an aromatic 

salicylaldehyde ester at the C-terminus.217 The cyclisation proceeds through the formation of an N,O-

benzylidene acetal intermediate. Subsequent intramolecular ring contraction by an O-to-N acyl 

transfer gives an N,O-benzylidene acetal which upon acidic treatment affords the cyclic peptide with 

a native Ser/Thr. As shown in Scheme 34, the peptide precursor 92 was synthesised via Boc-SPPS on 

(E)-3-(2-hydroxyphenyl)acrylyl-MBHA resin. Following resin cleavage, solution-phase ozonolysis was 

performed to generate the requisite linear peptidyl salicylaldehyde ester (93). The salicylaldehyde 

ester was reacted with the amino group of the N-terminal serine or threonine residue to give an 

imine species 94 in the presence of 2,2,2-trifluoroethanol (TFE)/pyridine/acetic acid (2:1:1 mol/mol). 

Subsequent intramolecular ring contraction through an irreversible O → N acyl transfer afforded a 

stable amide intermediate (95). Next, the resultant N,O-benzylidene acetal was removed via 

acidolysis to restore the natural Xaa-Ser/Thr peptidic linkage at the ligation site (96). The Ser/Thr 

ligation-mediated peptide cyclisation was previously used to synthesise the lipopeptide antibiotic 

daptomycin, mahafacyclin B, and other constrained cyclic peptides of various sizes.217a, 217b, 218 
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Scheme 34. Synthesis of mahafacyclin B using intramolecular Thr ligation.217b Reagents and conditions: (i) Boc-

SPPS; (ii) HF, p-cresol, 0 ⁰C, 1 h; (iii) O3, (CH3)2S, CH3CN, H2O, r.t, 2 min; (iv) TFE, pyridine, AcOH, r.t, 1 h; (v) TFA, 

iPr3SiH, H2O, r.t, 3 h. 

Other methods for the solution-phase, head-to-tail macrolactamisation of peptides also exist, such 

as catalyst-free cyclisation of thioester-containing peptides,219 cyclisation of peptide hydrazides,220 

the use of peptide thioacids and Sanger’s reagent,221 the use of metal ions to assist 

macrolactamisation,222 the use of ring-contraction strategies involving lactones,223 and the use of 

special ligases such as butelase 1,224 and they are reviewed elsewhere.193 

6.3.1.2. Solid-Phase Head-to-Tail Cyclisation Strategies 

Head-to-tail macrolactamisation can also be performed on the solid support, where a low peptidyl-

resin loading promotes intramolecular cyclisation by creating a pseudo-dilution effect that mimics 

the high dilution reaction conditions of solution-phase cyclisation.193 A major benefit of on-resin 

head-to-tail macrolactamisation is the reaction conditions as well as the ease of product isolation, 

which is easily achieved by simple washing and filtration steps.193 
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One of the common methods for synthesising cyclic peptides on resin is via attachment of the 

peptide through a reactive side chain of a C-terminal residue.193, 225 Upon completion of the resin-

bound peptide, removal of the N- and C-terminal protecting groups followed by subsequent on-resin 

macrolactamisation affords the resin-tethered macrocycle. For example, Papini et al.226 employed 

the strategy of side chain anchoring for the synthesis of various Arg-Gly-Asp-containing 

cyclotetrapeptides (Scheme 35). The linear sequence 97 was synthesised on tritylchloride resin that 

was loaded with the Asp residue via the side chain carboxylic acid functionality. The terminal N- and 

C-protecting groups were then deprotected by the treatment with piperidine and 

tetrakis(triphenylphosphine)palladium(0), respectively, to afford 98. Subsequent on-resin cyclisation 

was achieved using TBTU/iPr2EtN, after which resin-bound cyclic peptide 99 was liberated from the 

linker with concomitant removal of the remaining side chain protecting groups, to afford the desired 

macrocycle 100. Other orthogonally protected versions of Ser,227 Glu,228 Tyr,229 and Lys230 have also 

been anchored via the side chain and used for the on-resin synthesis of cyclic peptides. 

 

Scheme 35. Synthesis of the Arg-Gly-Asp-containing tetrapeptide 100 by side chain anchoring of aspartic acid 

and on-resin cyclisation.226 Reagents and conditions: (i) Fmoc-SPPS; (ii) Pd(PPh3)4, PhSiH3, dry CH2Cl2, r.t, 2 x 40 

min; (iii) 20% piperidine, DMF, r.t, 1 x 10 min + 1 x 15 min; (iv) TBTU, iPr2EtN, r.t, 4 h; (v) TFA, H2O, r.t, 3 h. 

As the side chain anchoring strategy is restricted to amino acids with reactive side chains, an 

alternative approach was developed to unlock other amino acid residues by way of backbone amide 

linker attachment.197a Backbone amide linkers involve attachment of the amino group of the C-

terminal amino acid to the resin via a tris(alkoxy)benzylamide linker (Scheme 36).231 In this method, 

the first amino acid (where the carboxylic acid group is protected as allyl ester) is introduced by 

reductive amination of an on-resin bound aldehyde 101 to yield 102.231-232 Subsequently, an 

incoming Fmoc-amino acid then acetylates the secondary benzylic amine in 102 (yielding 103), after 

which the remaining sequence 104 is synthesised using standard Fmoc-SPPS.197a Deprotection of the 
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C- and N-termini is then followed by on-resin macrolactamisation (yielding 105) after which the 

cyclic peptide 106 is cleaved from the resin by treatment with TFA.197a 

Although this strategy allows any amino acid of a cyclic peptide to serve as a point of attachment to 

the resin, it suffers from significant loss of peptide through diketopiperazine by-product formation 

upon Fmoc deprotection of the second amino acid.197a, 232 This can be minimised either by the use of 

a highly acid labile Nα-protecting group (e.g. Trt group) for the second residue232, or by the use of 

Boc-SPPS.233 

 

Scheme 36. Synthesis of the  cyclodecapeptide 106 using the backbone amide linker approach.231 Reagents 

and conditions: (i) Ala-OAllyl.HCl, NaBH3CN, DMF, r.t, 18 h; (ii) Trt-Ala-OH, PyAOP, iPr2EtN, DMF, CH2Cl2, r.t, 2 h; 

(iii) TFA, H2O, CH2Cl2, r.t, 5 x 1 min; (iv) Fmoc-SPPS; (v) Pd(PPh3)4, DMSO, THF, 0.5 N aq. HCl, morpholine, Ar, r.t, 

3 h; (vi) 20% piperidine, DMF, r.t, 1 x 5 min + 1 x 25 min; (vii) PyAOP, HOAt, iPr2EtN, CH2Cl2, r.t, 2 h; (viii) TFA, 

Et3SiH, H2O, r.t, 3 h. 

Other methods for the on-resin macrolactamisation have also been reported, which utilise a one-pot 

approach where cyclisation and peptide cleavage are intimately connected. Such strategies were 
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shown to be achieved by both Fmoc-SPPS (e.g Kenner’s ‘safety-catch’ linker)140b and Boc-SPPS (e.g 

thioester linkages234 or Kaiser oxime resin attachments).235 

Kenner’s safety-catch sulphonamide linker was introduced in 1971 and subsequently used for the 

synthesis of various cyclic peptides, including the anti-mycobaterial kahalalide A,236 the anticancer 

cyclodecapeptide phakellistatin 12,237 and the cyclohexapeptide cherimolacyclopeptide E.238 

Synthesis of the linear sequence 107 was performed via Fmoc-SPPS on 4-

sulfamylbutyrylaminomethyl polystyrene resin (Scheme 37). Following completion of the synthesis, 

the Nα-amino group of the N-terminal residue was reprotected with a trityl (Trt) protecting group, as 

the Fmoc group is unstable to the cyanomethylation conditions used to activate the acyl 

sulphonamide linker.236 Another reason for using Trt group is to avoid the use of Fmoc deprotection 

agent piperidine as it would cause a nucleophilic attack on the activated nitrogen of the linker and 

loss of the peptide. After cyanomethylation, the Nα-trityl protecting group of 108 was removed and 

the peptidyl-resin basified to facilitate the intramolecular aminolysis of the C-terminal 

cyanomethylsulphonamide, releasing the side chain protected cyclic peptide 109. Solution-phase 

removal of the side chain protecting groups then afforded the desired macrocycle 110.237 Despite 

the promise that this strategy holds on the formation of macrocyclic peptides, the loading of the first 

amino acid residue to the linker is very slow and difficult, which increases the risk of epimerisation at 

the C-terminus. 
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Scheme 37. Synthesis of cherimolacyclopeptide E (110) using Kenner’s ‘safety-catch’ linker.238 Reagents and 

conditions: (i) Fmoc-Leu-OH, iPr2EtN, PyBOP, DMF, r.t, 2 x overnight; (ii) Fmoc-SPPS; (iii) Trt-Cl, iPr2EtN, r.t, 2 x 

2 h; (iv) ICH2CN, iPr2EtN, NMP, r.t, 2 x 12 h; (v) 5% TFA, CH2Cl2, r.t, 2 x 2 min; (vi) iPr2EtN, THF, r.t, overnight; 

(vii) TFA, iPr3SiH, H2O, r.t, 3 h.  

On the other hand, Richter et al.234 reported a Boc-SPPS based approach for the one-pot synthesis of 

cyclic peptides by utilising thioester resins. The C-terminal amino acid residue was initially attached 

to thiol-linked MBHA resin (110) to form the thioester 112 (Scheme 38). Following completion of 

Boc-SPPS (yielding 113), the resin was treated with iPr2EtN over a period of four days which 

facilitated intramolecular macrolactamisation with concomitant release of the side chain protected 

macrocycle. The side chain protecting groups were then cleaved with HF, affording the desired cyclic 

peptide 114 in 35% yield.234 
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Scheme 38. Synthesis of the cyclic hexapeptide 114 using thioester linkage.234 Reagents and conditions: (i) Boc-

Gly-OH, DIC, iPr2EtN, CH2Cl2;* (ii) Boc-SPPS; (iii) iPr2EtN, DMAP, r.t, 96 h; (iv) HF*. * Details of reaction 

conditions not reported, PG = unspecified protecting group. 

Alternatively, the one-pot cyclisation approach can be performed by Boc-SPPS based Kaiser’s oxime 

method, which involves anchoring the C-terminal residue to a Kaiser’s oxime-functionalised 

polystyrene resin 115 via a peptide oxime ester linkage (116) (Scheme 39).235 This linker is highly acid 

stabile but is labile to aminolysis.239 Thus, a linear peptide precursor 117 was assembled using Boc-

SPPS and the final head-to-tail cyclisation was achieved by treatment with iPr2EtN, for which 

intrachain aminolysis concomitantly released the side-chain protected cyclic peptide 118 which was 

then deprotected using acidolysis, yielding the target peptide 91.239 Kaiser’s oxime strategy has been 

used to synthesise various cyclic peptides, including the cyclodecapeptide Tyrocidine A (91),239 N-

methylated cyclic depsipeptide analogues,240 and cycloheptapeptide analogues of the antibiotic 

polymyxin B.241 
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Scheme 39. Synthesis of Tyrocidine A (91) using Kaiser’s oxime method.239 Reagents and conditions: (i) Boc-

Leu-OH, DCC, CH2Cl2, r.t, 15 h; (ii) TFA, CH2Cl2, r.t, 30 min; (iii) Boc-SPPS; (iv) iPr2EtN, CH2Cl2, r.t, 24 h; (v) 

TMSOTf, thioanisole, TFA, r.t, 10 min. 

6.3.2. Ring-Closing Metathesis 

Ring-closing metathesis (RCM) is an extremely powerful method for the synthesis of macrocyclic 

analogues of biologically relevant peptides. It involves the reaction of two terminal alkenes in the 

presence of a catalyst to generate chemically inert and constrained “dicarba” bridge structures.201, 242 

A generalised mechanism of transition metal-catalysed RCM is given in Scheme 40. The M=CH2 

intermediate represents the metal carbene that interacts with the two reacting olefins. The catalytic 

cycle is initiated by a cross metathesis (through a [2+2] cycloaddition reaction) between a metal 

carbene and one of the two olefins of the peptide to generate a metallacyclobutane intermediate  

(A).243 This intermediate can either revert back to the initial peptide precursor, or the other two 
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bonds of the ring get ruptured and the metal gets incorporated into the peptide (B). The formation 

of another metallacyclobutane intermediate with the remaining alkene in the peptide (C), followed 

by subsequent disintegration (D), furnishes the desired macrocycle and regenerates the metal 

carbene. 

 

Scheme 40. General ring-closing olefin metathesis (RCM) mechanism.244 

The most commonly used catalysts for RCM are the ruthenium-based compounds developed by 

Grubbs et al.245 and molybdenum-based compounds developed by Schrock et al.246 The ruthenium-

based catalysts are usually preferred over the molybdenum-based catalysts, which are sensitive to 

air and moisture. Moreover, the ruthenium-based catalysts can be used with substrates containing 

an aldehyde, carboxylic acid, and alcohol groups, all of which have displayed the ability to render 

other transition metal catalysts inactive.247 The ruthenium-based catalysts that have been most used 

in RCM reactions involving peptides and peptidomimetics are shown in Figure 13. In this project, we 

used Hoveyda-Grubbs II catalyst, which contains an internal oxygen chelate, as this was shown to be 

stable to chromatography and can be recycled without any detectable loss of reactivity. It was also 

shown to offer better reactivity towards electron-deficient olefins than the other Grubbs catalysts I 

and II.248 

 

Figure 13. General scheme for RCM of peptide and examples of commercially available ruthenium-based RCM 

catalysts. 
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Many alkene-containing macrocyclic peptides were shown to be more stable than the native 

sequences and retain their biological activity.201, 249 Vederas et al.250 reported the synthesis of dicarba 

analogues of the therapeutically used peptide oxytocin, a peptide that contains a disulfide bond 

(known to be labile under reducing conditions) (Scheme 41). In their work, native cysteine residues 

were replaced with non-proteinogenic allyl-containing residues. RCM was performed on the linear 

peptide 119 anchored to Rink amide resin with 10 mol% Grubbs I catalyst in refluxing CH2Cl2 for 24 h. 

Cleavage from the resin provided the dicarba oxytocin analogue 120 as a mixture of cis and trans 

isomers. The resulting dicarba peptide was found to be more stable than the native oxytocin and 

hinder degradation in placental tissue while retaining high levels of inherent activity. Increased 

metabolic stability has also been observed in dicarba analogues of the 36-residue antiviral peptide 

enfuvirtide,251 the 14-residue somatostatin,252 and bradykinin antagonists.253 

 

Scheme 41. RCM of an alkene-containing macrocyclic analogue of oxytocin (2.20).250 Reagents and conditions: 

(i) 10 mol% Grubbs I catalyst, CH2Cl2, 40 οC, 24 h; (ii) 20% piperidine, DMF, r.t, 5 min; (iii) TFA, Et3SiH, CH2Cl2, r.t, 

3 h. 

In addition to increasing metabolic stability, RCM has been used as a peptidomimetic strategy to 

develop bioactive peptides (Figure 14). A notable example was published by Sawyer et al.254 who 

have developed a dicarba peptide that targets intracellular proteins involved in cancer which 

showed promising results in terms of in vitro binding affinity, cellular activity, and suppression of 

xenograft tumours in mice. Liskamp et al.255 reported the synthesis of an RCM-catalysed cyclic 

heptapeptide agonist of melanocortin-4 receptor, a drug target for the treatment of obesity.256 This 

cyclic MC4 receptor agonist exhibited a potent receptor agonist activity and improved selectivity in 
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vivo.255 Brimble et al.257 also developed an alkene-containing analogue of the bone-anabolic peptide 

amylin (1-8) that showed promising activity on bone cells at physiological concentrations. 

 

Figure 14. Examples of potent alkene-containing macrocyclic peptides. 

Macrocyclic RCM has also been employed in the total synthesis of large and multi-cyclic ring 

molecules, such as analogues of the antimicrobial peptides nisin258, human β-defensin-1259 and 

lacticin 3147 A2,260 and the insulin-like peptide human relaxin-3 (Figure 15).261 
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Figure 15. Examples of alkene-containing, multi-cyclic ring molecules previously synthesised by peptide 

chemists. 

RCM has also been exploited to stabilise helical structures and design of small-molecular helix 

mimetics to manipulate physiological processes of protein-protein interactions.262 Verdine et al.263 

have developed extensive strategies in the field of helix stabilisation. In their work, the olefin-

containing α,α-disubstituted non-proteinogenic amino acid α-methyl-α-pentenyl glycine was 

introduced at i and i+4 positions (both in (S) configuration) to generate, what they call, an “all-

hydrocarbon staple” mimic (Scheme 42A). Their stapled peptide, derived from the BH3 segment of 

proapoptotic BCL-2, was shown to be helical, protease resistant, and cell-permeable molecule that 

activates apoptotic pathways to stop the growth of human leukemia xenografts in mice.263b 

Moreover, Arora et al.264 developed a combinatorial approach towards generating a new class of 10-

residue α-helices that inhibit the entry of HIV-1 into cells. In their work, the stapled macrocycle was 

created by replacing a main-chain hydrogen bond of the i and i+4 residues in the α-helix 121 with a 

dicarba bond through the backbone amide bond (Scheme 42B). The generated artificial helix 122 

was shown to mimic the properties of a peptide with a well-defined and stable helix nucleus.265 
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Other stapling systems were also reported, such as incorporation of non-proteinogenic, olefin-

containing amino acids at position (i, i+3) or (i,i+7). Typically, α-helical stabilisation for (i, i+3) stapled 

peptides is accomplished through an 8-carbon hydrocarbon tether between two α-methyl-α-

pentenyl glycine residues with opposite configuration (i.e., (R) for i and  (S) for i+3).266 However in (i, 

i+7) stapled peptides, an 11-carbon linkage between two α-methylated residues with an (R) 

configuration for the i site and an (S) configuration for the i+7 site was shown to be the most 

beneficial for helical stabilisation.263a 

 

Scheme 42. (A) Strategy for stabilising α-helices by an all-hydrocarbon crosslinking system at the i and i+4 

positions.263b (B) Replacement of an N-terminal hydrogen bond in 121 with a covalent RCM-derived dicarba 

bond yielded the hydrogen bond surrogate α-helix 122.265, 267 

One of the main concerns of RCM is the lack of control over olefin geometry, with the formation of  

a mixture of E- and Z- diastereomers that are usually very difficult to separate. Significant differences 

in the biological effects are frequently detected between the two diastereomers due to the three-

dimensional conformational changes induced in the peptide by non-interchangeable olefin 

geometry.268 Controlling olefin geometry is important not only for creating bioactive macrocyclic 

peptide analogues, but also provides further details on the bioactive conformation of the native 

peptide. 
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To overcome the drawback mentioned above, Z-selective ruthenium-based RCM catalysts were 

developed that can accomplish exquisite geometric diastereoselectivity in peptide substrates.245b, 269 

An example of a Z-selective catalyst along with a brief mechanism of its Z-selectivity are shown in 

Scheme 43. The ruthenium-based catalyst 123 contains a bidentate N-heterocyclic carbene (NHC) 

ligand equipped with N-adamantyl and mesityl groups, that are able to promote Z-selective alkene 

metathesis. The RCM reaction using this cyclometalated catalyst proceeds through the formation of 

a ruthenacyclobutane intermediate. The N-adamantyl chelating group positions the N-mesityl 

substituent directly over the forming metallacyclobutane.270 In the anti-metallacycle intermediate 

(B) that leads to E-olefins, one of the substituents clashes with the N-mesityl group and, hence, this 

intermediate is disfavoured. On the other hand, the syn-metallacycle (A) avoids this unfavourable 

steric hindrance with both substituents pointing away from the N-mesityl group, and this favoured 

transition state leads to the exclusive  formation of Z-olefin products .271 

 

Scheme 43. Simplified example for the Z-selectivity displayed by ruthenium catalysts. Adapted from Grubbs et 

al.272 with permission from The Royal Society of Chemistry. 

The activity of Z-selective catalysts was found to be influenced by the choice of resin.245b Conversions 

to dicarba peptides were shown to be low when the peptide is immobilised on Wang resin, whereas 

MBHA resin was found to be more beneficial. Using optimised conditions of prolonged reaction 

times (4 h) and two cycles of catalyst addition, Grubbs et al.245b were able to demonstrate the 

successful RCM of the resin-attached peptide 124 with 85% conversion to the desired dicarba 

peptide 125 with a greater than 90% Z-selectivity (Scheme 44). 
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Scheme 44. Z-selective RCM of resin-bound peptides.245b Reagents and conditions: (i) 2 x 10 mol% 123, DCE, 40 

⁰C, 4 h; (ii) TFA, iPr3SiH, H2O, r.t, 1 h, 85% conversion, >90% Z-selectivity. 

To obtain peptide metathesis products containing the E-olefin, a recent strategy using Z-selective 

ethenolysis was reported by Grubbs et al.273 (Scheme 45A). This approach relies on the inherent 

reversibility of olefin metathesis by using ethylene to drive the ring-opening metathesis. An example 

of this strategy is shown in Scheme 45B. The cyclic peptide 126 was initially synthesised as (E,Z) 

mixtures using a non-selective ruthenium catalyst. Subsequent Z-selective ethenolysis using ethylene 

at 40 ⁰C in the presence of a Z-selective RCM catalyst led to formation of the starting diene, which 

could eventually be recycled, and finally to an enrichment of the E-olefin. Under these reaction 

conditions, excellent conversion to the enriched E-macrocycle 126 was observed and importantly, 

the diastereoselectivity of the carbocycle dramatically improved from 71% to 96%. 
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Scheme 45. (A) General strategy to form macrocyclic peptides with E-geometry. (B) Example of a Z-selective 

ethenolysis reaction on resin-bound peptide.273 Reagents and conditions: (i) 5 mol% 123, C2H4 (1 atm), THF, 40 

⁰C, 3 h; (ii) TFA, iPr3SiH, H2O, r.t, 1 h. 91% conversion, 96% E-selectivity. 
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Scope of This Thesis 

The work in the next two chapters provides an important progression of preliminary research aimed 

at discovering novel bone-anabolic peptides for the treatment of osteoporosis, and potent 

antimicrobial peptides targeting bacterial infections. 

In chapter two, we report structure-activity studies on the natural product dianthin G and the 

pancreatic hormone preptin. Different peptide synthesis techniques are discussed to develop 

modified peptides that exhibit an improvement in bone activity compared to parent peptides and an 

increase in metabolic stability. 

Following the bone work, chapter three explores the total chemical synthesis of the bacteriocin 

glycopeptide glycocin F and the development of analogues for the potential treatment of bacterial 

infections. The design, chemical synthesis, and biological evaluation of these analogues are 

discussed. 
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1. Bone Structure and Function 

Bone is a highly specialised form of connective tissue that serves a number of purposes. Firstly, it has 

a structural function, protecting soft tissues, and providing sites for muscle attachment to facilitate 

locomotion. In addition, it is important in maintaining homeostasis through a flux of minerals, and is 

a reservoir for the storage and release of growth factors and other molecules (e.g. cytokines). 

Finally, the skeleton contains bone marrow, the site of haematopoiesis in the body. 

Morphologically, two types of bone can be recognised at the microscopic level: (1) cortical bone, 

which is very hard and dense; (2) trabecular, or spongy bone, which has a more variable and porous 

structure. Cortical bone makes up the outer layer of all bones (80% of the adult skeleton), while the 

trabecular bone is found in the ends of long bones and in the vertebrae (20% of the adult 

skeleton).274 
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2. Bone Cells and Remodelling 

Bone is a metabolically active tissue that is constantly renewing and repairing itself in a highly 

coordinated process known as bone remodelling. Remodelling is a coupled process where bone 

resorption is closely followed by bone formation, so in a healthy skeleton there in no net loss or gain 

of bone mass. At the cellular level, three types of bone cells regulate the remodelling process: 

mesenchymal osteoblasts and osteocytes, which form and maintain the bone, and the 

multinucleated, haematopoietic-derived osteoclasts, which resorb mineralised bone.275 

The bone remodelling cycle involves four main phases: activation, resorption, reversal, and 

formation (Figure 16).275-276 

 

Figure 16. An overview of the bone remodelling cycle and the key cells involved. With permission from Chhana 

et al.277 

Osteoclast activation involves recruitment of pre-osteoclasts to a previously quiescent bone surface, 

and their differentiation into multinucleated cells.278 Resorption occurs once mature osteoclasts are 

activated by the actions of local cytokines produced by osteoblasts (such as receptor activator of 

nuclear factor-κB ligand (RANKL)), a process that is regulated by other factors produced locally or 

systemically, such as parathyroid hormone (PTH) and calcitonin.279 During bone resorption, 

osteoclasts are attached to the bone surface using a specialised ruffle border, creating isolated 

microenvironments between the osteoclasts and the bone surface. These microenvironments are 

later acidified by the H+-ATPase-mediated transport of protons across the osteoclast membrane, 

facilitating the resorption and digestion of bone matrix by enzymes (e.g. cathepsin K and tartarate-

resistant acid phosphatase (TRAP)).280 Active resorption by multinucleated osteoclasts lasts for about 

a week, followed by slower resorption involving mononuclear cells.281 
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Throughout the reversal phase, bone resorption switches to bone formation. This phase lasts about 

a week and involves the recruitment of pre-osteoblasts to initiate bone formation. The coupling 

signals connecting the end of bone resorption to the commencement of bone formation are not well 

defined. The release of growth factors and cytokines such as transforming growth factor β (TGFβ) 

and the insulin-like growth factors (IGF-1 and IGF-2) are likely to be important in this process.282 

The final formation phase involves two steps: osteoblasts synthesise new collagenous bone matrix, 

then regulate its mineralisation by releasing matrix vesicles that concentrate calcium and phosphate. 

Compared to bone resorption, formation is a slower process that takes a number of months. 

Mineralisation is initiated about two weeks after bone formation and generally occurs at the same 

rate as bone formation, although bone continues to accumulate mineral long after formation has 

ceased. Once bone is mineralised, mature osteoblasts either terminally differentiate into bone lining 

cells, osteocytes, or commit to apoptosis.283 Osteocytes are the most abundant cell present in bone 

and are buried within the bone matrix. These cells communicate with each other and with other 

cells at the surface of bone via a meshwork of cellular processes that run through canaliculi in the 

bone matrix.284 Consequently, bone cells creates a network within which cells at all phases of bone 

formation, from the pre-osteoblast to the mature osteocyte, remain connected. 
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3. Osteoporosis 

The word osteoporosis is derived from the Greek language; where “osteo” refers to bone, and 

“poros” simply means porous. Osteoporosis is a direct result from an imbalance in the bone 

remodelling process, where the resorptive activity of osteoclasts exceeds the bone forming activity 

of osteoblasts, thus resulting in a net loss of bone. The condition is characterised by low bone mass 

and deteriorating bone microarchitecture, resulting in an increased risk of fragility fracture. The 

World Health Organisation defines osteoporosis as bone mineral density (BMD) more than 2.5 

standard deviations lower than the mean of a young (ages 20 to 25 years) healthy population (i.e. 

bone mass is 25% less than the normal peak bone mass).285 The disorder is slowly progressive and 

“silent”, as there are usually no symptoms prior to bone fracture. 

The incidence of osteoporosis increases with age and occurs most commonly in postmenopausal 

women due to the cessation of ovarian activity, resulting in estrogen deficiency and consequently an 

increase in bone resorption. Other factors for age-related bone loss include increased PTH levels, 

osteoblast senescence and decreased physical activity. Major risk factors for osteoporosis and 

fractures include personal or family history of fragility fractures, low body weight, smoking and long-

term glucocorticoid therapy.286 

Osteoporosis is a major public health issue, with osteoporotic fractures being one of the most 

common causes of disability and a major contributor to health care costs worldwide.287 Currently it is 

estimated that over 200 million people worldwide suffer from this disease and it is the cause of more 

than 8.9 million fractures annually. In fact, an osteoporotic fracture is estimated to occur every 3 

seconds worldwide, and one out of every three women and one in five men over 50 will have an 

osteoporosis-related fracture in their lifetime.288 In addition, 5-10% of patients that suffer a fracture 

have problems with fracture healing. Common osteoporotic fractures are those of the distal 

forearm, vertebrae, and hip. Hip fractures are particularly problematic, as they require 

hospitalisation, and are associated with increased mortality and significant morbidity. 
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4. Impact of Osteoporosis 

4.1. Morbidity and Mortality 

The morbidity of osteoporosis arises from the associated fragility fractures. Furthermore, mortality 

rates are positively linked with all types of osteoporotic fractures, with the highest risk among 

individuals aged 60-69 years.289 Fracturing the neck of the proximal femur is the most severe 

outcome of osteoporosis on the patient, such that a significant portion of individuals sustaining this 

type of fragility fracture will die within a year of that fracture, ranging from 8-36%.290 This morbidity 

decreases over time post fracture.291 Hip fractures are often associated with a fall, but can occur 

simultaneously. Treatment of such fractures necessitates hospitalisation. Within one year of the first 

hip fracture, the possibility of death rises by approximately 30% for women and 40% for men.292 

Other major osteoporotic fractures, those of the vertebrae, distal forearm, pelvis, distal femur, 

proximal tibia, multiple rib fractures and proximal humerus are all associated with an increase in 

mortality.289a 

4.2. Economic Costs 

Osteoporotic fractures represent a significant economic burden on healthcare systems. As 

mentioned previously, treatment of hip fractures involves hospitalisation. It is noteworthy that one 

study found that the number of hospital days resulting from hip fractures outnumber those resulting 

from diabetes, chronic obstructive airways of disease, myocardial infarction, or breast cancer, 

indicative of the burden created by hip fractures on healthcare systems.293 Furthermore, a third of 

hip fracture patients require nursing home care after discharge. 

Other costs include ambulance costs, rehabilitation costs, and GP costs. A recent meta-analysis of 

publications put the economic cost of falls as between 0.9% and 1.5% of total health care 

expenditure worldwide.294 In 2005, the cost of more than two million osteoporotic fractures in the 

United States was $17 billion.295 In 2002, the total direct cost of hip fractures to Germany was 

estimated at €2.7 billion per annum.296 

Nearly 40% of postmenopausal women have osteoporosis in the United States and in Europe; and as 

the population is ageing, a continual increase in this percentage is predicted.297 In the 

UK, over 300,000 hip fractures are recorded annually, resulting in patient care costs of over £2.3 

billion per annum.298 In 2007, the total cost of osteoporosis in New Zealand was over $1 billion, with 

hip fracture care alone costing $105 million.299 
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Surprisingly, osteoporosis is much more common than other diseases with a one-in-nine risk of 

developing breast cancer in women compared to a one-in-six lifetime risk of hip fracture.300 

According to data from the National Osteoporosis Foundation, it is estimated that by 2025 

osteoporosis will be responsible for approximately three million fractures worldwide, resulting in 

$25.3 billion in costs each year.301 

4.3. Quality of Life 

There are further human costs associated with osteoporotic fractures. Due to the silent 

asymptomatic nature of the early stages of osteoporosis, it is typically diagnosed after the first 

clinical fracture. As a result of the late-stage diagnosis, osteoporotic patients are burdened by 

chronic pain, disfigurement, impaired mobility, loss of independence, greater risk of pressure ulcers, 

and decreased pulmonary function.302 One year post-hip fractures, less than half of individuals will 

have not regained original walking ability.303 Vertebral fractures are associated with significant pain 

and loss of height, which can lead to feelings of lowered self-esteem.304 Altogether, these factors 

result in an overall decrease in quality of life. 
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5. Treatment of Osteoporosis 

There are several medications used to treat osteoporosis, which can be separated into two 

categories: anti-resorptive agents and bone-anabolic agents, and these are summarised in Table 4. 

Table 4. List of drugs that are approved by the U.S Food and Drug Administration (FDA) for the treatment of 

osteoporosis. Adapted from Reid et al.305 

Drug Classification Mechanism Effect on bone Adverse effect 

Alendronate 
(oral) 

Bisphosphonates Binds to hydroxyapatite on 
bone surface and inhibit 
osteoclastic bone 
resorption 

Increases lumbar spine and hip 
BMD. Effective at reducing risk 
of hip and vertebral fractures. 
Moderate effects on non-
vertebral fractures 
(ibandronate is not effective )  

Muscle and joint pain, 
nausea, fever, and 
gastrointestinal irritation 
(oral). Concerns over 
osteonecrosis of the jaw, 
atypical femoral fractures 

Ibandronate (oral 
or i.v) 

Risedronate 
(oral) 

    

Zoledronate (i.v)     

Denosumab (s.c) Human 
monoclonal 
antibody 

Inhibits receptor activator 
of nuclear factor κB ligand 
(RANKL), a stimulator of 
bone resorption 

Increases lumbar spine and hip 
BMD. More positive long-term 
effects on hip BMD compared 
to bisphosphonates. Reduces 
risk of hip, vertebral, non-
vertebral fractures 

Can cause rash, bone/muscle 
pain. Concerns over 
hypocalcaemia, 
osteonecrosis of jaw, 
atypical femoral fractures 

Raloxifene (oral) Selective estrogen 
receptor 
modulator 

Reduces bone resorption 
by modulating effects 
mediated by estrogen 
receptor 

Increases spine and femoral 
neck BMD. Reduces risk of 
vertebral fractures. Lower 
efficacy in slowing bone loss 
compared to estrogen and 
most bisphosphonates 

No effect on hip and non-
vertebral fractures. Risk of 
deep vein thrombosis, leg 
cramps 

Salmon calcitonin 
(nasal or i.m) 

Synthetic 
calcitonin 

Decreases osteoclast 
activity and thereby bone 
resorption. Stimulate 
calcium salt deposition in 
bone 

Moderate increase in lumbar 
spine BMD. Reduces risk of 
vertebral fractures. Also acts as 
an analgesic  

Nasal: nasal irritation, 
headache, dizziness, back 
pain. i.m injection: allergic 
reactions, vomiting, 
abdominal cramping. No 
effect on non-vertebral 
fractures 

Estrogen (oral or 
transdermal) 

Hormonal therapy Estrogen receptor inhibits 
osteoclastogenesis and 
regulates renal calcium 
handling 

Increases hip and spine BMD. 
Reduces risk of vertebral and 
non-vertebral fractures  

Risk of developing stroke, 
uterine and breast cancer, 
vaginal bleeding and 
cardiovascular events 

Teriparatide (s.c) Parathyroid 
hormone (1-34) 

Exhibits bone-anabolic 
effect by increasing 
osteoblast proliferation 
and activity.  

Increases formation of new 
bone. Increases spine and hip 
BMD. Most effective at 
reducing risk of vertebral, non-
vertebral fractures. Not shown 
to reduce hip fractures. 

Daily injections, concerns 
over transient 
hypercalcaemia, 
osteosarcoma (seen in rats), 
only used for two years, 
expensive 
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5.1. Bone-resorptive Agents 

Anti-resorptive agents are the most commonly prescribed osteoporosis medications and they 

include the nitrogen containing bisphosphonates, denosumab, raloxifene, human replacement 

therapy, and calcitonin (Figure 17). These therapies primarily work by inhibiting osteoclast bone 

resorption, and therefore, are able to improve the quality of life in patients with osteoporosis, 

however, they cannot restore skeletal integrity in most patients with established osteoporosis.306 

Also, the use of these anti-resorptive agents has long been known to be associated with different 

side effects. For example, estrogen therapy has been shown to increase the risks of breast cancer 

and coronary heart disease, while there are major concerns over developing osteonecrosis of the 

jaw when using bisphosphonates. 

 

Figure 17. Examples of clinically used anti-resorptive agents. 

5.2. Bone-Anabolic Agents 

As anti-resorptive agents are unable to stimulate the formation of new bone which is essential for 

the management of patients with severe osteoporosis, agents capable of stimulating new bone 

formation are therefore required for such patients. Recently, attention has turned to bone-anabolic 

agents, which target the restoration of osteoblast function and are able to stimulate bone 

formation. In addition, anabolic agents have an advantage over anti-resorptives, in terms of 

improvement in bone strength, bone quality, and fracture risk reduction.307 Currently, recombinant 

human parathyroid hormone (1–34) [Forteo®] is the only FDA-approved, bone-anabolic medicine for 

the treatment of osteoporosis in postmenopausal women and in men with hypogonadal or 

idiopathic osteoporosis, and those with glucocorticoid-induced osteoporosis who are at risk of 

fracture.308 
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Although being the most potent therapy currently available for physicians, the inconvenience of 

daily injections and moderately high cost has caused Forteo® to remain as a second-line 

medication.309 Furthermore, treatment with Forteo® stimulates osteoclast activity and bone 

resorption (albeit to a lesser degree) and its use is limited to two years due to concerns regarding 

osteosarcoma.310 In addition, it is also associated with abrupt and rapid bone loss when 

discontinued. An administrative claims analysis of over 11,000 osteoporotic patients found that 

more than 13% of patients had new or recurrent fragility-related fractures during the two years 

following the initiation of Forteo®, suggesting that a number of patients remain at a high risk for 

osteoporosis-related fractures despite receiving the bone-anabolic treatment.311 

Due to the limitations of Forteo®, other promising compounds such as bone morphogenetic protein-

2 (BMP-2) and platelet-derived growth factor (PDGF) were evaluated as potential bone anabolic 

agents. However, many of these anabolic proteins have not progressed to clinical stages due to their 

long sequences translating into high manufacturing costs, limited supply, and susceptibility to 

enzymatic degradation as well as other side effects outside the skeletal system. Thus, there is a need 

for inexpensive, novel, and small molecular weight anabolic agents that promote bone formation to 

effectively treat bone loss. 

Naturally Occurring, Short Bone-Active Peptides 

An attractive alternative to the use of anabolic proteins in bone growth is to utilise naturally-

occurring short peptides to initiate osteogenesis and bone formation. Recently, our group published 

a review entitled “Short Anabolic Peptides for Bone Growth” which summarises promising areas of 

study in osteoporosis therapeutics, in particular the identification and development of short bone-

anabolic peptides (less than 40 amino acids in length).312 Short peptides derived from bone 

morphogenetic proteins (e.g. P-1)313 and pancreatic proteins (e.g. amylin)257, 314, growth hormone-

releasing peptides (e.g. ghrelin),315 collagen-binding peptides (e.g. osteopontin-derived peptide)316, 

and peptides derived from the nervous (e.g. orexin)317, and vascular systems (e.g. endothelin-1)318 

have been shown to enhance osteoblast activity and bone matrix mineralisation. These peptides 

activate multiple complementary intracellular pathways to induce bone formation.312 

Of the variety of promising short anabolic peptides that enhance osteoblast activity, dianthin G, a 

naturally occurring cyclohexapeptide, was found to be particularly potent, and was thus selected for 

further study in this PhD project (Part two). In addition, our interest in the bone activity of hormones 

that regulate nutritional status led us to choose the pancreatic peptide preptin as a second target for 

this project (Part three). 
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Previous work in our lab revealed the promising bone activity of the two naturally occurring peptides 

dianthin G and preptin (vide infra).319 Hence, the work in this chapter aims to provide substantial 

novel information pertaining to the role of dianthin G and preptin and their peptidomimetics as 

bone-anabolic agents. Moreover, this work also aims to broaden our understanding of the chemistry 

and biology of dianthin G and preptin and may contribute towards the development of novel 

therapeutic agents for the treatment of osteoporosis. 
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1. The Plant Natural Product Dianthin G (127) 

In 2012, Tong et al.207 reported that the cyclohexapeptide natural product dianthin G (127), isolated 

from the aerial parts of Dianthus superbus, a traditional Chinese medicinal plant from Shandong 

province, stimulated the proliferation of MC3T3-E1 osteoblast-like cells (Figure 18). The highest 

osteoblast-proliferative activity was observed at 10-8 M, where dianthin G (127) promoted the 

proliferation of MC3T3-E1 cells by 38%.320 Interestingly, at higher and lower concentrations, the 

proliferative effect was reduced. 

Due to its notable bioactivity, our lab synthesised dianthin G (127) and showed that it exhibited an in 

vitro proliferative effect at 10-8 M using cultures of primary foetal rat osteoblasts.319a In addition, an 

alanine scan was performed in order to identify the residues essential for dianthin G (127) 

function.319a It was shown that Pro(1) and Leu(2) were important for the bone activity of dianthin G. 

In contrast, Thr(3), Leu(4), Phe(5), and Gly(6) were not essential for the osteoblast proliferative 

activity, indicating that variations at these positions were tolerated.319a In addition, as the 

substitution of Gly(6) for alanine also resulted in a reduction in conformational flexibility, this 

preliminary study suggested that a slight rigidification of the cyclic structure or increased steric bulk 

at this position was tolerated. 

 

Figure 18. Structure of the naturally occurring peptide dianthin G (127). Amino acids residues that are crucial 

for the bone activity are highlighted in red. 
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2. Thesis Objectives for Part 2 

Based on the promising and potent anabolic activity of synthetic and naturally occurring dianthin G, 

the goal of this work was therefore to chemically synthesise analogues of dianthin G (127) that 

retained or improved the biological activity of the parent peptide and, importantly, possessed 

increased metabolic stability thus showing an enhanced activity profile on osteoblast cells. 

In order to achieve this aim, the dianthin G project was investigated according to the following 

objectives: 

Objective 1: To synthesise the native dianthin G (127) and perform a Nα-methyl scan study. Five 

analogues of dianthin G (128-132) will be synthesised such that individual peptide bonds were modified 

with a Nα-methyl group (Figure 19). 

 

Figure 19. Structures of dianthin G (127) and the Nα-methylated analogues 128-132 that were aimed to be 

synthesised in this research project. Structural modifications are highlighted in red. 

Objective 2: To investigate the osteoblast proliferative activity of the Nα-methylated analogues 128-

132 to identify the native peptide bonds that are essential for conferring biological activity. 
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Objective 3: To synthesise a series of conformationally-constrained cyclic dicarba analogues (133-

137) of dianthin G with the aim of improving the peptide’s pharmacokinetic properties (Figure 20). 

 

Figure 20. Structures of the cyclic dicarba analogues 133-137 that were aimed to be synthesised in this 

research project. Structural modifications are highlighted in red and blue. 

Objective 4: To investigate the biological activity of the cyclic dicarba analogues (133-137) by 

measuring osteoblast proliferation and differentiation using established protocols. 

Objective 5: To investigate the secondary structure of dianthin G (127) and the cyclic dicarba 

analogues 133-137 using circular dichroism (CD) spectroscopy. 

Objective 6: To investigate the effect of dianthin G and the osteoblast proliferative analogues on 

osteoclast differentiation and development. 
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3. Synthesis of Nα-methylated Analogues (128-132) of Dianthin G  

As previously mentioned in chapter one, a stepwise decrease in the peptidic nature of peptide-based 

drug candidates by introducing Nα-methyl amide bonds has been shown to provide several benefits, 

including enhanced receptor selectivity, increased metabolic stability,191, 193 and improved 

bioactivity.167b, 321 In addition, Nα-methylation can improve the cellular permeability,322 and oral 

bioavailability of cyclic peptides.174, 323 We therefore decided to focus on Nα-methylation for the 

development of bioactive analogues of dianthin G with improved pharmacokinetic properties. 

The synthesis of dianthin G (127) has previously been reported by our lab which employed Fmoc-

SPPS and solution-phase head-to-tail macrolactamisation of the linear precursor.319a These 

conditions were therefore used in the present work to synthesise dianthin G (127) and five new 

analogues 128-132 containing an Nα-methylated residue at each individual amino acid position 

(Figure 19). A possible method for introducing the Nα-methyl group is by reductive alkylation 

with a suitable aldehyde. However, the major drawback of the procedure is that only small 

quantities of the Nα-alkylated product can be prepared and the reaction conditions have to 

be optimised in each synthesis in order to minimise N,N-dialkylation.324 In our work, Kessler’s 

three-step method was employed to install the methyl group on the desired Nα atom on solid 

support which involves activation of the amine by an o-nitrobenzenesulfonyl group (o-NBS),325 

followed by direct alkylation of the activated nitrogen, and subsequent removal of the sulfonyl 

group.173 This method was utilised as it allows the synthesis of Nα-methylated peptides in a very 

short time and has been reported to avoid epimerisation of the peptide stereocenters.321a, 326 

Scheme 46 summarises the synthesis of cyclic peptide 128 as an example of the synthetic route used 

to prepare Nα-methylated cyclic peptides (128-132). In accordance with the previously reported 

synthesis of dianthin G (127),319a the Pro-Gly amide bond was designated as the ring 

disconnection point as the presence of a C-terminal Gly minimises steric hindrance at the 

cyclisation site and avoids epimerisation taking place during the macrolactamisation step.197b 

Thus, Fmoc-protected Gly, equipped with a 3-(4-hydroxymethylphenoxy)propionic acid  (HMPP) 

linker, was loaded onto an aminomethyl polystyrene resin using DIC in a mixture of CH2Cl2/DMF (v/v; 

2:1) to yield 138. Extension of the peptide sequence from the resin was then carried out using 

HATU as the coupling reagent and 20% piperidine in DMF as the Fmoc deprotecting agent to yield 

peptidyl resin 139. The o-NBS group was then introduced at the nitrogen atom requiring 

modification by reacting the peptide resin with o-NBS-Cl and sym-collidine in 1-Methyl-2-

pyrrolidinone (NMP) to afford a secondary sulfonamide 140, which was then alkylated using 

dimethylsulfate (DMS) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), as base, to afford 141. The o-
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NBS group was then deprotected using 2-mercaptoethanol and DBU in NMP,173 and the resultant 

secondary N-methylamine (peptidyl resin 142) was then coupled to the carboxylic acid of the 

incoming Fmoc-protected amino acid (e.g. proline in Scheme 46) using HATU/iPr2EtN affording 143 

upon cleavage of the fully assembled peptide from the resin. 
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Scheme 46. Synthesis of Nα-methyl cyclic peptide 128. Reagents and conditions: (i) Fmoc-Gly-O-CH2-phi-OCH2-

CH2-COOH, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, 2 x 5 min; 

coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 45 min); (iii) o-NBS-Cl, sym-collidine, NMP, r.t, 2 x 15 min; 

(iv) DMS, DBU, NMP, r.t, 2 x 5 min; (v) 2-mercaptoethanol, DBU, NMP, r.t, 2 x 5 min; (vi) TFA, iPr3SiH, H2O, r.t, 2 

h; (vii) HBTU, 6-Cl-HOBt, iPr2EtN, CH2Cl2, DMF, r.t, 48 h. 
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The fully assembled linear peptides were cleaved from the resin using TFA/iPr3SiH/H2O (v/v/v; 

95:2.5:2.5), which concomitantly removed the side chain protecting groups. The corresponding Nα-

methylated linear precursors of peptides 128-131 were obtained with >70% crude purity. The 

predominantly hydrophobic nature of the linear precursors, however, rendered the linear peptides 

soluble in diethyl ether that is typically used to precipitate crude peptides from the TFA cleavage 

solution. The crude linear precursors were therefore concentrated by removing the TFA by 

evaporation, dissolved in CH3CN/H2O (v/v; 1:1) and lyophilised. 

The use of the HMPP linker for the synthesis of the linear precursor of peptide 132, which bears an 

Nα-methylated C-terminal Gly, led to formation and release of the diketopiperazine, cyclo-(Phe-

NMeGly) (144), resulting in generation of the C-terminally truncated tetrapeptide HN-Pro-Leu-Thr-

Leu-COOH (145) (ESI-MS, m/z [M+H]+ calc: 443.28, found: 443.30) (Scheme 47). Base-catalysed 

cyclisation of resin-bound dipeptides to diketopiperazines is a well-known side reaction in Fmoc-

SPPS and it is especially prominent in sequences containing Pro or Nα-methyl amino acids.327 In order 

to prevent this side reaction, the synthesis of the linear precursor of peptide 132 was therefore 

performed using the 2-chlorotrityl chloride (2-ClTrtCl) linker which is more hindered than the HMPP 

linker and has been shown to reduce diketopiperazine formation. This furnished the target linear 

crude precursor of peptide 132 in high purity. 

 

Scheme 47. Attempted synthesis of Nα-methyl cyclic peptide 132. Reagents and conditions: (i) 20% piperidine, 

DMF, r.t, 2 x 5 min; (ii) Fmoc-SPPS (coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 45 min; Fmoc 

deprotection: 20% piperidine, DMF, r.t, 2 x 5 min); (iii) TFA, iPr3SiH, H2O, r.t, 2 h. 
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The linear Nα-methylated precursors of peptides 128-132 were then successfully cyclised under high 

dilution conditions by adding a mixture of the linear precursor, 6-Cl-HOBt, and HBTU in CH2Cl2/DMF 

(v/v; 9:1) dropwise at a rate of 2.0 mL h-1 to a stirred solution of iPr2EtN in CH2Cl2 affording a final 

concentration of 0.8 mM.328 The progress of the cyclisation reaction was monitored by HPLC, which 

indicated that the reaction was complete within 48 h. Using the above conditions, the native 

dianthin G (127) and five cyclic Nα-methylated peptides 128-132 were obtained exclusively with no 

evidence for the formation of oligomeric products, as confirmed by RP-HPLC. The cyclic peptides 

127-132 were then purified by semi-preparative RP-HPLC in good overall yields (52%, 38%, 22%, 

51%, 43%, and 39%, respectively) with >95% purity (by analytical RP-HPLC). The experimental data 

for dianthin G (127) and the synthetic analogues 128-132 are summarised in Table 5, and the high 

resolution MS data supported formation of the desired cyclic structures (Section 12.2). 

Table 5. Primary sequence and experimental data for dianthin G (127) and the Nα-methylated cyclic 

analogues 128-132. 

 Mass (Da)  

Peptide Peptide sequence Calc. 

[M + H]+ 

Obs. 

[M + H]+ 

HPLC retention 

time (min) 

127 cyclo-(Pro-Leu-Thr-Leu-Phe-Gly) 629.3584 629.3663 20.36 

128 cyclo-(Pro-NMeLeu-Thr-Leu-Phe-Gly) 643.3741 643.3815 21.56 

129 cyclo-(Pro-Leu-NMeThr-Leu-Phe-Gly) 643.3741 643.3820 23.17 

130 cyclo-(Pro-Leu-Thr-NMeLeu-Phe-Gly) 643.3741 643.3796 20.78 

131 cyclo-(Pro-Leu-Thr-Leu-NMePhe-Gly) 643.3741 643.3815 20.80 

132 cyclo-(Pro-Leu-Thr-Leu-Phe-NMeGly) 643.3741 643.3803 22.09 

*For the full characterisation of peptides (RP-HPLC traces and HRESI-MS data), refer to Section 12.2 of Experimental. 

 

The Nα-methylated cyclic dianthin G analogues 129-132 appeared as a single peak by RP-HPLC, 

except for peptide 128 (Nα-methyl group on the amide nitrogen of Leu(2) adjacent to the Pro 

residue) where two overlapping peaks were observed (Figure 21A). Previously, it was shown by 1H 

NMR that dianthin G (127) exists as an inseparable mixture of the two cis/trans prolyl 

conformers.319a In order to establish that the overlapping peaks of 128 are not due to the formation 

of epimeric products, HPLC was performed at an elevated temperature (50 οC) which resulted in 

collapsing of the two overlapping peaks to a single cis or trans conformer around the peptide bond 

at the Pro residue (Figure 21B).319a, 329 
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Figure 21. RP-HPLC (at 24 οC and 50 οC) for purified peptide 128 (A) at 24 οC; (B) at 50 οC. XTerra® MS C18 

column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 min, 1.0 mL min-1 flow rate. 

  



90 

4. Biological Evaluation of the Nα-methylated Peptides (128-132) 

We next evaluated the osteoblast proliferative activity of synthetic Nα-methylated 

cyclohexapeptides 128-132 using primary human osteoblasts isolated from normal human 

trabecular bone biopsies. Our previous structure-activity study for the alanine scan of dianthin G 

(127) was conducted using cultures of primary foetal rat osteoblasts;319a however, in the present 

work we decided to use cells from human origin, in order to facilitate translation of our in vitro 

findings to an in vivo setting. 

The osteoblast proliferative activity of the cyclohexapeptides was measured at peptide 

concentrations of 10-8 M and the extent of proliferation relative to a vehicle control was determined 

by [3H]-thymidine incorporation into the DNA of cells. 

Unfortunately, none of the Nα-methylated peptides (128-132) exhibited significant proliferative 

activity on osteoblast cells (Figure 22). This suggests that modification of the dianthin G peptide 

backbone is not tolerated, and the presence of all the amide bonds is important for retaining the 

osteoblast proliferative activity of the native peptide. 

 

Figure 22. Osteoblast proliferative activity of dianthin G Nα-methylated analogues 128-132 (at concentration 

of 10-8 M), assessed by [3H]-thymidine incorporation. Data are expressed as a ratio of treatment to control 

from combined experiments, mean ± SEM. Platelet-derived growth factor (PDGF) is included as a positive 

control. ****significantly different from control (P < 0.0001). See Fig. 26 for the osteoblast activity of dianthin 

G. 
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5. Synthesis of Dicarba Analogues (133-137) of Dianthin G using Ring Closing 

Metathesis  

Having performed a preliminary structure-activity study of dianthin G by introducing Nα-methyl 

amide bonds, we next turned our attention to employing ring closing metathesis (RCM) to synthesise 

cyclic analogues containing a non-native “dicarba” bridge (peptides 133-137) (Figure 20). RCM of 

peptides provides an effective and rapid method for the synthesis of cyclic analogues of biologically 

active peptides by introducing chemically inert and constrained “dicarba” bridge structures.249a, 259, 

330 Introducing “dicarba” bridges into peptides has been shown to improve the stability of secondary 

structures, improve the resistance of peptides to proteolytic degradation251, 263a, 331 and, when 

combined with the physical properties of a peptide332, it can facilitate cell penetration by an energy-

dependent endocytosis pathway.333 Moreover, dicarba peptides have been shown to be more stable 

than cyclic peptides prepared by head-to-tail amide bond cyclisation.201, 249b 

To enable RCM, the presence of olefin-bearing amino acids within the peptide sequence is 

required.249b, 268b With this in mind, commercially available allylglycine (Agl) residues were chosen as 

“handles” for this purpose. In order to mimic the head-to-tail cyclic nature and minimise structural 

disruption of the dianthin G sequence, it was first decided to synthesise the cyclic dicarba analogue 

133 wherein the Agl residues were situated at the N- and C-termini of the dianthin G sequence. The 

team has have previously shown that Pro(1) is important for the bone activity of dianthin G while 

Gly(6) can be replaced;319a hence one Agl residue was introduced to replace the Gly residue while the 

other Agl residue was introduced as an additional amino acid, next to Pro (Figure 20). 

The linear precursor of the unsaturated dicarba dianthin G analogue 133 was prepared starting from 

aminomethyl polystyrene resin, which was functionalised with the acid-labile HMP linker. Upon 

activation with DIC and N,N-dimethylaminopyridine (DMAP) in DMF, Fmoc-Agl-OH was attached to 

the HMP linker via an ester bond to yield peptidyl resin 146. In this reaction, DMAP reacts as an acyl-

transfer reagent with an O-acylisourea intermediate, formed from the reaction of Fmoc-Agl-OH with 

DIC, to form an active amide (Scheme 48). Esterification takes place between the activated carbonyl 

group of and the hydroxyl group of the HMP linker, affording the desired ester 146. The 

regeneration of DMAP by attack of the alcohol provides the driving force for the reaction to take 

place. 
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Scheme 48. Mechanism of attaching the C-terminal Fmoc-allylglycine onto HMP linker resin by a DMAP-

catalysed Steglich esterification.334 

Following the loading of Fmoc-Agl-OH onto the resin-linked HMP linker, the peptide was further 

elongated via Fmoc-SPPS using the previously described conditions for peptide 127. Upon 

completion of the linear sequence by Fmoc-SPPS, the Fmoc group of the Nα-amino group of the 

second N-terminal Agl residue was removed and the Nα-amine reprotected with a tert-

butyloxycarbonyl (Boc) protecting group (using Boc2O in DMF) to prevent the formation of side 

products during the metathesis reaction,335 yielding peptidyl resin 147 (Scheme 49). The Boc group 

can be conveniently removed during cleavage of the peptide from the resin. Ring-closing metathesis 

was then performed on-resin with 15 mol% second generation Hoveyda-Grubbs’ catalyst in 

CH2Cl2/DMF (v/v; 4:1) using continuous microwave irradiation for 2 h. Following cleavage from the 

resin, quantitative conversion to the expected cyclic dicarba peptide 133 was observed (ESI-MS, m/z 

[M+H]+ calculated for C38H58N7O9: 756.42, found: 756.40) as a mixture of two isomeric olefinic 

peptides (E- and Z-), as judged by 1H NMR (vide infra), which were not separable by HPLC. The E- and 

Z-mixture of the crude peptide was purified by RP-HPLC to afford 133 in 16% overall yield (from 

resin-bound peptide 147) with >98% purity in the form of TFA salt. 
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TFA salts cause reduction in cell proliferation, consequently giving inconsistent results for the anti-

proliferative activity.336 In order to avoid such complications, the peptide-TFA salt was converted to 

hydrochloride salt by dissolving/lyophilising the peptide three times in H2O/CH3CN containing 10 

mM HCl, in preparation for the osteoblast proliferation assay.337 

Formation of the unsaturated dicarba bridge in peptide 133 was confirmed by 1H NMR by a pair of 

characteristic olefinic resonances at δH ~5.0-5.8 ppm (Section 12.3). However, our attempts to 

determine the stereochemistry of the olefin bond by NMR were unsuccessful due to the extensive 

overlap and complex coupling patterns of the resonances assigned to the olefinic protons. 

 

Scheme 49. Synthesis and LC-MS chromatograms of cyclic dicarba analogue 133. Reagents and conditions: (i) 

HMP linker, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-Agl-OH, DIC, DMAP, DMF, r.t, 2 x 1 h; (iii) Fmoc-SPPS (Fmoc 

deprotection: 20% piperidine, DMF, r.t, 2 x 5 min; coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 45 min); 

(iv) Boc2O, DMF, r.t, 2 h; (v) 15 mol% Hoveyda-Grubbs’ II, CH2Cl2, DMF, 120 W, 100 οC, 2 h; (vi) TFA, iPr3SiH, 

H2O, r.t, 2 h. 
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Having established a successful synthetic route to access the cyclic dicarba analogue 133, we next 

turned our attention to construct an analogue that contained a dicarba bridge embedded within a 

head-to-tail cyclised macrocycle, thus introducing further structural constraints. As Thr(3) is not 

critical for the osteoblast proliferative activity of dianthin G,319a the cyclic dicarba analogue 134 

and its head-to-tail cyclic analogue 135 were designed such that the metathesis-active Agl residues 

were incorporated into the linear peptide 148 in place of the Gly at the C-terminus and the Thr at 

position 3 of the native dianthin G sequence (Figure 20 and Scheme 50).  

The cyclic dicarba analogue 134 was prepared efficiently from its linear precursor 148 using 

microwave-assisted on-resin RCM (Scheme 50). Analysis by HPLC revealed that dicarba peptide 134 

(ESI-MS, m/z [M+H]+ calculated for C34H51N6O7: 655.37, found: 655.40) eluted as an unresolved peak 

which NMR analysis suggested to be a mixture of E/Z isomers (vide infra). To access the bicyclic 

analogue 135, head-to-tail macrolactamisation was performed on the E/Z mixture of dicarba 

analogue 134 under high dilution, employing the cyclisation conditions described previously for 

dianthin G (127) (HBTU, 6-Cl-HOBt, iPr2Etn, CH2Cl2/DMF (v/v; 9:1) (Scheme 50). Pleasingly, LC-MS 

analysis of a TFA-treated aliquot of the reaction mixture indicated that cyclisation was successful 

with the desired macrocycle 135 forming after 36 h (ESI-MS, m/z [M+H]+ calculated for C34H49N6O6: 

637.36, found: 637.40) together with a small amount of unreacted dicarba peptide 134. In contrast 

to cyclic peptide 134, only a single peak for the bicyclic analogue 135 was observed by HPLC, 

suggesting that only one diastereomeric olefin of peptide 134 underwent the head-to-tail 

macrolactamisation while the other diastereomer remained essentially unreacted. The crude 

peptides were purified by RP-HPLC to afford the dicarba peptides 134 and 135 in 25% and 16% yield 

(from resin-bound material 148), respectively. 
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Scheme 50. Synthesis and LC-MS chromatograms of cyclic dicarba analogue 134 and its head-to-tail cyclic 

derivative 135. Reagents and conditions: (i) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, 2 x 5 

min; coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 45 min); (ii) Boc2O, DMF, r.t, 2 h; (iii) 15 mol% 

Hoveyda-Grubbs’ II, CH2Cl2, DMF, 120 W, 100 οC, 2 h; (iv) TFA, iPr3SiH, H2O, r.t, 2 h; (v) HBTU, 6-Cl-HOBt, 

iPr2EtN, CH2Cl2, DMF, r.t, 36 h. 

The 1H NMR spectrum of the olefinic cyclic peptide 134 revealed the presence of two resolvable Z- 

and E-isomers in a ratio of 2:1 in the vinylic region and the Agl amide-NH region (Figure 23A). 

Conversely, the bicyclic analogue 135 exhibited resonances corresponding to formation of a single 

olefin diastereomer (Figure 23B). The presence of only one olefin diastereomer for bicyclic analogue 

135 by 1H NMR suggests the incomplete conversion of the diastereomeric mixture of dicarba peptide 

134 to the bicyclic analogue 135 (LC-MS of peptide 135 in Scheme 50), in that only one of the 

diastereomers of dicarba peptide 134 underwent successful macrolactamisation. 
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Figure 23. Amide and alkene regions of the 1H NMR spectra of (A) dicarba analogue 134 at 298 K with a 2:1 

ratio of major:minor signals for the olefinic hydrogens, (B) bicyclic analogue 135 at 298 K showing the presence 

of only one diastereomer.  

The stereochemistry of the double bond in peptide 134 was assigned using 2-D NMR. A set of strong 

nOe cross-peaks between the olefinic protons in the 1H-1H NOESY spectrum (Figure 24) was 

observed for the major isomer of dicarba peptide 134 (Figure 23A). This strong interaction indicates 

close proximity of the two olefinic protons. Hence it was concluded that the major signals in the 1H 

NMR spectrum of the isomeric mixture of dicarba peptide 134 correspond to the Z-isomer. Thus, it 

was also concluded using nOe methods and analytical RP-HPLC that the single diastereomer 

observed in the 1H NMR spectrum of bicyclic analogue 135 (Figure 23B) also corresponds to the Z-

isomer. 



97 

 

Figure 24. Selected 600 MHz NOESY spectra of the dicarba analogue 134 showing the olefinic-H connectivities 

with the cis-isomer isomer exhibiting strong nOe. 

In order to introduce more structural diversity into our dianthin G library, we next decided to 

prepare analogues containing an internal dicarba bridge. As both Thr(3) and Phe(5) of the native 

dianthin G peptide were not essential for osteoblast activity,319a the cyclic dicarba analogue 136 and 

its head-to-tail cyclic analogue 137 were therefore selected for synthesis wherein the Agl residues 

could be incorporated in place of the Thr at position 3 and the Phe at position 5 (Figure 20 and 

Scheme 51). 

The cyclic dicarba analogue 136 was efficiently prepared using microwave-assisted on-resin RCM, 

starting from Fmoc-Gly-HMP-aminomethyl polystyrene resin 149 (Scheme 51). Elongation using 

Fmoc-SPPS afforded peptidyl resin 150 which underwent quantitative conversion to the cyclic 
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dicarba peptide 136 (ESI-MS, m/z [M+H]+ calculated for C27H45N6O7: 565.33, found: 565.40), which 

existed as an inseparable mixture of cis and trans isomers as determined by analysis using HPLC. The 

crude peptide was purified by RP-HPLC to afford 136 in 20% overall yield (from resin-bound 150) in 

>98% purity. Attempts to determine the stereochemistry of the olefin using NMR spectroscopy were 

unsuccessful due to the extensive overlap and complex coupling patterns of the olefinic protons. 

The conversion of cyclic dicarba peptide 136 to bicyclic macrocycle 137 was next investigated. 

Disappointingly, the head-to-tail macrolactamisation of 136 was unsuccessful using our previously 

developed macrolactamisation conditions. Formation of undesired oligomeric by-products or 

recovery of the linear peptide precursor was observed. An alternative approach was therefore 

devised whereby the macrolactamisation step was initially performed on linear peptide 150 which 

contained the requisite bis-olefin; a subsequent RCM reaction would then furnish the bicyclic 

analogue 137 (Scheme 51). Head-to-tail macrolactamisation of peptide 150 was successful (ESI-MS, 

m/z [M+H]+ calculated for C29H47N6O6: 575.35, found: 575.35), providing intermediate diene 151 

which was isolated by RP-HPLC purification prior to olefin metathesis. Solution-phase RCM on 151 to 

afford 137 was then attempted using a range of modified conditions including higher temperatures, 

longer reaction times, and increased amounts of Hoveyda-Grubbs’ catalyst. Disappointingly, none of 

these conditions yielded any of the desired bicyclic peptide 137 and the starting material was fully 

recovered. 

These results suggested that the success of the head-to-tail cyclisation is highly dependent on the 

size of the dicarba bridge: the larger dicarba bridge (14-membered ring) present in 134 and 

consequent flexibility, enabled favourable spatial arrangement of the N- and C- termini facilitating 

macrolactamisation. The smaller dicarba bridge (11-membered ring) in peptide 136 resulted in 

structural constraints that prevented facile condensation of the N- and C-termini. 
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Scheme 51. Synthesis and LC-MS chromatograms of dicarba analogue 136 and the attempted synthesis of 

head-to-tail bicyclic analogue 137. Reagents and conditions: (i) HMP linker, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-

Gly-OH, DIC, DMAP, DMF, r.t, 2 x 1 h; (iii) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, 2 x 5 min; 

coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 45 min); (iv) Boc2O, DMF, r.t, 2 h; (v) Hoveyda-Grubbs’ II, 

various conditions (data not shown); (vi) TFA, iPr3SiH, H2O, r.t, 2 h; (vii) HBTU, 6-Cl-HOBt, iPr2EtN, CH2Cl2, DMF, 

r.t, 36 h. 
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6. Biological Evaluation of the RCM analogues (133-136) 

We next evaluated the osteoblast proliferative activity of the cyclic dicarba analogues 133-136 in 

vitro using primary human osteoblasts. The activity was measured at a peptide concentration of 10-8 

M and the extent of proliferation relative to a negative control was determined by [3H]-thymidine 

incorporation into the DNA of osteoblasts exposed to the peptides. 

Unfortunately, none of the dicarba analogues 133, 135, and 136 exhibited significant proliferative 

activity on osteoblast cells using the thymidine-based assay (Figure 25). The cyclic dicarba analogue 

134, however, showed some promise in that it was consistently higher than the control and other 

dianthin G analogues. We therefore decided to investigate the effect of dicarba analogue 134 and 

native dianthin G (127) on osteoblast cell numbers. 

 

Figure 25. Effects of the dicarba analogues 133-136 (at concentration of 10-8 M) on human osteoblast 

proliferation, assessed by [3H]-thymidine incorporation. Data are expressed as a ratio of treatment to control 

and presented as mean ± SEM from combined experiments. Insulin-like growth factor-1 (IGF-1) is included as a 

positive control. *significantly different from control (P < 0.05). See Fig. 26 for the osteoblast activity of 

dianthin G. 

Pleasingly, for the first time in human osteoblasts, both dicarba analogue 134 (P = 0.0024), and 

dianthin G (127) (P = 0.0214) increased the osteoblast-proliferative activity with significant increases 

in osteoblast cell counts (a 5% significance level was used throughout) (Figure 26). 
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Figure 26. Effects of dianthin G (127) (10-8 M) and the dicarba analogue 134 (10-8 M) on primary human 

osteoblast proliferation, assessed by cell numbers. Data are expressed as a ratio of treatment to control and 

presented as mean ± SEM from a representative experiment (n =6). IGF-1 is included as a positive control. * P < 

0.05, ** P < 0.01, and *** P < 0.001, significantly different from control. 
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7. Secondary Structure Analysis 

In order to design successful bioactive analogues of dianthin G 127, knowledge of either receptor-

ligand interactions or structural characteristics of the parent compound is essential. Due to the 

limited knowledge about the mechanism of action of dianthin G in bone, structural information of 

the peptide is important. Circular dichroism (CD) spectroscopy is a useful technique to determine the 

extent of any secondary structure of peptides in solution or monitor conformational changes of 

biomolecules based on the differential absorption of left and right circularly polarised light. The 

relevant chromophores found in peptides and proteins are tryptophan and tyrosine (both absorb in 

near UV range 220-320 nm) as well as the amide bond (absorbs at far UV 180-230 nm). The far UV 

region is the most useful for overall secondary structure determination since the n π* and π  π* 

transitions in amide bonds are the most sensitive to protein/peptide conformation. The intensities 

and energies of these transitions depend on the dihedral angles of the peptide backbone, such that 

when a peptide bond becomes a part of any regularly folded structure, such as α-helix or β-sheet, 

the CD spectrum generated from such bond changes reflects the folded structure. 

Thus, we investigated the secondary structure of dianthin G (127) and the dicarba analogues 133-

136. CD spectra were recorded between 190 and 300 nm in water containing 30% 2,2,2-

trifluoroethanol (TFE) and the units were converted to molar ellipticity [Ɵ]. Figure 27 shows the CD 

spectra of dianthin G (127) and the dicarba analogues 133-136, which indicate that the peptides did 

not adopt a completely random structure, as negative minima observed at around 220 nm are 

common indicators of a β-sheet like structure. Only the dicarba analogues 133 and 134 appeared to 

retain a secondary structure very similar to that of dianthin G (127) (Figure 27A). Interestingly, 

analogue 134 was the only peptide that exhibited osteoblast-proliferative activity, suggesting that 

the secondary structure of dianthin G is crucial for the bone proliferative activity of the dianthin 

peptides. In the case of analogue 133 which has a similar secondary structure to 134 yet lacks 

significant biological activity, we suggest that this is likely due to the extension of the peptide 

backbone by the insertion of the extra allylglycine residue at the N-terminus. As shown in Figure 

27B, dicarba analogues 135 and 136 adopt a different secondary structure to the native peptide, and 

this could explain the loss of osteoblast proliferative activity. From these observations, we suggest 

that two important conclusions can be drawn: any analogue must adopt a comparable solution-

phase secondary structure to dianthin G, and substitutions at the N-terminus are not well tolerated. 
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Figure 27. Circular dichroism spectroscopy data acquired at 86 μM in 30% TFE/H2O of (A) peptides dianthin G 

(127), 133, and 134; and (B) peptides 127, 135, and 136. 
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8. Effect on Osteoclastogenesis 

The effect of the synthetic natural product dianthin G (127) and the osteoblast-proliferative 

analogue 134 on osteoclastogenesis induced by 1,25-dihydroxyvitamin D3 was assessed using mouse 

bone marrow cultures. 1,25-dihydroxyvitamin D3 is the biologically active form of vitamin D which is 

commonly used to stimulate osteoclastogenesis in in vitro bone marrow or co-culture systems. 

Figure 28 shows that the two peptides had no effect on osteoclast development, as there were no 

significant differences from the control in the number of newly developed osteoclasts, assessed as 

multi-nucleated cells staining positively for tartrate-resistant acid phosphatase (TRAP), in the 

presence of the two peptides over a 7-day culture period at 10-7 to 10-9 M physiological 

concentration range. Therefore advantageously, dianthin G (127) and the cyclic dicarba analogue 

134 do not increase the number of bone resorbing osteoclasts as they do with the bone forming 

osteoblasts. 

 

Figure 28. Effect of (A) Dianthin G (127) and (B) cyclic dicarba analogue 134 on osteoclast formation in mouse 

bone marrow cultures, assessed by cell numbers. Data are expressed as a ratio of treatment to control and 

presented as mean ± SEM from three combined experiments. Osteoprotegerin (OPG) is included as a negative 

control. **significantly different from control (P < 0.01). 

  

B A A 
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9. Effect on Osteoblast Differentiation 

In order to further demonstrate the bone-anabolic activity of both the native peptide 127 and the 

dicarba analogue 134, their effect on primary rat osteoblast differentiation was studied using a 3-

week bone nodule formation assay, with dexamethasone as a positive control. The process of bone 

nodule formation relies on the activity of differentiated osteoblasts to deposit and mineralise bone 

matrix. 

In this assay, the peptides were added when the cell cultures were confluent, which minimises the 

effect on cell proliferation. After treatment for three weeks, neither dianthin G (127) nor its 

osteoblast-proliferative dicarba analogue (peptide 134) demonstrated a significant effect on bone 

nodule formation and mineralisation at a concentration of 10-8 M (Figure 29). The mineralisation 

experiment was repeated three times with consistent results. 

 

Figure 29. Effects of dianthin G (127) (10-8 M) and the dicarba analogue 134 (10-8 M) in primary rat osteoblasts 

on cell differentiation, assessed by percentage of mineralisation. Data are expressed as a ratio of treatment to 

control, mean ± SEM from a representative experiment. Dexamethasone [Dex] (10-8 M) is included as a 

positive control. ****significantly different from control (P < 0.0001). 
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10. Conclusions of Part 2 

Nine analogues of the cyclohexapeptide natural product dianthin G (127) were successfully prepared 

(Figure 30) to evaluate their effects on human osteoblasts in vitro. Based on the Nα-methyl scan 

study, the presence of all native peptide bonds in the dianthin G primary sequence is important for 

osteoblast proliferative activity. On-resin Grubbs’ ring closing metathesis was used to prepare 

dicarba analogues of dianthin G. Dicarba analogue 134 (at 10-8 M) as well as the native dianthin G 

(127) were shown to increase human osteoblast numbers in vitro, an indicator for cell proliferation 

in our study. Neither dianthin G nor its dicarba analogue 134 induced a significant effect on 

osteoclast differentiation and development in vitro, which is an added advantage. Spectroscopic 

analysis of the dicarba analogue 134 revealed the presence of an inseparable Z:E mixture of olefins 

in a ratio of 2:1, containing a β-sheet like secondary structure as in dianthin G (127). Such secondary 

structures are postulated to be important for bone activity to be observed for the dianthin peptides. 

The results reported herein highlight the potential of dianthin G (127) and its dicarba analogue 134 

as promising new candidates for the treatment of osteoporosis, particularly due to their osteoblast 

proliferative activity using human osteoblasts. 
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Figure 30. Chemical structures of the natural product dianthin G (127), the Nα-methylated analogues 128-132, 

and the dicarba analogues 133-136 synthesised. Structural modifications are highlighted in red. 
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11. Future Work for Part 2 

The synthesis and bioactivity studies of the Z- or E- olefinic isomer of the dicarba peptide 134 will be 

investigated, perhaps using alternative methods for the selective formation of E- or Z-olefin 

geometry within the peptide, such as the use of a Z-selective catalyst  for the synthesis of Z-olefin or 

performing a dual olefin metathesis and ethenolysis approach for the synthesis of E-olefin (Scheme 

52).245b, 273 

 

Scheme 52. Approaches to synthesise peptide 134 with only one isomer. 

As previously mentioned in chapter one, a number of Z-selective catalysts have been recently 

developed and many displayed high levels of activity and selectivity across a range of substrates, 

including peptides.245b Among them, the Z-selective Grubbs catalyst 123 was shown to afford 

peptides with more than 90% Z-selectivity. The origin of the Z selectivity in 123 involves approach of 

the olefin from a side-bound position (i.e., cis to the N-heterocyclic carbene ligand and trans to the 

adamantyl group) and is favoured through a combination of steric and electronic effects imposed by 

the NHC ligand.270a, 338 Additionally, the presence of the N-adamantyl group was shown to increase 

the stability of the catalyst as it forms a stable chelate with the generated cyclometalated 

complexes.273 It is therefore hoped that by applying the Z-selective catalyst 123 to synthesise dicarba 

peptide 134, it may be possible to selectively access the Z-olefin (Scheme 53). 
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Scheme 53. Stereoselective synthesis of (Z)-134 using the method of Grubbs et al.273 Reagents and conditions: 

(i) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, 2 x 5 min; coupling: Fmoc-amino acid, HATU, 

iPr2EtN, DMF, r.t, 45 min); (ii) Boc2O, DMF, r.t, 2 h; (iii) 20 mol% Z-selective Grubbs catalyst 1.85, DCE, 40 οC, 2 x 

4 h; (iv) TFA, iPr3SiH, H2O, r.t, 2 h. 

While metathesis catalysts that selectively form an E-olefin have not been discovered, the newly 

developed RCM/ethenolysis strategy by Grubbs et al.273 is emerging as a powerful tool to enrich the 

E-olefin content of stereoisomeric mixtures of E- and Z-olefins. Having been utilised in peptide 

systems, it was shown that Z-selective ethenolysis of E/Z mixtures of olefin isomers delivered 

isomerically pure E-olefins upon exposure to the Z-selective Grubbs catalyst 123 in the presence 

ethylene gas (Refer to chapter one).273 It is therefore hoped that by applying this new method to 

synthesise dicarba peptide 134, it may be possible to selectively access the E-olefin (Scheme 54). 



110 

 

Scheme 54. Stereoselective synthesis of (E)-134 using the method of Grubbs et al.273 Reagents and conditions: 

(i) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, 2 x 5 min; coupling: Fmoc-amino acid, HATU, 

iPr2EtN, DMF, r.t, 45 min); (ii) Boc2O, DMF, r.t, 2 h; (iii) 15 mol% Hoveyda-Grubbs’ II, CH2Cl2, DMF, 120 W, 100 

οC, 2 h; (iv) TFA, iPr3SiH, H2O, r.t, 2 h; (v) 5 mol% Z-selective Grubbs catalyst 1.85, C2H4 (1 atm), THF, 40 οC, 3 h. 
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12. Experimental 

12.1. General Information 

All reagents were acquired as reagent grade and used without further purification. Solvents for RP-

HPLC were purchased as HPLC grade and used without further purification. 6-Chloro-1-

hydroxybenzotriazole (6-Cl-HOBt) was purchased from Aapptec (Louisville, Kentucky). O-

(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU), 2-(7-aza-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), 2-chlorotrityl chloride 

resin, 4-(hydroxmethyl)phenoxyacetic acid (HMP linker), di-tert-butyl dicarbonate (Boc2O), Fmoc-

allylglycine-OH (Fmoc-Agl), Fmoc-Pro-OH, Fmoc-Leu-OH, Fmoc-Thr(tBu)-OH, Fmoc-Phe-OH, and 

Fmoc-Gly-OH  were purchased from GL Biochem (Shanghai, China). N,N-Dimethylformamide (DMF) 

(AR grade), and acetonitrile (CH3CN) [high-performance liquid chromatography (HPLC) grade] were 

purchased from Scharlau (Barcelona, Spain). N,N’-Diisopropylethylamine (iPr2EtN), N,N’-

diisopropylcarbodiimide (DIC), 2-mercaptoethanol, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 2,4,6-

trimethylpyridine (sym-collidine), Hoveyda-Grubbs’ II catalyst, 2,2,2-trifluoroethanol (TFE), 

dimethylsulfate (DMS), 2-nitrobenzenesulfonyl chloride (o-NBS-Cl), formic acid, 1-methyl-2-

pyrrolidinone (NMP), and piperidine were purchased from Sigma–Aldrich (Sydney, Australia). 

Dichloromethane (CH2Cl2) was purchased from ECP Limited (Auckland, New Zealand). 

Triisopropylsilane (iPr3SiH) was purchased from Alfa Aesar (Lankashire, U.K). Dimethyl sulfoxide-d6 

(DMSO-d6) was purchased from Cambridge Isotope Laboratories (Massachusetts, USA) 

Trifluoroacetic acid (TFA) was purchased from Halocarbon (New Jersey, USA). Dimethyl sulfoxide 

(DMSO) was purchased from Romil Ltd (Cambridge, UK). Fmoc-Gly-O-CH2-Phi-OCH2-CH2-COOH 

(Fmoc-Gly-HMPP) was purchased from PolyPeptide Laboratories Group (Strasbourg, France). 

Aminomethyl polystyrene resin was purchased from Rapp Polymere (Tuebingen, Germany). 

HPLC, MS and NMR 

Analytical RP-HPLC spectra were performed on a Dionex (California, USA) Ultimate 3000 System 

equipped with a two-channel UV detector using an analytical column (XTerra® MS C18 column, 4.6 

mm x 150 mm, 5 µm) and a linear gradient of 5% to 75%B over 35 min (ca. 2%B per minute) at a flow 

rate of 1 mL min-1. The solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in CH3CN). 

Peptide masses were confirmed by a Bruker micrOTOF-Q II mass spectrometer (Bremen, Germany) 

or a Hewlett Packard (HP) 1100 series mass spectrometer (California, USA) using direct flow injection 

at 0.3 mL min-1 into an ESI source in the positive mode. 
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Peptides were purified using a Waters (Massachusetts, USA) S600E system using a semi-preparative 

column (Waters XTerra® C18, 300 mm x 19 mm, 10 µm) at a flow rate of 10 mL min-1 and eluted using 

a one-step slow gradient protocol with detection at 210 nm.339 Fractions were collected, analysed by 

analytical RP-HPLC or ESI-MS, pooled and lyophilised three times from 10 mM aq HCl.340 

Nuclear magnetic resonance spectra were recorded at 24 ⁰C on a Bruker AVANCE 600 spectrometer 

(Bremen, Germany) using DMSO-d6 as a solvent and 2 mg/mL of each peptide. Assignments were 

made with the aid of HSQC, TOCSY, and NOESY experiments. 1H-NMR spectra were recorded at 600 

MHz with 65536 data points and spectral width of 20.6211 ppm. 2D spectra were acquired at 600 

MHz with 2048 complex data points in F2, 512 increments in F1 with spectral width of 20.6211 ppm, 

and mixing time for NOESY equals to 400 ms. Spectra were processed using Topspin (Bruker, 

Germany) software. Chemical shifts were reported in parts per million (ppm) on the δ scale 

downfield from tetramethylsilane as a reference. 

12.2. Peptide Synthesis 

Loading of the C-terminal amino acid to the resin 

For peptides 127-131: 

 A solution of Fmoc-Gly-O-CH2-phi-OCH2-CH2-COOH (190.2 mg, 0.4 mmol) and DIC (62 µL, 0.4 mmol) 

in CH2Cl2/DMF (v/v; 2:1, 3 mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) aminomethyl 

polystyrene resin (220.0 mg, 0.2 mmol) and the mixture gently agitated for 5 h, at room 

temperature, filtered and washed with DMF (4 x 3 mL). A negative Kaiser test341 confirmed the 

coupling. 

For peptide 132: 

A solution of Fmoc-Gly-OH (119.0 mg, 0.4 mmol) and iPr2EtN (70 µL, 0.4 mmoL) in CH2Cl2/DMF (v/v; 

2:1, 3 mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) 2-ClTrtCl resin (150.0 mg, 0.2 mmol) and 

the mixture was shaken for 1 h at room temperature, filtered, and washed with DMF (4 x 3 mL). 

For peptides 133-136: 

A solution of HMP linker (109.3 mg, 0.6 mmol) and DIC (93 µL, 0.6 mmol) in CH2Cl2/DMF (v/v; 2:1, 3 

mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) aminomethyl polystyrene resin (220.0 mg, 0.2 

mmol) and the mixture was shaken for 5 h at room temperature, filtered, and washed with DMF (4 x 

3 mL). A negative Kaiser test341 confirmed the coupling. 
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For peptides 133-135 a mixture of Fmoc-allylglycine (202.4 mg, 0.6 mmol), DIC (93 µL, 0.6 mmol) and 

DMAP (2.44 mg, 0.02 mmol) in DMF (3 mL) was then added to the resin and the reaction mixture 

was shaken for 1 h at room temperature. This procedure was repeated once with fresh reagents. For 

peptide 136, a mixture of the Fmoc-Gly-OH (178.4 mg, 0.6 mmol), DIC (93 µL, 0.6 mmol) and DMAP 

(2.44 mg, 0.02 mmol) in DMF (3 mL) was then added to the resin and the reaction mixture was 

shaken for 1 h at room temperature (repeated once). 

Elongation of the peptide sequence 

Extension of the C-terminal amino acid on the resin was performed at room temperature using 

manual Fmoc-SPPS. Deprotection of the Fmoc group was accomplished using 20% v/v 

piperidine/DMF (3 mL) for 5 min twice with consecutive DMF washes after each addition. A solution 

of Fmoc-amino acid (0.8 mmol), HATU (281.4 mg, 0.74 mmol), iPr2EtN (278.7 µL, 1.6 mmol) in DMF 

(3 mL) was then added to peptidyl-resin and the mixture was shaken at room temperature for 45 

min, then filtered and washed with DMF (4 x 3 mL). 

Following on-resin elonagation of the linear precursor of RCM peptides (peptidyl-resin 2.21, 2.22, 

and 2.24), Boc2O (436.5 mg, 2.0 mmol) in DMF (3 mL) was added to the peptidyl-resin and the 

mixture was shaken at room temperature for 2 h, filtered, and washed with DMF (4 X 3 mL), CH2Cl2 

(4 x 3 mL), and dried under vacuum. 

Peptide cleavage and isolation 

The resulting peptides were released from the resin with concomitant removal of the threonine side 

chain protecting group by treatment with TFA/iPr3SiH/H2O (v/v/v; 95:2.5:2.5, 5 mL) at room 

temperature for 2 h. The resin was removed by filtration, washed with TFA (2 x 3 mL) and the 

combined filtrates were concentrated, re-suspended with H2O/CH3CN (v/v; 1:1) and lyophilised. 

Peptide cyclisation 

Cyclisation was carried out in solution using the pseudo-high dilution conditions described by 

Brimble et al.319a Peptide 128 is used here as an example of the synthetic procedure followed for 

macrolactamisation. To a stirring solution of iPr2EtN (139.4 µL, 0.8 mmol) in CH2Cl2 (150 mL) was 

added a mixture of the linear peptide (105.0 mg, 0.16 mmol, 0.8 mM), HBTU (182.0 mg, 0.48 mmol), 

and 6-Cl-HOBt (81.40 mg, 0.48 mmol) in CH2Cl2/DMF (v/v; 9:1, 50 mL) dropwise at a rate of 2.0 mL h-

1. After complete addition of the reagents, the reaction mixture was concentrated under reduced 

pressure, diluted with H2O (15 mL) and lyophilised. The crude peptide was purified by RP-HPLC to 

yield peptide 128 as an amorphous solid (49.0 mg, 38% overall yield, 98% purity). 
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General procedure for Nα-methylation. The resin-bound Nα-deprotected peptide (0.2 mmol) was 

treated with a solution of o-NBS-Cl (177.3 mg, 0.8 mmol) and sym-collidine (264 µL, 2 mmol) in NMP 

(4 mL) for 15 min at room temperature. The peptidyl-resin was filtered and washed with NMP (4 x 3 

mL) and the procedure was repeated once to give peptidyl-resin where Nα-amino group was 

protected with o-NBS. A solution of DBU (89.7 µL, 0.6 mmol) in NMP (2 mL) was then added to the 

resin bound o-NBS-protected peptide and shaken for 3 min followed by addition of a solution of 

dimethylsulfate (190 µL, 2.0 mmol) in NMP (2 mL) and shaking for 2 min. The resin was filtered off, 

washed with NMP (4 x 3 mL) and the procedure was repeated to yield Nα-methylated, Nα o-NBS-

protected peptidyl resin. The peptidyl-resin was finally treated with a solution of 2-mercaptoethanol 

(140 μL, 2.0 mmol) and DBU (124 μL, 1.0 mmol) in NMP (2 mL) for 5 min. The peptidyl-resin was then 

filtered and washed with NMP (4 x 3 mL) to afford Nα-methylated peptidyl resin. 

General procedure for ring closing metathesis. The resin-bound peptide (32.5 x 10-3 mmol) was 

suspended in a mixture of CH2Cl2/DMF (v/v; 4:1, 5 mL), while bubbling under Argon for 15 min. 

Hoveyda Grubbs’ II catalyst (4.9 x 10-3 mmol) was then added and the mixture immediately 

subjected to closed vessel microwave irradiation power of 120 W at a maximum temperature of 100 

оC for 2 h. The peptidyl-resin was then isolated by filtration, washed with CH2Cl2 (4 x 3 mL), DMF (4 x 

3 mL), and left to shake in DMSO (3 mL) overnight.335a 
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A. Dianthin G (127)  

Dianthin G (127) was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the previously mentioned cleavage conditions afforded the crude linear 

precursor as a white solid (110 mg, 85% yield). The crude linear precursor (110 mg, 0.17 mmol) was 

cyclised using solution-phase macrolactamisation as outlined in the general methods section. RP-

HPLC purification afforded peptide 127 as an amorphous solid (65.4 mg, 52% overall yield, 99% 

purity); Rt 20.40 min; m/z (HRESI-MS) 629.3663 ([M+H]+ requires for C32H49N6O7: 629.3584). 
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B. Peptide 128 

Peptide 128 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the cleavage conditions in the general procedure afforded the crude linear 

precursor (105 mg, 79% yield). The crude linear precursor (105 mg, 0.16 mmol) was cyclised using 

solution-phase macrolactamisation as outlined in the general methods section. RP-HPLC purification 

afforded peptide 128 as an amorphous solid (49.0 mg, 38% overall yield, 98% purity); Rt 21.56 min; 

m/z (HRESI-MS) 643.3815 ([M+H]+ requires for C33H51N6O7: 643.3741). 
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C. Peptide 129 

Peptide 129 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the cleavage conditions in the general procedure afforded the crude linear 

precursor (67.4 mg, 51% yield). The crude linear precursor (67.4 mg, 0.1 mmol) was cyclised using 

solution-phase macrolactamisation as outlined in the general methods section. RP-HPLC purification 

afforded peptide 129 as an amorphous solid (28.3 mg, 22% overall yield, 97% purity); Rt 23.17 min; 

m/z (HRESI-MS) 643.3820 ([M+H]+ requires for C33H51N6O7: 643.3741). 
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D. Peptide 130 

Peptide 130 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the cleavage conditions in the general procedure afforded the crude linear 

precursor (95.2 mg, 72% yield). The crude linear precursor (95.2 mg, 0.14 mmol) was cyclised using 

solution-phase macrolactamisation as outlined in the general methods section. RP-HPLC purification 

afforded peptide 130 as an amorphous solid (65.6 mg, 51% overall yield, 99% purity); Rt 20.78 min; 

m/z (HRESI-MS) 643.3796 ([M+H]+ requires for C33H51N6O7: 643.3741). 
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E. Peptide 131 

Peptide 131 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the cleavage conditions in the general procedure afforded the crude linear 

precursor (84.6 mg, 64% yield). The crud linear precursor (84.6 mg, 0.13 mmol) was cyclised using 

solution-phase macrolactamisation as outlined in the general methods section. RP-HPLC purification 

afforded peptide 131 as an amorphous solid (55.3 mg, 43% overall yield, 98% purity); Rt 20.80 min; 

m/z (HRESI-MS) 643.3815 ([M+H]+ requires for C33H51N6O7: 643.3741). 
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F. Peptide 132 

Peptide 132 was synthesised using manual Fmoc-SPPS on 2-chlorotrityl chloride resin (0.2 mmol), 

which following the cleavage conditions in the general procedure afforded the crude linear 

precursor (80.6 mg, 61% yield). The crude linear precursor (80.6 mg, 0.12 mmol) was cyclised using 

solution-phase macrolactamisation as outlined in the general methods section. RP-HPLC purification 

afforded peptide 132 as an amorphous solid (50.1 mg, 39% overall yield, 98% purity); Rt 2135 min; 

m/z (HRESI-MS) 643.3803 ([M+H]+ requires for C33H51N6O7: 643.3741). 
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G. Peptide 133 

The peptidyl-resin 2.21 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.2 mmol) and the peptidyl-resin (67.2 mg, 32.5 x 10-3 mmol) was subjected to microwave-

assisted ring closing metathesis as outlined in the general methods section. Following cleavage from 

the resin, RP-HPLC purification afforded peptide 133 as an amorphous solid (4.84 mg, 16% yield from 

resin-bound peptide 2.21, 99% purity); Rt 18.75 min; m/z (HRESI-MS) 756.4262 ([M+H]+ requires for 

C38H58N7O9: 756.4218). 
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H. Peptide 134 

The peptidyl-resin 2.22 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.2 mmol) and the peptidyl-resin (66.5 mg, 32.5 x 10-3 mmol) was subjected to microwave-

assisted ring closing metathesis as outlined in the general methods section. Following cleavage from 

the resin, RP-HPLC purification afforded peptide 134 as an amorphous solid (6.55 mg, 25% yield from 

resin-bound peptide 2.22, 98% purity); Rt 17.6 min; m/z (HRESI-MS) 655.3810 ([M+H]+ requires for 

C34H51N6O7: 655.4218). 
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I. Peptide 135  

Peptide 134 (6.0 mg, 9.2 μmol) was cyclised in solution, as outlined in the general methods, to yield 

the crude peptide 135. RP-HPLC purification afforded peptide 135 as an amorphous solid (4.07 mg, 

68% yield from peptide 134 and 16% overall yield, 99% purity); Rt 21.80 min; m/z (HRESI-MS) 

637.3706 ([M+H]+ requires for C34H49N6O6: 637.3605). 
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J. Peptide 136 

The peptidyl-resin 2.24 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.2 mmol) and the peptidyl-resin (56.2 mg, 32.5 x 10-3 mmol) was subjected to microwave-

assisted ring closing metathesis as outlined in the general methods section. Following cleavage from 

the resin, RP-HPLC purification afforded peptide 136 as an amorphous solid (4.52 mg, 20% yield from 
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resin-bound peptide 2.24, 99% purity); Rt 13.00 min; m/z (HRESI-MS) 565.3346 ([M+H]+ requires for 

C27H45N6O7: 565.3271). 

 

 

 

 

 

K. Peptide 151 

Peptide 151 was synthesised using manual Fmoc-SPPS on an aminomethyl polystyrene resin (0.2 

mmol), which following the cleavage conditions in the general procedure afforded the crude linear 

precursor as a white solid (77.0 mg, 65% yield). The crude linear precursor (77.0 mg, 0.13 mmol) was 
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cyclised using solution-phase macrolactamisation as outlined in the general methods section. RP-

HPLC purification afforded peptide 151 as an amorphous solid (45.98 mg, 40% overall yield, 96% 

purity); Rt 21.20 min; m/z (HRESI-MS) 575.3547 ([M+H]+ requires for C29H47N6O6: 575.3479). 

 

 

 

 

12.3. 1H and 2D-TOCSY NMR Spectra 

Partial 1H NMR spectrum (600 MHz, DMSO-d6) of 133 at 298K. 
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Partial TOCSY spectrum (600 MHz, DMSO-d6) of 133 at 298K. 

 

Partial TOCSY spectrum (600 MHz, DMSO-d6) of 134 at 298K. 
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Partial 1H NMR spectrum (600 MHz, DMSO-d6) of 136 at 298K. 

 

Partial TOCSY spectrum (600 MHz, DMSO-d6) of 136 at 298K. 
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12.4. Biological Assays 

Circular dichroism spectroscopy. All CD spectra were recorded using a Pi Star-180 (Applied 

Photophysics, Surrey, UK) spectrometer at 20 οC with a cell of 0.1 cm path length in the range from 

190 nm to 300 nm at 0.5 nm intervals with a 5 s response time. Each CD spectrum measurement 

represents the average of four scans obtained with a 2 nm optical bandwidth. Baseline spectrum 

was collected with the solvent alone (30% TFE in water) and then subtracted from the raw peptide 

spectra. The measurements were performed at peptide concentrations of 86 µM in 30% TFE in 

water, in 1 mm quartz cuvettes (Hellma Analytics, Mullheim, Germany). Data are expressed as mean 

residue ellipticities [Ө] in (deg cm2 dmol-1), calculated as follows: 

Ө = S / (10 x c x L x n) 

Where S is the raw CD signal in millidegrees, c is the peptide concentration (M), L is the cuvette path 

length (cm), and n is the number of peptide bonds. 

Osteoblast proliferation assay. The isolation of human osteoblast-like cells was performed by 

members of the Bone & Joint group at the University of Auckland. Cultures of primary human 

osteoblasts were prepared using normal human trabecular bone obtained from 50- to 70- year-old 

patients undergoing knee or hip arthroplasty collected with approval by the Northern Regional 

Ethics Committee and all patients provided written informed consent.  Osteoblasts were grown from 

enzyme-treated bone chips, using a modified method of Robey and Termine.342 Cells were grown in 
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T75 flasks in 10% FBS/Dulbecco’s modified eagle medium (DMEM) (Invitrogen, New Zealand) and 5 

μg mL-1 L-ascorbic acid 2-phosphate (Sigma-Aldrich, Australia) for 2 days and then changed to 10% 

FBS/MEM (Invitrogen, New Zealand)/5 μg mL-1 L-ascorbic acid 2- phosphate and grown to 90% 

confluency. Cells were then seeded into 24 well plates in 5% FBS/MEM 5 μg mL-1 L-ascorbic acid 2-

phosphate for 24 h. Cells were growth-arrested in 0.1% bovine serum albumin (BSA) (ICP, Auckland, 

New Zealand)/ 5 μg mL-1 L-ascorbic acid 2-phosphate for 24 h. Fresh media and experimental 

compounds were then added for a further 24 h. Cell proliferation was monitored in these growth-

arrested cells by measurements of thymidine incorporation or cell number. 

Thymidine incorporation: Cells were pulsed with [3H]-thymidine for 6 h, the experiments were then 

terminated and thymidine incorporation assessed, as measurement of cell growth. A Trilux counter 

(Wallac 1450 Microbeta counter) was used for the data collection. There were six wells in each 

group and each experiment was repeated 3 or 4 times. All treatments were compared to a untreated 

vehicle only control. 

Cell counts: The experiment was terminated by treating the adherent cells with trypsin at 37 οC until 

cells detached. An aliquot of the cell suspension was counted in a haemocytometer. There were six 

wells in each group and each experiment was repeated 3 or 4 times. All treatments were compared 

to a vehicle only control.  

Primary rat osteoblast differentiation assay. This was performed as previously described343, and in 

accordance with the Animal Ethics Committee of the University of Auckland, New Zealand. Briefly, 

primary rat osteoblasts were grown to confluence in 6-well tissue culture dishes in 10% FBS/α-MEM 

supplemented with 5 μg mL-1 L-ascorbic acid 2-phosphate. Media were then changed to 15% FBS/α-

MEM supplemented with L-ascorbic acid-2-phosphate and 10 mM glycerophosphate, and peptides 

were added. Dexamethasone (10-8 M) was used as a positive control in our experiment. Media and 

peptides were replenished twice weekly. After 18 –21 days, the cells were fixed in 10% neutral 

buffered formalin, washed and stained for mineral using von Kossa stain. The mineralised area was 

imaged and quantified using Bioquant Osteo software (Bioquant Image Analysis Corp). 

Bone marrow cell culture. Bone marrow cells were obtained from the femurs and tibias of CD-1 

mice aged 4–6 weeks as previously described344 and in accordance with the Animal Ethics Committee 

of the University of Auckland, New Zealand. Briefly, after incubation for 2 hours, non-adherent cells 

were collected, spun at 1200 rpm for 2 min, washed with 15% FBS/α-MEM, and seeded in a 48-well 

plate at 5 x 105 cells/0.5 mL/well in α-MEM containing 10% FBS (day 0). The resulting cultures are 

therefore depleted of mature osteoclasts. The osteoclast-inducing agent 1,25-dihydroxyvitamin D3 
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[1,25(OH)2D3] was added on days 0, 2, and 4 whereas test factors were added on days 2 and 4. After 

culture for 7 days, the cells were fixed with a solution of 37% formaldehyde, acetone, and 0.01 M 

sodium citrate buffer (pH 6.0) at the ratio of 1:8.1:3.1. To visualize osteoclasts, staining for tartrate-

resistant acid phosphatase (TRAP) was performed using a commercially-available kit (Model #387-A, 

Sigma Diagnostics, St. Louis, MO). Stained cells were categorized as either multinucleated 

(containing three or more nuclei) or as mono-/binucleated (one or two nuclei). The results were 

expressed as the number of multinucleated cells per well. There were eight wells for each group and 

each experiment was repeated three or four times and osteoprotegerin (0.01 µg mL-1) was used as a 

negative control. 

Statistics. Data analysis was performed using Prism version 5 (GraphPad Software, California, USA). 

Statistical significance of differences between the experimental groups was determined by either t 

test or ANOVA with post hoc examination using the method of Dunnett. Data are presented as 

means ± standard error (SE). All tests were two-tailed, and a 5% significance level was maintained 

throughout these analyses. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

PART THREE 

Preptin (1-16) 
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1. The Pancreatic Hormone Preptin 

The importance of nutritional hormones in preserving skeletal strength has been widely 

documented. This is mirrored in the lower occurrence of osteoporosis in those with obesity.345 Thus, 

hormones circulating at higher levels in obesity have received particular attention as promising 

bone-anabolic agents, including the products of pancreatic β-cells.314, 346 

Cornish et al.347 demonstrated the in vitro and in vivo anabolic activity of the 34-residue nutritional 

peptide hormone preptin, which was isolated from rats and corresponds to Asp(69) to Leu(102) of 

the E-peptide of proinsulin-like growth factor-II (ProIGF-II) (Figure 31).348 Secreted by the pancreatic 

β cells, this peptide stimulates osteogenesis through a G protein-coupled receptor, triggering 

phosphorylation of p42/44 mitogen-activated protein kinases. Moreover, preptin’s anabolic activity 

was shown to be mediated by the bone-anabolic connective tissue growth factor (CTGF). Compared 

to insulin, also a bone-anabolic agent secreted by the pancreatic β-cell,349 preptin offered an 

enhanced differentiation activity when tested on human osteoblast-like cells.350 In addition to these 

results, human conditions exist that demonstrates the bone-anabolic effects of preptin: Firstly, 

increased circulating levels of a peptide fragment contained within preptin were found in some 

patients with chronic hepatitis C infection who also have high bone mass.351 Secondly, osteoporotic 

men have lower circulating levels of preptin than healthy individuals.352 Furthermore, preptin was 

also shown to have no effect on bone resorption in mouse bone marrow and human osteoclast 

cultures.347 
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Figure 31. (A) Comparison of primary structures of rat and human preptin. The difference between the primary 

amino acid sequence rat and human preptins are highlighted in blue. (B) Primary sequences of preptin from 

different species with the conserved amino acids are represented with bold lines. 

Being a nutritional peptide hormone, preptin affects glucose homeostasis by acting as a physiological 

amplifier of glucose-mediated insulin secretion. Rat preptin was shown to be cleaved by endogenous 

proteases at Phe(21).353 Cleavage at Phe(21) influences the biological activity of preptin as the N-

terminal, truncated part of preptin (namely preptin (1-16) (152)) was found to have no effect on 

carbohydrate metabolism.354 Cornish et al.347b showed that preptin (1-16) (152) retained the full 

preptin-like bone-anabolic activity in vitro using foetal cultures of primary rat osteoblasts at 10-10 and 

10-11 M. Furthermore, preptin (152) increased the bone area and percentage of mineralising bone 

surface in mature male mice, indicating that the smaller peptide fragment also enhances bone 

growth in vivo. Due to its bone-anabolic effects and the lack of activity in carbohydrate metabolism, 

preptin (1-16) (152) is considered a more attractive candidate for pharmaceutical development than 

the full-length preptin (1-34). A more recent truncation study also revealed that a fragment 

containing only the first eight N-terminal residues was able to stimulate osteoblast proliferation and 

in vitro matrix mineralisation. This is currently the shortest bone-active fragment of preptin.319b 
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2. Thesis Objectives for Part 3 

Based on the promising and potent anabolic effect of preptin (1-16) (152), the aim of this study was 

therefore to gain a better understanding of the structure-activity relationship of the peptide in order 

to generate novel compounds with an anabolic effect on osteoblasts. Due to its unstable peptidic 

nature, it was our goal to chemically synthesise analogues of preptin (1-16) (152) that retain or 

improve the biological activity of the parent hormone and, importantly, possess increased metabolic 

stability. 

In order to achieve these aims, the preptin project was investigated according to the following 

objectives: 

Objective 1: To synthesise native preptin (1-16) (152) (Figure 32) and perform an alanine scanning 

study. For this, sixteen analogues of preptin (1-16) 153-168 will be synthesised where selected, 

individual amino acid residues are replaced by alanine. 

 

Figure 32. Structure of rat preptin (1-16) 152. 

Objective 2: To investigate the biological activity of the alanine scan analogues 153-168 by 

measuring osteoblast proliferation and differentiation using established protocols. This enables the 

pinpointing of those residues in preptin (1-16) that are essential for conferring biological activity. 

Objective 3: To synthesise a series of analogues of preptin (1-16) 169-172 that contain non-

proteinogenic amino acids with the aim of improving the peptide’s metabolic stability (Figure 33). 

 

Figure 33. Structures of the preptin (1-16) analogues 169-172 that were synthesised in this research project. 

Structural modifications are highlighted in red. Each structural modification was introduced at position 3 of the 

peptide sequence. 
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Objective 4: To investigate the metabolic stability of the preptin (1-16) analogues 169-172 in rat liver 

microsomes, comparing them to native preptin (1-16) 152. Such an assay is useful for the elimination 

of unstable peptides in the pipeline of drug development. 

Objective 5: To synthesise a series of conformationally-constrained cyclic analogues 173-178 of 

preptin (1-16) and (1-8) with the aim of improving the peptide’s pharmacokinetic properties (Figure 

34). 

 

Figure 34. Structures of the preptin (1-16) analogues 173-178 that were synthesised in this research project. 

Structural modifications are highlighted in blue. 

Objective 6: To investigate the secondary structure of preptin (1-16) and the macrocyclic analogues 

(173-178) using circular dichroism (CD) spectroscopy. 

Objective 7: To investigate the osteogenic activity of the novel analogues in established osteoblast 

cell culture assays. 
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3. Synthesis of Native Preptin (1-16) (152) and the Alanine-Scan Analogues (153-168) 

Since native preptin (1-16) (152) constitutes a good anabolic target with notable bone activity 

properties, it is important to establish the contribution that each residue in the peptide sequence 

has on the activity of the peptide. Hence, an alanine scan on the native preptin (1-16) (152) was 

performed (peptides 153-168). Alanine scanning has been commonly used as a useful and valuable 

tool to probe the activity of peptides, in which substitution of a residue side chain by a methyl group 

provides a convenient means to assess which side chains are responsible for the biological activity.355 

Furthermore, alanine is the smallest chiral amino acid that does not impose electrostatic or steric 

effects.356 This positional scanning is also important for peptide sequence optimisation in order to 

increase the potency of the peptide’s functionality. Our strategy was therefore to sequentially 

replace each amino acid within the preptin (1-16) sequence with an alanine residue, except for 

Ala(7) which was replaced by Gly. 

Preptin (1-16) (152) contains three Asp residues that are known to undergo aspartimide formation 

during Fmoc-SPPS (See Chapter One). In Fmoc-SPPS, the degree of aspartimide formation relies on 

the exposure time to the Fmoc-deprotecting base as well as the residue adjacent to the Asp 

residue.69 The use of 5% piperazine, a milder base than the commonly employed piperidine, as Fmoc 

deprotecting agent is known to minimise aspartimide formation.357 However, the use of 5% 

piperazine alone in the synthesis of preptin (1-16) was not sufficient to suppress the formation of 

aspartimide as previously published.319b In this work, it was therefore decided to use 5% piperazine 

as the Fmoc-deprotecting agent with the addition of 0.1 M 6-Cl-HOBt, as this compound and other 

hydroxybenzotriazole-based additives have been shown to further reduce aspartimide formation.357 

Scheme 55 summarises the synthesis of preptin (1-16) (152) as an example of the synthetic route 

used to prepare peptides 153-168 (Table 6). Thus, Fmoc-protected Tyr(tBu) (for peptides 153-167) or 

Fmoc-protected Ala (for peptide 168), attached to an HMPP linker, was loaded onto an “in-house” 

prepared aminomethyl polystyrene resin30-31 using DIC in a mixture of CH2Cl2/DMF (v/v; 2:1) to yield 

179. Fmoc-SPPS was performed in a CEM Liberty 12 microwave peptide synthesiser using a synthetic 

protocol recommended by the manufacturers. The synthesis of the peptide on the resin-bound C-

terminal amino acid was then continued using HCTU, as the coupling reagent, and iPr2EtN as a base 

to yield 180.358 All amino acids were coupled in single cycles except for Fmoc-Arg(Pbf)-OH where a 

double cycle was required to achieve full coupling. The fully assembled linear peptides were cleaved 

from the resin with simultaneous removal of side chain protecting groups using TFA containing 2.5% 

H2O and 2.5% iPr3SiH as a scavenger. Using the above conditions, native preptin (1-16) (152) and 
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alanine-scan peptides 153-161 and 163-168 were obtained exclusively with >73% crude purity and 

with no evidence for the formation of aspartimide by-products (Figure 35A). 

 

 Scheme 55. Synthesis of native preptin (1-16) (152). Reagents and conditions: (i) Fmoc-Tyr(tBu)-O-CH2-phi-

OCH2-CH2-COOH, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-SPPS (Fmoc deprotection: 5% piperazine, 0.1 M 6-Cl-

HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 min; coupling: Fmoc-amino acid, HCTU, iPr2EtN, DMF, 25 W, 75 °C, 

5 min (except Fmoc-Arg(Pbf)-OH, r.t, 25 min then 25 W, 72 °C, 5 min)); (iii) TFA, iPr3SiH, H2O, r.t, 2 h. 

On the other hand, the synthesis of the alanine-scan analogue 162 where Pro-10 was replaced by Ala 

resulted in approximately 30% conversion to the undesired aspartimide by-product (Figure 35B). Our 

observation confirms that the presence of Pro(10) in the preptin (1-16) sequence helps to minimise 

aspartimide formation. This correlates well with other reports where organic moieties that mimic 

the structure of proline, such as pseudoproline dipeptides, were successfully employed to block  the 

formation of aspartimide side products.359 

 

Figure 35. Comparison of the analytical RP-HPLC chromatogram of: (A) Crude preptin (1-16) (152). (B) Crude 

analogue of preptin (1-16), peptide 162 (Pro(10) to Ala). Agilent Zorbax 300SB-C3 column (3.0 x 150 mm; 3.5 

µm), gradient 5-65% B over 30 min, 0.3 mL min-1 flow rate. 
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Pleasingly, subsequent semi-preparative RP-HPLC purification and lyophilisation afforded the 

peptides 152-168 in >96% purity (by analytical RP-HPLC) as TFA salts which were then converted to 

hydrochloride salts in preparation for the osteoblast assays.337 The experimental data for preptin (1-

16) (152) and the alanine-scan analogues 153-168 are summarised in Table 6. 

Table 6. Analytical data for preptin (1-16) (152) and the alanine-scan analogues 153-168. Analytical RP-HPLC 

data: Phenomenex Gemini column (C18, 250 x 4.6 mm, 5 µm), gradient 5-65% B over 20 min, 1 mL min-1 flow 

rate. 

 Mass (Da)  

Peptide Modification Calc. 

[M + H]+ 

Obs. 

 [M + H]+ 

HPLC retention 

 time (min) 

152 Preptin (1-16) 1809.9 1809.8 12.69 

153 Asp(1)  Ala 1765.9 1765.6 12.66 

154 Val(2)  Ala 1781.9 1781.6 12.48 

155 Ser(3)  Ala 1793.9 1793.6 12.80 

156 Thr(4)  Ala 1779.9 1779.6 12.80 

157 Ser(5)  Ala 1793.9 1794.4 12.90 

158 Gln(6)  Ala 1752.8 1752.8 12.60 

159 Ala(7)  Gly 1795.9 1796.0 12.30 

160 Val(8)  Ala 1781.8 1781.8 11.80 

161 Leu(9)  Ala 1767.8 1767.8 12.80 

162 Pro(10)  Ala 1783.8 1783.8 12.70 

163 Asp(11)  Ala 1765.9 1765.8 12.80 

164 Asp(12)  Ala 1765.9 1765.6 12.90 

165 Phe(13)  Ala 1733.8 1734.0 11.10 

166 Pro(14)  Ala 1783.8 1783.2 12.70 

167 Arg(15)  Ala 1724.8 1724.8 13.60 

168 Tyr(16)  Ala 1717.8 1718.0 12.10 
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4. Biological Evaluation of the Alanine-Scan Analogues (153-168) 

We next evaluated the osteoblast proliferative activity of synthetic alanine-scan peptides 153-168 

using primary rat osteoblasts isolated from neonatal rat calvarial bones. Our laboratory has 

previously reported the significant osteoblast proliferative activity of native preptin (1-16) (152) over 

the 10-8 to 10-10 M concentration range, which covers the actual physiological concentration of the 

full-length preptin (1-34) (approximately 2.0 x 10-9 M in healthy individuals with normal bone 

mass).319b, 352 Osteoblast proliferative activity of the alanine-scan analogues 153-168 was therefore 

evaluated over the same concentration range and the extent of proliferation was determined by 

[3H]-thymidine incorporation into osteoblasts exposed to the peptides relative to a vehicle control. 

Pleasingly, peptide 155 (Ser(3) to Ala) at 10-10 M and peptide 166 (Pro(14) to Ala) at 10-9 M increased 

osteoblast proliferation (a 5% significance level was used throughout) (Figure 36). These 

observations suggest that positions 3 and 14 of the preptin-(1-16) (152) sequence could be further 

modified to afford analogues with improved activity or stability. The rest of the analogues tested 

(153, 154, 156-165, 167, and 168) did not exhibit any significant proliferative effect (data not 

shown). As the bone activity of peptide 155 (Ser(3) to Ala) was observed at a concentration lower 

than that for 166, it was chosen as our model peptide for further optimisation. 

 

Figure 36. Effect of peptide 155 and 166 on primary rat osteoblast proliferation, assessed by [3H]-thymidine 

incorporation. Data are expressed as a ratio of treatment to control and presented as mean ± SEM from 

representative experiments. *significantly different from the control (P < 0.05).  

In order to further demonstrate the bone-anabolic activity of the osteoblast proliferative peptide 

155 (Ser(3) to Ala), its effect on the differentiation of primary rat osteoblasts was studied using a 3-

week bone nodule formation assay with dexamethasone as a positive control. Gratifyingly, peptide 

155 (Ser(3) to Ala) significantly stimulated the formation of bone nodules at 10-10 M (Figure 37A) and 

was able to increase the percentage of mineralised area in primary rat osteoblasts (Figure 37). 
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Figure 37. Effect of peptide 155 (Ser(3) to Ala) on formation of bone nodules in primary cultures of rat 

osteoblast cells over a period of 3 weeks. Cultures were stained for mineral using Von Kossa stain and areas of 

mineralised bone nodules were quantified. (A) shows bone nodule formation and (B) shows % of mineralised 

area. Dexamethasone [Dex] (10-8 M) is included as a positive control. * P < 0.05 and **** P < 0.0001, 

significantly different from control. 
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5. Synthesis of non-proteinogenic-containing analogues (169-172) of preptin (1-16) 

As previously mentioned in Chapter One, incorporation of non-proteinogenic amino acids in a 

peptide sequence is a good technique for improving the biological activity and also enhancing the 

metabolic stability of peptides in vivo.15a, 166 Due to our fruitful results regarding the possibility of 

substituting Ser(3) with a non-polar residue (in this case Ala) without affecting the biological 

potency, we envisaged that incorporation of a non-polar, non-proteinogenic amino acid residue in 

place of the Ser could result in an additive effect on preptin’s activity and/or metabolic stability. We 

therefore synthesised four second generation analogues of preptin (1-16) (152) derived from 

peptide 155, where Ser(3) was replaced with the non-proteinogenic amino acids norleucine (for 

peptide 169), homoleucine (for peptide 170), norvaline (for peptide 171), and 1-amino-1-

cyclobutanecarboxylic acid (for peptide 172) (Figure 38). 

 
Figure 38. The chemical structures of the amino acids used in the design of the preptin Ser(3) analogues 169-

172. 

The syntheses of peptides (169-172) were performed via Fmoc-SPPS under microwave heating using 

the previously described conditions for peptides 152-168. Apart from peptides 172, peptides 169-

171 were successfully synthesised with high crude purity (>70%) and further purified by RP-HPLC to 

greater than 95% purity. However, LC-MS analysis of peptide 172 showed a an earlier eluting peak 

corresponding to a Val(2) deletion. We predict that incorporation of the Cα,α-dialkylated amino acid 

resulted in the formation of a different secondary structure from the native peptide 152 during the 

synthesis which restricted the access of Val to the resin-bound Nα-terminal amine, thus slowing 

down the coupling of the next amino acid, Val(2). It was therefore necessary to repeat the coupling 

of Val(2) for peptide 172. After the double coupling of Val(2), a good crude purity was observed for 

172 with no trace of Val deletion. The experimental data of the purified preptin (1-16) analogues 

169-172 are summarised in Table 7. 
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Table 7. Analytical data of the designed preptin (1-16) Ser(3) analogues 169-172. Analytical RP-HPLC data: 

Phenomenex Gemini column (C18, 250 x 4.6 mm, 5 µm), gradient 5-65% B over 30 min, 1 mL min-1 flow rate. 

 Mass (Da)  

Peptide Modification Calc. 

[M + H]+ 

Obs. 

[M + H]+ 

HPLC retention time 

(min) 

169 Ser(3)  norleucine 1835.9 1835.6 17.20 

170 Ser(3)  homoleucine 1849.9 1849.8 17.80 

171 Ser(3)  norvaline 1821.9 1821.8 16.60 

172 Ser(3)  1-amino-1-cyclobutane-         

                 carboxylic acid 

1819.9 1819.6 16.80 
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6. Stability in Liver Microsomes 

Due to the peptidic nature of preptin (1-16) (152), rapid systemic clearance resulting from 

proteolytic degradation is expected.360 Having synthesised preptin (1-16) (152) and the Ser(3) 

substituted analogues 169-172, we sought to investigate the effect of non-polar side chain 

substitutions on hepatic metabolism of these peptides using rat liver microsomes. This subcellular 

fraction of the liver is a suitable in vitro model of hepatic clearance as it contains many metabolising 

enzymes (e.g. cytochrome P450). In addition, in vitro liver microsomal stability data often correlate 

well with in vivo metabolism in preclinical species.361 

The peptides were exposed to rat liver microsomes for a single time course (20 min) at 37 ⁰C and the 

relative percentages of peptide loss were obtained by comparing the peak areas of the peptide 

detected by UV with caffeine, an internal standard used in our experiments (Figure 39). Preptin (1-

16) (152) was extensively metabolised by approximately 32% in the rat hepatic microsomes after 

incubation for 20 min, whereas analogues 169-172 were significantly less susceptible to metabolism. 

Interestingly, the most stable compound was shown to be peptide 172 where Ser(3) was replaced 

with a structurally-constrained, Cα,α-dialkylated amino acid. Our findings demonstrate that the 

metabolic stability of the synthetic peptidomimetics 169-172 was significantly improved compared 

to preptin (1-16) (152) which is composed of only proteinogenic amino acids, indicating that the 

incorporation of a non-proteinogenic amino acid in only one position of the peptide sequence can 

ultimately provide stable compounds with a possible biomedical utility. 

 

Figure 39. Amount of peptide degradation for preptin (1-16) (152) and analogues 169-172 after incubation in 

liver microsomal tissue for 20 mins at 37 ⁰C. Each data set was repeated twice and compared to caffeine, an 

internal standard in these experiments. *** P < 0.001 and **** P < 0.0001, significantly different from control. 
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7. Biological activity of the preptin (1-16) Ser(3) analogues 169-172 

The non-proteinogenic amino acid-containing analogues 169-172 were evaluated for their osteoblast 

proliferative activities on primary rat osteoblast using the [3H]-thymidine-based assay. The activities 

were measured over 10-8 to 10-10 M physiological concentration range. 

Disappointingly, none of the analogues exhibited a statistically significant proliferative activity on 

osteoblast cells (Figure 40). Based on these results, we conclude that incorporation of hydrophobic 

residues with long or bulky side chains at position 3 of the preptin (1-16) sequence is detrimental to 

the bone activity. 

 

Figure 40. Effect of preptin (1-16) analogues 169-172 on primary rat osteoblast proliferation, assessed by [3H]-

thymidine incorporation. Data are expressed as a ratio of treatment to control and presented as mean ± SEM 

from combined experiments. 
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8. Synthesis of Macrocyclic Analogues (173-178) of Preptin (1-16) and (1-8) 

Having performed a preliminary structure-activity study of preptin (1-16) (152) by introducing non-

proteinogenic amino acids, we next turned our attention to synthesising macrocyclic preptin 

analogues with the aim of rationally improving the peptide’s pharmacokinetic properties. As 

previously mentioned in Chapter one, the reduced conformational flexibility of cyclic peptides 

usually leads to improved metabolic stability and binding affinity and specificity to their molecular 

targets.362 Hence, a series of macrocyclic analogues of preptin (1-16) and the shortest active 

fragment, preptin (1-8), mimetics were designed and synthesised (Figure 34). Different approaches 

were utilised including head-to-tail and head-to-side chain macrolactamisation, and Grubbs’ RCM 

cyclisation strategies. The different synthetic strategies explored and the side chain reactions 

observed are discussed below. 

8.1. Synthesis of Head-to-Tail Macrocycle 173 

We have previously reported that the free N- and C-termini do not contribute significantly to the 

osteoblast proliferative activity of preptin (1-16).319b We therefore suggested joining both termini via 

macrolactamisation to prepare the head-to-tail cyclic preptin (1-16) 173 (Figure 34 and Scheme 56). 

This cyclic analogue is of the same length as the native peptide, and has the advantage of being 

more resistant to proteolysis due to the absence of exopeptidase cleavage sites. 

Our strategy was to prepare the linear precursor on resin, followed by solution-phase cyclisation and 

global deprotection. This strategy required the linear precursor to be fully protected except for the 

C- and N-termini. We therefore used 2-ClTrtCl resin for synthesising the linear precursor as the 

protected peptide chain can be easily cleaved from the resin by treatment with TFE, thus leaving the 

side chain protecting groups intact.206a For achieving an effective macrocyclisation, the linear 

precursor of the macrocycle 173 was carefully designed such that a Pro residue is situated in the 

middle of the linear sequence. Pro residues are known to maintain a turn structure by forming 

“kinks” in the peptide backbone, thereby bringing the reactive N- and C-termini into close spatial 

proximity before ring closure.193 The residues Ser and Val were designated as the N- and C-terminal 

residues, respectively. However, this places the sterically-demanding Val residue at the C-terminus, 

which may be problematic for the macrolactamisation step.193 

The synthesis of head-to-tail macrocycle 173 commenced by anchoring Fmoc-Val-OH to 2-ClTrtCl 

resin (0.1 mmol) using iPr2EtN in CH2Cl2 to afford 181 (Scheme 56). Subsequent peptide elongation to 

access the on-resin bound peptide 182 was performed via Fmoc-SPPS as previously described for the 
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synthesis of 152-168. After full peptide assembly, a small portion of peptidyl-resin 182 was treated 

with TFA to assess the formation of the linear and side chain deprotected peptide Ser-Thr-Ser-Gln-

Ala-Val-Leu-Pro-Asp-Asp-Phe-Pro-Arg-Tyr-Asp-Val (peptide 183); and the remainder resin was 

treated 20% TFE in CH2Cl2 to afford the linear protected precursor 184. The linear sequence was 

prepared efficiently as evidenced by the LC-MS data of the cleaved linear peptide 183 (ESI-MS, m/z 

[M+H]+; calculated: 1810.9, observed: 1810.2) (Figure 41A). 

 

Scheme 56. Synthesis of head-to-tail macrocycle 173. Reagents and conditions: (i) Fmoc-Val-OH, iPr2EtN, 

CH2Cl2, r.t, 1 h; (ii) Fmoc-SPPS (Fmoc deprotection: 5% piperazine, 0.1 M 6-Cl-HOBt, DMF, 62 W, 75 °C, 1 x 0.5 

min + 1 x 3 min; coupling: Fmoc-amino acid, HCTU, iPr2EtN, DMF, 25 W, 75 °C, 5 min (except Fmoc-Arg(Pbf)-OH 

r.t, 25 min, then 25 W, 72 °C, 5 min)); (iii) 20% TFE, CH2Cl2, r.t, 1 h; (iv) HBTU, 6-Cl-HOBt,  iPr2EtN, CH2Cl2, DMF, 

r.t, 24 h; (v) TFA, iPr3SiH, H2O, r.t, 2 h. 

The linear precursor 184 was then cyclised under high dilution conditions by the slow addition of a 

mixture containing the linear precursor 184, HBTU in CH2Cl2/DMF (v/v; 9:1), and 6-Cl-HOBt to 

suppress racemisation, to a stirring solution of iPr2EtN in CH2Cl2. Pleasingly, LC-MS analysis of a TFA-

treated sample of the reaction mixture indicated a quantitative cyclisation to the desired macrocycle 

173 after 24 hours (HRESI-MS, m/z [M+2H]2+ calculated for C80H120N20O27 896.9753, observed 

896.4317) (Figure 41B). RP-HPLC purification afforded the head-to-tail macrocyclic preptin (1-16) 

173 in >96% purity and 59% yield giving sufficient material for biological assays. 
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Figure 41. Analytical LC-MS chromatograms for (A) crude linear peptide 183 (B) crude head-to-tail macrocycle 

173. Agilent Zorbax 300SB-C3 column (3.0 x 150 mm; 3.5 µm), gradient 5-95% B over 22 min, 0.3 mL min-1 flow 

rate. 

8.2. Synthesis of Head-to-Side Chain Macrocycle 174 

Initial Synthetic Strategy 

In order to introduce more structural diversity to our preptin library, we next decided to prepare an 

analogue with a smaller ring size. Therefore, head-to-side chain cyclisation of preptin (1-16) via 

macrolactamisation between the Nα-amino group of Asp-1 and the side chain (Cβ) carboxylic acid of 

Asp(12) was next investigated by synthesising the cyclic peptide 174 (Figure 34 and Scheme 57). In 

order to obtain peptide 174, we decided to follow the synthetic pathway depicted in Scheme 57, 

which is based on the three-dimensional protection strategy Fmoc/tBu/OAllyl to yield the fully 

protected, resin-bound peptide 185. This synthetic approach allows the orthogonal deprotection of 

the Nα-terminal Fmoc group and the side chain allyl group of Asp-12 for subsequent on-resin head-

to-side chain cyclisation.228 

The synthesis of the protected linear peptide 185, as the key precursor for macrocycle 174, was 

performed on aminomethyl polystyrene resin (0.1 mmol, loading of 0.91 mmol g-1) using microwave-

enhanced Fmoc-SPPS (Scheme 57). A test cleavage followed by LC-MS analysis showed a 30% 

conversion of the linear precursor to an aspartimide-containing peptide. This was possibly due to the 

unhindered allyl group that offers little protection against aspartimide formation.363 This problem 

was prevented when using Fmoc-Asp(OtBu)-OH as for the synthesis of native preptin (1-16) (152).319b 

Subsequent allyl protecting group removal from Cα of Asp(12) was undertaken using Pd(0) activation 

which yielded  the precursor 186 (major peak) along with a minor peak corresponding to the allyl-
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protected starting material 185. The presence of the starting material was possibly due to the 

restricted access of the metal complex to the allyl group and other steric factors. Following the 

cleavage of the N-terminal Fmoc group to yield 187, on-resin macrocyclisation was attempted. While 

the solid-phase cyclisation usually takes advantage of the pseudodilution phenomenon,364 in our 

synthesis, the on-resin cyclisation of 187 favoured the formation of oligomeric and 

tetramethylguanidinium-based by-products and no traces of the desired macrocycle 174 were 

produced (data not shown). Various cyclisation conditions were then used (at either room 

temperature or microwave heating under activation of HCTU/iPr2EtN or PyBOP/HOBt in DMF) with 

no success. Finally, we employed a low loaded aminomethyl polystyrene resin (0.3 mmol g-1) which 

also was not able to avoid the formation of cyclic oligomers.10, 365 

 

Scheme 57. Attempted on-resin synthesis of head-to-side chain macrocycle 174. Reagents and conditions: (i) 

Fmoc-Tyr(tBu)-O-CH2-phi-OCH2-CH2-COOH, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-SPPS (Fmoc deprotection: 5% 

piperazine, 0.1 M 6-Cl-HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 min; coupling: Fmoc-amino acid, HCTU, 

iPr2EtN, DMF, 25 W, 75 °C, 5 min (except Fmoc-Arg(Pbf)-OH, r.t, 25 min then 25 W, 72 °C, 5 min)) (iii) 

Pd(PPh3)4, PhSiH3, CH2Cl2, r.t, 2 x 2 h; (iv) 5% piperazine, 0.1 M 6-Cl-HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 

min; (v) HCTU, iPr2EtN, DMF, r.t, 2 h or microwave coupling 25 W, 75 °C, 5 min, or PyBOP, HOBt, DMF, r.t, 30 

min; (vi) TFA, iPr3SiH, H2O, r.t, 2 h. 
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Successful Synthesis of Macrocycle 174 

Due to the unsuccessful on-resin macrolactamisation, an alternative approach to generate 174 was 

investigated, which embraced a hybrid synthetic approach using both solid-phase and solution-

phase synthesis. We envisaged that a fragment comprising the cyclic peptide could be pre-

assembled via solution-phase cyclisation, and then fused with the resin-linked fragment to afford the 

final cyclic product. In the case of macrocycle 174, the final product could be formed by on-resin 

fragment condensation between Cα-carboxylic acid of Asp(12) of the cyclic fragment of preptin (1-

12) 192 and on-resin bound Nα-amino group of Phe(13) of the peptide fragment (13-16) 193 

(Scheme 58).  

Accordingly, the synthesis of the linear precursor of cyclic preptin (1-12) 192 was performed using 

Fmoc-SPPS, starting from aminomethyl polystyrene resin which was functionalised with the highly 

acid-labile 4-(4-hydroxymethyl-3-methoxyphenoxy)butyric acid (HMPB) linker using DIC in CH2Cl2. 

Upon activation of DIC and DMAP in DMF, Fmoc-Asp-OAllyl was attached to the HMPB linker 

(through the side chain Cβ-carboxylic acid) via an ester bond to yield 188. Subsequent microwave-

enhanced Fmoc-SPPS (yielding peptidyl-resin 189) followed by peptide cleavage from resin using 1% 

TFA afforded the side chain-protected linear precursor 190 with unmasked Nα-amino group of Asp(1) 

and unprotected side chain carboxylic acid (Cβ) of Asp(12) ready for cyclisation (ESI-MS, m/z [M+H]+; 

calculated: 1810.0, observed: 1810.0) (Figure 42A). Macrolactamisation was then performed in 

solution using similar conditions to the ones described for macrocycle 173 (HBTU, iPr2EtN, 6-Cl-HOBt 

in CH2Cl2/DMF) to afford quantitative conversion to the desired, fully protected cyclic product 191 

(ESI-MS, m/z [M+H]+; calculated: 1792.0, observed: 1792.0) (Figure 42B). Subsequent removal of the 

allyl protecting group was successfully undertaken using Pd(PPh3)4 and PhSiH3 in CH2Cl2 to afford the 

protected peptide 192 ready for further condensation with H2N-Phe-Pro-Arg(Pbf)-Tyr(tBu)-HMPP-

resin 193 (synthesised using Fmoc-SPPS under microwave conditions using aminomethyl resin 

functionalised with HMPP linker). Hence, condensation of the two fragments 192 and 193 was 

performed using DIC and 6-Cl-HOBt at room temperature for 4 h in CH2Cl2 which was followed by 

TFA-mediated cleavage of the resin with simultaneous side chain protecting group removal to afford 

the expected crude cyclised preptin (1-16) analogue 174 (HRESI-MS, m/z [M+2H]2+ calculated for 

C80H120N20O27 896.9753, observed 896.4343). The 4-mer preptin fragment 193 was also detected 

in the crude mixture, which was easily removed during RP-HPLC purification, affording head-to-side 

chain macrocycle 174 in 11% yield and 97% purity (Figure 42C). 
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Scheme 58. Synthesis of head-to-side chain macrocycle 174 via fragment condensation method. Reagents and 

conditions: (i) HMPB, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-Asp-OAllyl, DIC, DMAP, DMF, r.t, 2 x 1 h; (iii) Fmoc-

SPPS (Fmoc deprotection: 5% piperazine, 0.1 M 6-Cl-HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 min; coupling: 

Fmoc-amino acid, HCTU, iPr2EtN, DMF, 25 W, 75 °C, 5 min (except Fmoc-Arg(Pbf)-OH, r.t, 25 min then 25 W, 72 

°C, 5 min)); (iv) 1% TFA, CH2Cl2, r.t, 4 x 5 min; (v) HBTU, 6-Cl-HOBt, iPr2EtN, CH2Cl2, DMF, r.t, 24 h; (vi)  

Pd(PPh3)4, PhSiH3, CH2Cl2, r.t, 2 x 2 h; (vii) DIC, 6-Cl-HOBt, CH2Cl2, r.t, 4 h; (viii) TFA, iPr3SiH, H2O, r.t, 2 h. 
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Figure 42. Analytical LC-MS chromatograms for the synthesis of macrocycle 174. (A) The linear peptide 190; (B) 

crude cyclic peptide 191, analysed by Agilent Zorbax 300SB-C3 column (3.0 x 150 mm; 3.5 µm), gradient 5-95% 

B over 30 min, 0.3 mL min-1 flow rate; (C) The condensation reaction to yield 174, analysed by Agilent Zorbax 

300SB-C3 column (3.0 x 150 mm; 3.5 µm), gradient 5-65% B over 60 min, 0.3 mL min-1 flow rate. 

8.3. Synthesis of Macrocyclic Dicarba Analogues (175-177) of Preptin (1-16) 

Having successfully synthesised the cyclic analogues 173 and 174 via formation of a native lactam 

bond, we next turned our attention to employing RCM to synthesise a macrocyclic analogue 

containing a non-native “dicarba” bridge. 

To enable RCM, the presence of olefin-bearing amino acids within the peptide sequence is 

required.249b, 268b With this in mind, commercially available allylglycine (Agl) residues were 

strategically introduced within the modified preptin (1-16) sequence. Based on our alanine scan 

results which indicated that Ser(3) was not critical for biological activity, the third position was 

chosen for the first Agl residue. The second Agl was chosen to replace Ala(7) as we predict no or 
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minimal interference to the original structure of preptin (1-16). These two residues were 

incorporated into the linear precursor of macrocycle 175. To investigate the effect of ring size on the 

chemical synthesis and bioactivity of preptin, another analogue was also studied, containing AgI 

residues as replacements of Ser(3) and Ser(5) (macrocycle 176). Additionally, to minimise structural 

disruption of the native sequence, it was decided to synthesise a cyclic dicarba analogue where Agl 

residues were introduced at the N- and C-termini of the preptin (1-16) sequence (macrocycle 177). 

We initially focused on the preparation of the dicarba peptide 175. The linear precursor of the 

unsaturated dicarba analogue 175 was therefore prepared using microwave-enhanced Fmoc-SPPS 

using the previously described conditions for peptide 152 (Scheme 59). Following SPPS, the Fmoc 

group of the Nα-amino group at the N-terminal Asp residue was removed and reprotected with a Boc 

protecting group (using Boc2O in DMF) to prevent the formation of side products during the 

metathesis reaction, yielding peptidyl resin 194. RCM was then performed on-resin with 30 mol% 

second generation Hoveyda-Grubbs’ catalyst in CH2Cl2/DMF (v/v; 4:1) under microwave heating for 2 

h (peptidyl resin 195) followed by removal of the macrocycle from the resin with TFA.330 Pleasingly, 

good conversion (65%) to the desired dicarba peptide 175 as an inseparable mixture of cis and trans 

olefin isomers was observed as determined by LC-MS analysis (HRESI-MS, m/z [M+2H]2+ calculated 

for C82H122N20O27 909.4316, observed 909.4415) (Figure 43). The macrocycle 175 was purified by RP-

HPLC to 98% purity, and a yield of 17% giving sufficient material for biological analysis. 
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Scheme 59. Synthesis of macrocyclic dicarba analogue 175. Reagents and conditions: (i) Fmoc-Tyr(tBu)-O-CH2-

phi-OCH2-CH2-COOH, DIC, CH2Cl2, DMF, r.t, 4 h; (ii) Fmoc-SPPS (Fmoc deprotection: 5% piperazine, 0.1 M 6-Cl-

HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 min; coupling: Fmoc-amino acid, HCTU, iPr2EtN, DMF, 25 W, 75 °C, 

5 min (except Fmoc-Arg(Pbf)-OH, r.t, 25 min then 25 W, 72 °C, 5 min)); (iii) Boc2O, DMF, r.t, 2 h; (iv) 30 mol% 

Hoveya-Grubbs' II, CH2Cl2, DMF, 120 W, 100 °C, 2 h; (v) TFA, iPr3SiH, H2O, r.t, 2 h. 

 

Figure 43. Analytical LC-MS chromatograms for the synthesis of macrocycle 175 showing the mass and 

retention time difference between 175 and its linear deprotected precursor. Analysed by Agilent Zorbax 

300SB-C3 column (3.0 x 150 mm; 3.5 µm), gradient 1-61% B over 20 min, 0.3 mL min-1 flow rate. 
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Having established a successful synthetic protocol to access the dicarba analogue of preptin (1-16) 

175, the syntheses of macrocycles 176 and 177 were next investigated (Scheme 60). Despite 

investigating a variety of conditions (Table 8), the metathesis reaction to produce 176 and 177 failed 

to progress. Formation of oligomerised by-products or recovery of the linear peptide precursors was 

only observed. Our failed attempts to prepare these cyclic dicarba analogues are possibly due to the 

metathesis reaction being dependent on the size of the ring being formed and the precise 

positioning of the AgI residues.366 

 

Scheme 60. Attempted syntheses of macrocycles 176 and 177. Reagents and conditions: (i) Refer to conditions 

in Table 8; (ii) TFA, iPr3SiH, H2O, r.t, 2 h. 
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Table 8. Conditions used for the attempted synthesis of the cyclic dicarba peptides 176 and 177. 

Entry Catalyst loading Solvent Time 

1 Hoveyda-Grubbs’ II (30 mol %) CH2Cl2/DMF (4:1) 2 h 

2 Hoveyda-Grubbs’ II (30 mol %) CH2Cl2/DMF (4:1) 4 h 

3 Hoveyda-Grubbs’ II (30 mol %) CH2Cl2/DMF (4:1) (2 x volume) 2 h 

4 Hoveyda-Grubbs’ II (15mol %) CH2Cl2/DMF (4:1) 2 h 

5 Grubbs’ II (30 mol %) CH2Cl2/DMF (4:1) 2 h 

6 Grubbs’ II (30 mol %) CH2Cl2/DMF (4:1) 4 h 

* All reactions were performed under microwave conditions (120 W, 100 ⁰C) 

 

8.4. Synthesis of Head-to-Tail Preptin (1-8) Macrocycle 178 

Previously published data from our peptide laboratory validated the anabolic effect of truncated 

preptin (1-8) which was found to enhance both the proliferation and differentiation of primary 

cultures of foetal rat osteoblasts.319b Our focus was therefore directed to the synthesis of cyclic 

truncated preptin (1-8) analogues. Having developed a good method for head-to-tail 

macrolactamisation of the head-to-tail macrocyclic analogue 173, we decided to put it to use for the 

synthesis of head-to-tail macrocyclic preptin (1-8) 178 (Figure 34 and Scheme 61).  

Thus, the fully protected resin-bound linear peptide was synthesised starting from aminomethyl 

polystyrene resin functionalised with HMPB linker (DIC, CH2Cl2) to which the C-terminal Fmoc-Val-OH 

residue was attached under the activation of DIC and DMAP in DMF (Scheme 61, Path A). 

Subsequent microwave-enhanced Fmoc-SPPS followed by peptide cleavage from resin using 1% TFA 

afforded the side chain-protected linear precursor 196 ready for cyclisation. The critical 

macrocyclisation step was then performed in solution using conditions as previously described for 

head-to-tail macrocycle 173 (HBTU, iPr2EtN, 6-Cl-HOBt in CH2Cl2/DMF). The solution-phase 

cyclisation to access 178 was not efficient and led to accumulation of dimerised by-products or 

recovery of the linear starting material. 
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Scheme 61. Attempted synthesis of macrocycle 178. Reagents and conditions: (i) HMPB linker, DIC, CH2Cl2, 

DMF, r.t, 5 h; (ii) Fmoc-Val-OH, DIC, DMAP, DMF, r.t, 2 x 1 h; (iii) Fmoc-SPPS (Fmoc deprotection: 5% 

piperazine, 0.1 M 6-Cl-HOBt, DMF, 62 W, 75 °C, 1 x 0.5 min + 1 x 3 min; coupling: Fmoc-amino acid, HCTU, 

iPr2EtN, DMF, 25 W, 75 °C, 5 min; (iv) 1% TFA, CH2Cl2, r.t, 4 x 5 min; (v) HBTU, 6-Cl-HOBt, iPr2EtN, CH2Cl2, DMF, 

r.t, 24 h; (vi) TFA, iPr3SiH, H2O, r.t, 2 h. 

It was therefore decided to use an alternative strategy to access 178, employing a pseudoproline 

building block (ΨPro) to aid cyclisation and increase reaction yield (Scheme 61, Path B). These 

commercially available moieties mimic turn-inducing proline in their structure, which may 

potentially result in higher cyclisation yields (See Chapter One).367,368 Introducing a ΨPro residue in 

place of Thr(4) in the preptin (1-8) sequence was also not effective in the macrocylisation step.  

These disappointing results prompted us to explore the use of native chemical ligation (NCL) to 

synthesise cyclic peptide 178.210a 

For the reaction to proceed, NCL requires the presence of a C-terminal thioester moiety and an 

unprotected N-terminal Cys residue in the linear peptide precursor.100 Due to the fact that the 

primary sequence of preptin (1-8) lacks a Cys residue, the linear precursor was designed with a Cys 

residue situated at the N-terminus, replacing the natural Ala.113 Following ligation, the cysteine thiol 

can be selectively cleaved by desulfurization to afford the native sequence.114 The designed 

sequence places Gln at the C-terminus which can be easily functionalised with a thioester moiety. 

The synthetic strategy used to generate 178 is illustrated in Scheme 62. The fully protected linear 

precursor, in which the alanine residue is replaced by Cys, was synthesised manually by stepwise 

Boc-SPPS using in situ neutralization with HATU/iPr2EtN.13 The synthesis was carried out on a 0.2 
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mmol scale using aminomethyl-polystyrene resin, using the HF-labile Boc-Gly-

phenylacetamidomethyl (PAM) linker. After Boc removal, the thioester generating linker S-trityl-3-

mercaptopropionic acid was anchored, which allows for the thioester to be installed directly on-resin 

following removal of the trityl to yield 198. Subsequent coupling to the free thiol with a Boc-Gln-OH 

delivered the on-resin thioester and elongation of the sequence was then performed using the in 

situ neutralization protocol for Boc-SPPS with HATU as the coupling reagent, to yield the resin-bound 

peptide 199.13 

 

Scheme 62. Synthesis of head-to-tail macrocycle 178. Reagents and conditions: (i) Boc-Gly-PAM, DIC, CH2Cl2, 

r.t, 5 h; (ii) 100% TFA, r.t, 2 x 0.5 min; (iii) S-trityl-3-mercaptopropionic acid, HATU, iPr2EtN, DMF, r.t, 30 min; 

(iv) TFA, iPr3SiH, H2O, r.t, 2 x 5 min; (v) Boc-SPPS (Boc deprotection: 100% TFA, r.t, 30 sec; coupling: Boc-amino 

acid, HATU, iPr2EtN, DMF, r.t, 5 min; (vi) HF, p-cresol, 0 °C, 1 h; (vii) 6 M GnHCl, 0.2 M Na2HPO4, 20 mM TCEP, 

100 mM MPAA, pH 6.9, 1 h; (viii) 6 M GnHCl, 0.2 M Na2HPO4, 250 mM TCEP, 50 mM glutathione, 125 mM VA-

044, pH 7.0, 37 ⁰C, 2 h. 

 After the synthesis was complete, peptide cleavage from the resin with concomitant removal of 

side-chain protecting groups was accomplished with anhydrous HF/p-cresol (v/v; 20:1) at 0 °C for 1 

h. Analysis of the crude material by LC-MS gave a major peak whose mass was consistent with that 

of the expected peptide 200 (ESI-MS, m/z [M+H]+; calculated: 983.3, observed: 983.3). 
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Intramolecular native chemical ligation of the linear precursor 200 was accomplished at a peptide 

concentration of 1 mM (pH 6.9) in the freshly degassed buffer 6 M GnHCl buffer, 0.2 M Na2HPO4, 20 

mM TCEP, and 100 mM MPAA. In order to monitor the reaction, small aliquots were periodically 

removed, quenched with 5% TFA in H2O and analysed by RP-HPLC. Under these conditions, the 

cyclisation proceeded fast with quantitative conversion to the Cys-containing peptide 201 taking 

place within 60 min (ESI-MS, m/z [M+H]+; calculated: 820.3, observed: 820.9) (Figure 44). 

 

Figure 44. A section of analytical RP-HPLC chromatograms for the synthesis of the Cys-containing analogue 

201, showing the retention time difference compared to its linear precursor 200. Analysed by Agilent Zorbax 

300SB-C3 column (3.0 x 150 mm; 3.5 µm), gradient 0-100% B over 34 min, 0.3 mL min-1 flow rate. 

Following ligation and isolation of the product, the thiol group of the non-native Cys in 201 was 

reduced to alanine at 37 °C using a mixture of 125 mM radical initiator (VA-044), 250 mM TCEP, and 

50 mM reduced glutathione at pH 7. Pleasingly and as judged by RP-HPLC, full conversion to the 

expected target 178 was observed after 2 hours (HRESI-MS, m/z [M+H]+; calculated for C32H54N9O14 

788.3712, observed: 788.3777) (Figure 45). The macrocycle was then purified by RP-HPLC to 99% 

purity and a yield of 59%. 
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Figure 45. Analytical LC-MS chromatograms for the desulfurisation step, showing the mass and retention time 

difference between macrocycles 201 and 178. Analysed by Agilent Zorbax 300SB-C3 column (3.0 x 150 mm; 3.5 

µm), gradient 0-100% B over 34 min, 0.3 mL min-1 flow rate. 
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9. Secondary Structure Analysis 

Due to the limited knowledge about the mechanism of action of preptin (1-16) (152) in bone, 

structural information of the peptide is important. Thus, we investigated the secondary structure of 

preptin (1-16) (152) and compared it to the secondary structure of its macrocyclic analogues 173-

175 to assess any conformational changes resulting from chemical modifications. CD spectra were 

recorded between 180 and 300 nm in 20 mM phosphate buffer (pH 7.27) or in a buffer containing 

30% TFE and the units were converted to molar ellipticity [Ɵ]. 

At physiological pH, the CD spectrum of preptin (1-16) (152) shows a negative minimum at around 

200 nm which is characteristic of a random coil conformation (Figure 46A). It is also important to 

note the presence of a maximum at 220 nm, which has previously been observed in polyproline 

peptides.369 Similar results were also previously reported for the full-length preptin (1-34).353 The 

random coil conformation may be attributed to the multiple prolines in the sequence, which are 

known to be helix breakers.370 Under slightly acidic conditions, native preptin (1-16) (152) has a fully 

random coil conformation with the disappearance of the maximum at 220 nm (Figure 46A). 

The macrocyclic dicarba analogue 175 exhibits very similar secondary structure to the native preptin 

(1-16) 152, with the appearance of the maxima at 220 nm (Figure 46B). Interestingly, the head-to-

tail macrocyclic analogue 173 and head-to-side chain macrocyclic analogue 174 show a slightly 

different secondary structure to the native preptin (1-16) (152), with the disappearance of the 

maxima at 220 nm, indicating a fully random coil conformation. 
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Figure 46. Circular dichroism spectroscopy data acquired at 50 µM in 20 mM phosphate buffer of (A) preptin 

(1-16) (152) at pH 7.27 and pH 6.01; and (B) peptides 152, and 173-175 at pH 7.27. 
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10. Osteoblast Proliferative Activity of preptin (1-16) and (1-8) analogues 

The macrocyclic analogues 173-175 and 178 were evaluated for their osteoblast proliferative 

activities on primary rat osteoblasts using [3H]-thymidine-based assay. The activities were measured 

over 10-8 to 10-10 M physiological concentration range. 

Disappointingly, none of the analogues exhibited a statistically significant proliferative activity on 

osteoblast cells (Figure 47). The loss of activity for the macrocyclic analogues 173-175 suggests that 

the bioactive conformation of the linear preptin (1-16) (152) is not present within the 

conformational space of the macrocyclic peptides, assuming both systems present similar 

pharmacokinetics. This work is an example of when constrained geometries do not necessarily lead 

to improvements in the bioactivity of a linear “flexible” peptide. 

 

Figure 47. Effect of preptin (1-16) macrocyclic analogues 173-175 and 178 on primary rat osteoblast 

proliferation, assessed by [3H]-thymidine incorporation. Data are expressed as a ratio of treatment to control 

and presented as mean ± SEM from combined experiments. There were three biological repeats 

performed on each peptide concentration. 
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11. Conclusions of Part 3 

An understanding of structure-activity studies of preptin (1-16) (152), a bone-anabolic peptide 

fragment derived from the pancreatic islet cells is required to advance chemical optimisation of 

preptin analogues in order to develop superior anabolic drugs for the treatment of osteoporosis. 

Sixteen alanine scan analogues (peptides 153-168) of preptin (1-16) were synthesised and osteoblast 

assays revealed that two residues (Ser(3) and Pro(14)) can be further modified for improved activity. 

Incorporation of hydrophobic, non-proteinogenic amino acids at position 3 of the native peptide 152 

resulted in the synthesis of second generation analogues (peptides 169-172). Although these 

modifications resulted in improved stability, a loss of osteoblast proliferative activity was observed. 

Furthermore, four macrocyclic analogues (peptides 173-175 and 178) were synthesised using head-

to-tail and head-to-side chain macrolactamisation as well as ring closing metathesis strategies. 

Although the cyclic peptides are predicted to be more metabolically stable than native preptin (1-16) 

(152), a loss of osteoblast proliferative activity was observed. The inability of preptin (1-16) 

analogues 169-172 to stimulate the proliferation of osteoblasts can be attributed to the altered 

hydrophilicity compared to native preptin (1-16) (152) and bioactive analogue 155 (Ser(3) to Ala) 

and/or the introduction of non-native modifications. Another possible reason for the inactivity of the 

macrocyclic analogues 173-175 and 178 is the structural constraint imposed by the cyclic structures 

and the inability to access the important bioactive conformation. In addition, the synthesis of head-

to-side chain macrocycle 174 resulted in alteration of the side chain carboxylic acid of Asp-12, a 

residue that should not be modified as informed by the alanine scan study. Finally, the lack of 

activity of the cyclic peptides may also be due to their different pharmacokinetic properties relative 

to the linear parent peptide 152. 
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Figure 48. Rat preptin (1-16) (152) and its successfully synthesised analogues. 
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12. Future Work for Part 3 

In addition to Ser(3), Pro(14) can also be replaced without affecting the bone-anabolic activity of 

preptin (1-16). Hence, the synthesis and bioactivity studies of analogues that contain non-

proteinogenic amino acids at position 14 will be investigated. 

Previous studies have shown that preptin induces secretion of connective tissue growth factor 

(CTGF), a known anabolic growth factor that affects osteoblast proliferation, differentiation and 

function.371 However, it is still unknown whether preptin induces secretion of stored CTGF from 

secretory granules or it actually up-regulates the production of CTGF through acting on the RNA 

level. Therefore, we will also investigate preptin (1-16)-induced CTGF secretion using gene 

expression analysis in an attempt to get new information on the downstream signalling pathway 

induced by preptin. 
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12. Experimental 

12.1. General Information 

All reagents were acquired as reagent grade from commercial sources and used without further 

purification. Solvents for RP-HPLC were purchased as RP-HPLC grade and used without further 

purification. 6-Chloro-1-hydroxybenzotriazole (6-Cl-HOBt) was purchased from Aapptec (Louisville, 

Kentucky). O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N”-tetramethyluronium hexafluorophosphate (HCTU), 

O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU), (benzotriazol-1-

yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP), 2-chlorotrityl chloride resin, S-trityl-

mercaptopropionic acid, and di-tert-butyl dicarbonate (Boc2O) were purchased from GL Biochem 

(Shanghai, China). N,N-dimethylformamide (DMF) (AR grade), and acetonitrile (CH3CN) [high-

performance liquid chromatography (HPLC) grade], and hydrochloric acid (HCl) were purchased from 

Scharlau (Barcelona, Spain). N,N’-diisopropylethylamine (iPr2EtN), piperazine, triisopropylsilane (iPr3SiH), 

N,N’-diisopropylcarbodiimide (DIC), phenylsilane (PhSiH3), Hoveyda-Grubbs’ II catalyst, Grubbs’ II 

catalyst, 2,2,2-trifluoroethanol (TFE), formic acid, 4-mercaptophenylacetic acid (MPAA), tris(2-

carboxyethyl)hydrochloride (TCEP.HCl), glutathione and caffeine were purchased from Sigma–Aldrich 

(Sydney, Australia). Aminomethyl polystyrene resin (AM-PS) was synthesised “in house” as previously 

described in the literature.31 Dichloromethane (CH2Cl2) was purchased from ECP Limited (Auckland, New 

Zealand). Fmoc-homoleucine was purchased from Chem-Impex International (Illinois, USA). Fmoc-1-

amino-1-cyclobutane carboxylic acid, Boc-Gly-PAM (PAM = phenylacetamidomethyl), and Fmoc-AA-O-

CH2-Phi-OCH2-CH2-COOH (Fmoc-AA-HMPP) were purchased from PolyPeptide Laboratories Group 

(Strasbourg, France). Diethyl ether (Et2O) was purchased from Avantor Performance Materials. 

Trifluoroacetic acid (TFA) was purchased from Halocarbon (River Edge, USA). Dimethyl sulfoxide (DMSO) 

was purchased from Romil Ltd (Cambridge, UK). 4-(4-Hydroxymethyl-3-methoxyphenoxy)-butyric acid 

(HMPB linker) was purchased from NovaBioChem (Läufelfingen, Switzerland). Anhydrous hydrogen 

fluoride (HF) was purchased from Matheson Trigas (Basking Ridge, New Jersey). 2,2’-Azobis[2-(2-

imidazolin2-yl)propane]dihydrochloride (VA-044) was purchased from Wako Pure Chemical Industries 

(Osaka, Japan). Tetrakis(triphenylphosphine)palladium (Pd(PPh3)3) was synthesised “in house” as 

previously described.372 

The following Fmoc-amino acids were purchased from GL Biochem: Fmoc-norleucine,  Fmoc-norvaline, 

Fmoc-propargyl glycine (Fmoc-Pgl), Fmoc-allylglycine-OH (Fmoc-AgI), Fmoc-Phe-OH, Fmoc-Pro-OH, 

Fmoc-Leu-OH, Fmoc-Val-OH, Fmoc-Ala-OH, and Fmoc protected amino acids with the following side 

chain protection: Fmoc-Asp(tBu)-OH (tBu = tert-butyl) , Fmoc-Asp-OtBu, Fmoc-Ser(tBu)-OH, Fmoc-
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Thr(tBu)-OH, Fmoc-Gln(Trt)-OH (Trt = triphenylmethyl), Fmoc-Arg(Pbf)-OH (Pbf = 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl), Fmoc-Tyr(tBu)-OH, Fmoc-Asp(OAllyl)-OH and Fmoc-Asp-

OAllyl. 

The following Boc-amino acids were purchased from PolyPeptide laboratories: Boc-Val-OH, Boc-Ala-OH, 

Boc-Gln-OH, and Boc protected amino acids with the following side chain protection: Boc-Asp(cHex)-OH 

(cHex = cyclohexyl), Boc-Cys(4-MeBn)-OH (Bn = benzyl), Boc-Ser(Bn)-OH, Boc-Thr(Bn)-OH. 

RP-HPLC and LC-MS 

Analytical RP-HPLC spectra were acquired on a Dionex P680 system using an analytical column 

(Phenomenex Gemini C18, 250 x 4.6 mm; 5 µm) at a flow rate of 1 mL min-1, using gradient systems 

as indicated in the figures. A linear gradient of 5% solvent B to 65% was used (where solvent A was 

0.1% TFA in water and solvent B was 0.1% TFA in CH3CN) with detection at 210 nm and 254 nm. The 

ratio of products was determined by integration of spectra recorded at 210 nm or 214 nm. LCMS 

spectra were acquired on an Agilent Technologies 1120 Compact LC equipped with a Hewlett 

Packard 1100 MSD mass spectrometer using an analytical column (Agilent Zorbax 300SB-C3, 3.0 mm 

x 150 mm, 3.5 µm) at a flow rate of 0.3 mL min-1 using gradients specified in the text. High resolution 

mass spectra were obtained on a Bruker micrOTOFQ mass spectrometer. Semi-preparative RP-HPLC 

was performed on a Waters 600E system using a semi-preparative column (Waters XTerra® C18, 300 

mm x 19 mm, 10 µm) at a flow rate of 10 mL min-1 and eluted using a one-step slow gradient 

protocol with a detection at 210 nm 339 Fractions were collected, analysed by RP-HPLC and LC-MS, 

pooled and lyophilised three times with 10 mM aq HCl. 

12.2. Peptide Synthesis 

Synthesis of peptides 152-172 

For peptides 152-167 and 169-172, a solution of Fmoc-Tyr(tBu)-O-CH2-phi-OCH2-CH2-COOH (127.5 

mg, 0.2 mmol) and DIC (31 µL, 0.2 mmol) in CH2Cl2/DMF (v/v; 2:1, 3 mL) was added to pre-swollen 

(CH2Cl2, 3 mL, 20 min) aminomethyl polystyrene resin (110.0 mg, 0.1 mmol, loading 0.91 mmol g-1) 

and the mixture gently agitated for 4 h, at room temperature, filtered and washed with DMF (4 x 3 

mL). A negative Kaiser test341 confirmed the coupling. For peptide 168 however, Fmoc-Ala-O-CH2-

phi-OCH2-CH2-COOH (97.9 mg, 0.2 mmol) was used instead for the loading step. 

Extension of the C-terminal amino acid was performed via Fmoc-SPPS on a Liberty Microwave 

Peptide Synthesiser (CEM Corporation, Mathews, NC). All amino acid couplings were performed as 
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single coupling cycles, with the exception of Fmoc-Arg(Pbf)-OH where a double coupling cycle was 

performed as part of a synthetic protocol recommended by CEM Microwave Technology. Couplings 

were performed using a mixture of Fmoc-amino acid (0.4 mmol, 0.2 M), HCTU (0.36 mmol, 0.45 M) 

and iPr2EtN (0.8 mmol, 2M) in DMF for 5 min, at 25 W and a maximum temperature of 75 °C, except 

Fmoc-Arg(Pbf)-OH that was initially coupled for 25 min at room temperature which was followed by 

the second coupling for 5 min, at 25 W and a maximum temperature of 72 °C. The Fmoc group was 

removed using 5% (w/v) solution of piperazine with 0.1 M 6-Cl-HOBt in DMF (1 x 30 sec then 1 x 3 

min). A 30 sec deprotection cycle was followed by a second deprotection for 3 min using microwave 

conditions of 62 W and a maximum temperature of 75 °C. 

The resulting peptides were released from the resin with concomitant removal of the side chain 

protecting groups by treatment with TFA/iPr3SiH/H2O (v/v/v; 95:2.5:2.5, 5 mL) at room temperature 

for 2 h. The resin was removed by filtration, washed with TFA (2 x 3 mL) and the combined filtrates 

were concentrated. The crude peptides were recovered by precipitation with cold diethyl ether, 

isolated by centrifugation (2 x 10 min; 3000 rpm), re-suspended with H2O/CH3CN (v/v; 1:1), and 

lyophilised. 
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A. Preptin (1-16) 152 

 

Peptide 152 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (174 mg). RP-HPLC purification afforded peptide 152 as an amorphous solid (103 mg, 

59% yield, 99% purity); Rt 12.69; m/z (ESI-MS) 1809.8 ([M+H]+ requires 1809.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

B. Peptide 153 

 

Peptide 153 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (168 mg). RP-HPLC purification afforded peptide 153 as an amorphous solid (108 mg, 

64% yield, 99% purity); Rt 12.66; m/z (ESI-MS) 1765.6 ([M+H]+ requires 1765.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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C. Peptide 154 

 

Peptide 154 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl 

polystyrene resin (0.1 mmol), which following the cleavage conditions in the general procedure 

afforded the crude peptide (171 mg). RP-HPLC purification afforded peptide 154 as an 

amorphous solid (104 mg, 61% yield, 99% purity); Rt 12.48; m/z (ESI-MS) 1781.6 ([M+H]+ requires 

1781.9). (Analysed using a linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

D. Peptide 155 

 

Peptide 155 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (169 mg). RP-HPLC purification afforded peptide 155 as an amorphous solid (101 mg, 

60% yield, 99% purity); Rt 12.80; m/z (ESI-MS) 1793.6 ([M+H]+ requires 1793.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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E. Peptide 156 

 

Peptide 156 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (172 mg). RP-HPLC purification afforded peptide 156 as an amorphous solid (88 mg, 

51% yield, 99% purity); Rt 12.80; m/z (ESI-MS) 1779.6 ([M+H]+ requires 1779.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

F. Peptide 157 

 

Peptide 157 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (166 mg). RP-HPLC purification afforded peptide 157 as an amorphous solid (95 mg, 

57% yield, 98% purity); Rt 12.90; m/z (ESI-MS) 1794.4 ([M+H]+ requires 1793.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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G. Peptide 158 

 

Peptide 158 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (151 mg). RP-HPLC purification afforded peptide 158 as an amorphous solid (85 mg, 

56% yield, 99% purity); Rt 12.60; m/z (ESI-MS) 1752.8 ([M+H]+ requires 1752.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

H. Peptide 159 

 

Peptide 159 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (157 mg). RP-HPLC purification afforded peptide 159 as an amorphous solid (79 mg, 

50% yield, 99% purity); Rt 12.30; m/z (ESI-MS) 1796.0 ([M+H]+ requires 1795.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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I. Peptide 160 

 

Peptide 160 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (153 mg). RP-HPLC purification afforded peptide 160 as an amorphous solid (50 mg, 

33% yield, 99% purity); Rt 11.80; m/z (ESI-MS) 1781.8 ([M+H]+ requires 1781.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

J. Peptide 161 

 

Peptide 161 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (170 mg). RP-HPLC purification afforded peptide 161 as an amorphous solid (80 mg, 

47% yield, 99% purity); Rt 12.80; m/z (ESI-MS) 1767.8 ([M+H]+ requires 1767.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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K. Peptide 162 

 

Peptide 162 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (165 mg). RP-HPLC purification afforded peptide 162 as an amorphous solid (18 mg, 

11% yield, 99% purity); Rt 12.70; m/z (ESI-MS) 1783.8 ([M+H]+ requires 1783.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

L. Peptide 163 

 

Peptide 163 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (161 mg). RP-HPLC purification afforded peptide 163 as an amorphous solid (79 mg, 

49% yield, 99% purity); Rt 12.80; m/z (ESI-MS) 1765.8 ([M+H]+ requires 1765.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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M. Peptide 164 

 

Peptide 164 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (147 mg). RP-HPLC purification afforded peptide 164 as an amorphous solid (91 mg, 

62% yield, 99% purity); Rt 12.90; m/z (ESI-MS) 1765.6 ([M+H]+ requires 1765.9). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

N. Peptide 165 

 

Peptide 165 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (158 mg). RP-HPLC purification afforded peptide 165 as an amorphous solid (49 mg, 

31% yield, 99% purity); Rt 11.10; m/z (ESI-MS) 1734.0 ([M+H]+ requires 1733.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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O. Peptide 166 

 

Peptide 166 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (162 mg). RP-HPLC purification afforded peptide 166 as an amorphous solid (63 mg, 

39% yield, 99% purity); Rt 12.70; m/z (ESI-MS) 1783.2 ([M+H]+ requires 1783.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

P. Peptide 167 

 

Peptide 167 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (155 mg). RP-HPLC purification afforded peptide 167 as an amorphous solid (56 mg, 

36% yield, 99% purity); Rt 13.60; m/z (ESI-MS) 1724.8 ([M+H]+ requires 1724.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 
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Q. Peptide 168 

 

Peptide 168 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (169 mg). RP-HPLC purification afforded peptide 168 as an amorphous solid (88 mg, 

52% yield, 99% purity); Rt 12.10; m/z (ESI-MS) 1718.0 ([M+H]+ requires 1717.8). (Analysed using a 

linear gradient of 5%B to 65%B over 20 min, ca 3%B per minute). 

 

 

R. Peptide 169 

 

Peptide 169 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (142 mg). RP-HPLC purification afforded peptide 169 as an amorphous solid (75 mg, 

53% yield, 99% purity); Rt 17.20; m/z (ESI-MS) 1835.6 ([M+H]+ requires 1835.9). (Analysed using a 

linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 
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S. Peptide 170 

 

Peptide 170 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (156 mg). RP-HPLC purification afforded peptide 170 as an amorphous solid (59 mg, 

38% yield, 98% purity); Rt 17.80; m/z (ESI-MS) 1849.8 ([M+H]+ requires 1849.9). (Analysed using a 

linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 

 

 

T. Peptide 171 

 

Peptide 171 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (172 mg). RP-HPLC purification afforded peptide 171 as an amorphous solid (69 mg, 

40% yield, 99% purity); Rt 16.60; m/z (ESI-MS) 1821.8 ([M+H]+ requires 1821.9). (Analysed using a 

linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 
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U. Peptide 172 

 

Peptide 172 was synthesised using microwave-enhanced Fmoc-SPPS on an aminomethyl polystyrene 

resin (0.1 mmol), which following the cleavage conditions in the general procedure afforded the 

crude peptide (155 mg). RP-HPLC purification afforded peptide 172 as an amorphous solid (47 mg, 

30% yield, 99% purity); Rt 16.80; m/z (ESI-MS) 1819.6 ([M+H]+ requires 1819.9). (Analysed using a 

linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 

 

 

Synthesis of head-to-tail macrocycle 173 

 

Fmoc-Val-OH (67.9 mg, 0.2 mmol) was dissolved in CH2Cl2 (2 mL) and added to 2-ClTrtCl resin (53 mg, 

0.1 mmol, loading 0.8-3.0 mmol g-1). iPr2EtN (35 µL, 0.2 mmol) was then added and the mixture was 

shaken at room temperature for 1 h. The resin was then filtered, washed with DMF, and unreacted 

resin beads were capped by treatment with CH2Cl2/CH3OH/iPr2EtN (v/v/v; 80:15:5) (2 x 10 min). The 

resin was then washed with DMF (4 x 3 mL). The remaining sequence was assembled using 

microwave-enhanced Fmoc-SPPS, as described in the synthesis of peptide 152. Peptidyl-resin 182 

was then suspended in a mixture of TFE/CH2Cl2 (v/v; 2:8, 5 mL), shaken at room temperature for 1 h, 
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and filtered. The residual solvents were then removed in vacuo under pressure and the residue was 

re-suspended in 70% aq CH3CN (30 mL) and lyophilised to afford linear precursor 184 (60.7 mg, 

23%).  

To a stirring solution of iPr2EtN (13.1 µL, 75 µmol) in CH2Cl2 (10 mL) was added a mixture of the 

linear protected peptide 184 (40.5 mg, 15 µmol), HBTU (17.1 mg, 45 µmol), and 6-Cl-HOBt (7.63 mg, 

45 µmol) in CH2Cl2/DMF (v/v; 9:1) (10 mL) dropwise at a rate of 1.0 mL h-1. After complete addition 

of the reagents, the reaction mixture was concentrated under reduced pressure, diluted with H2O 

(15 mL) and lyophilised. The side chain protecting groups were removed by treatment with 

TFA/iPr3SiH/H2O (v/v/v; 95:2.5:2.5, 5 mL) at room temperature for 2 h. The crude peptide was 

recovered by precipitation with cold diethyl ether, isolated by centrifugation (2 x 10 min; 3000 rpm), 

re-suspended with H2O/CH3CN (v/v; 1:1, 30 mL), and lyophilised. The product was purified to more 

than 96% purity by semi-preparative RP-HPLC to afford the title compound 173 which was 

lyophilised three times from 10 mM aq HCl to yield the macrocycle as an amorphous solid (15.9 mg, 

59% yield, 99% purity); Rt 17.50; m/z (HRESI-MS) 896.4317 ([M+2H]2+ required for C80H120N20O27 

896.9753). (Analysed using a linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 

 

 

 

 



  182 

Synthesis of head-to-side chain macrocycle 174 

 

For peptides 193, a solution of Fmoc-Tyr(tBu)-O-CH2-phi-OCH2-CH2-COOH (127.5 mg, 0.2 mmol) and 

DIC (31 µL, 0.2 mmol) in CH2Cl2/DMF (v/v; 2:1, 3 mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) 

aminomethyl polystyrene resin (110.0 mg, 0.1 mmol, loading 0.91 mmol g-1) and the mixture gently 

agitated for 4 h, at room temperature, filtered and washed with DMF (4 x 3 mL). A negative Kaiser 

test341 confirmed the coupling. For peptide 192 however, a solution of HMPB linker (72.1 mg, 0.3 

mmol) and DIC (47 µL, 0.3 mmol) in CH2Cl2/DMF (v/v; 2:1, 3 mL) was added to pre-swollen (CH2Cl2, 3 

mL, 20 min) aminomethyl polystyrene resin (110.0 mg, 0.1 mmol, loading 0.91 mmol g-1) and the 

mixture was shaken for 4 h at room temperature, filtered, and washed with DMF (4 x 3 mL). A 

negative Kaiser test341 confirmed the coupling. A mixture of Fmoc-Asp-OAllyl (118.6 mg, 0.3 mmol), 

DIC (47 µL, 0.3 mmol) and DMAP (1.2 mg, 0.01 mmol) in DMF (3 mL) was then added to the resin and 

the reaction mixture was shaken for 1 h at room temperature. This procedure was repeated once 

with fresh reagents. The remaining sequence was assembled using microwave-enhanced Fmoc-SPPS, 

as described in the synthesis of peptides 152-172. The complete side chain-protected peptide was 

released from the resin by the treatment of 1% (v/v) TFA in CH2Cl2 (4 mL) (4 x 5 min) followed by 

removing the resin by filtration. Solvent from the combined filtrates was evaporated under reduced 

pressure and the residue was re-suspended in 70% aq CH3CN and lyophilised to yield the protected 

linear precursor, which was used without further purification. The macrolactamisation step was 

performed, as described in the synthesis of 173, to yield peptide 191. To peptide 191 in CH2Cl2 (3 mL) 

was added Pd(PPh3)4 (0.69 mg, 0.6 µmol) and PhSiH3 (14.8 µL, 120 µmol), and the mixture was 

shaken at room temperature for 2 h under argon gas. This procedure was repeated once with fresh 

reagents. 40% aq CH3CN (20 mL) was then added to quench the reaction and the product recovered 

by solid phase extraction (SPE) and lyophilised to afford the protected peptide 192. 

A mixture of peptide 192 (175.1 mg, 0.1 mmol), DIC (15.5 µL 0.1 mmol) and 6-Cl-HOBt (17 mg, 0.1 

mmol) in CH2Cl2 (3 mL) was added to the pre-swollen (CH2Cl2, 3 mL, 20 min) peptidyl resin 193 (0.05 

mmol) and the mixture was shaken at room temperature for 4 h. The resulting peptide was released 
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from the resin with concomitant removal of side chain protecting group by treating the resin with 

the TFA mixture. The product was purified to more than 97% purity by semi-preparative RP-HPLC to 

afford the title compound 174 which was lyophilised three times from 10 mM aq HCl to yield the 

macrocycle as a white solid (9.9 mg, 11% yield, 99% purity); Rt 15.90; m/z (HRESI-MS) 896.4343 

([M+2H]2+ required for C80H120N20O27 896.9753). (Analysed using a linear gradient of 5%B to 65%B 

over 30 min, ca 2%B per minute). 
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Synthesis of the cyclic dicarba macrocycle 175 

 

A solution of Fmoc-Tyr(tBu)-O-CH2-phi-OCH2-CH2-COOH (127.5 mg, 0.2 mmol) and DIC (31 µL, 0.2 

mmol) in CH2Cl2/DMF (v/v; 2:1, 3 mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) aminomethyl 

polystyrene resin (110.0 mg, 0.1 mmol, loading 0.91 mmol g-1) and the mixture gently agitated for 4 

h, at room temperature, filtered and washed with DMF (4 x 3 mL). A negative Kaiser test341 

confirmed the coupling. The remaining sequence was assembled using microwave-enhanced Fmoc-

SPPS, as described in the synthesis of peptides 152-172, to afford 194. Following completion of the 

synthesis, Boc2O (230.0 mg, 1.0 mmol) in DMF (2 mL) was added to the peptidyl-resin and the 

mixture was shaken at room temperature for 2 h, filtered, and washed with DMF (4 X 3 mL), CH2Cl2 

(4 x 3 mL), and dried under vacuum. The resin-bound peptide 194 (81 mg, 32.5 µmol) was suspended 

in a mixture of CH2Cl2/DMF (v/v; 4:1, 5 mL), while bubbling under Argon for 15 min. Hoveyda Grubbs’ 

II catalyst (9.8 µmol, 30 mol%) was then added and the mixture immediately subjected to closed 

vessel microwave irradiation power of 120 W at a maximum temperature of 100 оC  for 2 h. The 

peptidyl-resin was then isolated by filtration, washed with CH2Cl2 (4 x 3 mL), DMF (4 x 3 mL), and left 

to shake in DMSO (3 mL) overnight.335a The resulting peptide was released from the resin with 

concomitant removal of the side chain protecting groups by treatment with TFA/iPr3SiH/H2O (v/v/v; 

95:2.5:2.5, 5 mL) at room temperature for 2 h. The resin was removed by filtration, washed with TFA 

(2 x 3 mL) and the combined filtrates were concentrated. The crude peptides were recovered by 

precipitation with cold diethyl ether, isolated by centrifugation (2 x 10 min; 3000 rpm), re-suspended 

with H2O/CH3CN (v/v; 1:1), and lyophilised. The product was purified to more than 96% purity by 

semi-preparative RP-HPLC to afford the title compound 175 which was lyophilised three times from 

10 mM aq HCl to yield the macrocycle as a white solid (10 mg, 17% yield, 99% purity); Rt 16.10; m/z 

(HRESI-MS) 909.4415 ([M+2H]2+ required for C82H122N20O27 909.4316) (Analysed using a linear 

gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 
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Synthesis of head-to-tail macrocycle 178 

 

A mixture of Boc-Gly-PAM (111.7 mg, 0.4 mmol) and DIC (62 µL, 0.4 mmol) in CH2Cl2 (3 mL) was 

added to pre-swollen (in CH2Cl2) in-house aminomethyl polystyrene resin (220 mg, 0.2 mmol, loading 

of 0.91 mmol g-1). The reaction mixture was gently agitated for 5 h followed by washing the resin 

with DMF. The Boc protecting group was deprotected with TFA (4 mL, 2 x 30 sec), following by 

washing the resin with DMF. A mixture of S-trityl-mercaptopropionic acid (139.4 mg, 0.4 mmol), 

HATU (140.7 mg, 0.37 mmol), and iPr2EtN (139.4 µL, 0.8 mmol) in DMF (3 mL) was then added to the 

resin and the reaction mixture was shaken for 30 min. The resulting trityl-mercaptopropionic acid-

Gly resin was used as a starting resin for polypeptide chain assembly. Trityl-protecting group was 

removed by the treatment with TFA/iPr3SiH/H2O (v/v/v; 95:2.5:2.5) (2 x 5 min). The linear precursor 

peptide was synthesised manually using the Boc in situ neutralisation procedure using 100% TFA as 

deblocking reagent and HATU/iPr2EtN as coupling reagent.13 After chain assembly was complete, the 

resulting peptide was released from the resin with concomitant removal of side chain protecting 

group by treating with anhydrous HF/p-cresol (v/v; 20:1, 10 mL) for 1 h at 0 °C.  Following 

evaporation of HF, cold Et2O was added and the precipitated product was isolated by centrifugation 

(4000 rpm, 6 min). The precipitated product 200 was dissolved in 50% aq CH3CN and lyophilised. 

Without further purification, cyclisation of linear peptide 200 to 201 was performed using the 

ligation buffer (6 M GnHCl, 0.2 M Na2HPO4, 20 mM TCEP, and 100 mM MPAA) at a final 

concentration of 1 mM. The buffer was briefly degassed under argon and its pH was adjusted to 6.9 

by the addition of 10 M NaOH. The reaction was complete within 1 h, as judged by RP-HPLC. 

Reductive desulfurisation of of Cys in peptide 201 to Ala was performed at a final concentration of 1 

mM in an aqueous buffer (6 M GnHCl, 0.2 M Na2HPO4, 250 mM TCEP). The buffer was briefly 

degassed under argon and added to a mixture containing peptide 201, 125 mM VA-044, and 50 mM 

glutathione. pH of the new mixture was adjusted to 7 and the reaction was shaken at 37 °C until 

completion. LC-MS revealed formation of the desulfurized product which was then purified to more 

than 98% purity by semi-preparative RP-HPLC to afford the title compound 178 which was 

lyophilised three times from 10 mM aq HCl to yield the macrocycle as a white solid (25 mg, 59% 

yield). Rt 7.60; m/z (HRESI-MS) 788.3777 ([M+H]+ required for C32H54N9O14 788.3712) (Analysed using 

a linear gradient of 5%B to 65%B over 30 min, ca 2%B per minute). 
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12.3. Biological Assays 

Peptide stability assay. Animal tissue conformed to institutional guidelines and approval was obtained 

from the Animal Ethics Committee, The University of Auckland. Male Sprague-Dawley rat livers were 

obtained from the Animal Resources Unit, Faculty of Medical and Health Sciences, The University of 

Auckland. Microsomes pooled from male Sprague-Dawley rat livers (250-300 g) were prepared using 

the classical differential sedimentation method described by Gill et al.373 Microsomal protein 

concentration was determined by the method of Lowry et al.374 Microsomes were split into 500 µL 

aliquots and stored at -80 ⁰C so that only one freeze-thaw cycle occurred prior to use. Peptides at the 20 

µM concentration were incubated at 37 ⁰C with rat liver microsomes (0.5 mg mL-1) in potassium 

phosphate buffer (67 µM, pH 7.4) to give a final volume of 2 mL. After 20 min, aliquots (250 µL) were 

taken and added to cold CH3CN (750 µL). As an internal standard, caffeine (2 µg mL-1, 64 µL) was added 

to each aliquot and stored at -20 ⁰C overnight. The samples were centrifuged twice at 14,500 rpm for 12 

min, and the supernatant was collected. The solvent was evaporated in a Speed-Vac, followed by 

lyophilisation. Samples were stored at -20 ⁰C until analysis by HPLC. The experiment was performed in 

duplicates. Data were analysed using analysis of variance with post-hoc Dunnett’s tests for significant 

main effect. A 5% significance level (two-tailed) was used throughout. 
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Primary rat osteoblast proliferation and differentiation assays. Osteoblasts were isolated from 20-day 

foetal rat calvariae, as previously described.336 Briefly, calvariae were excised and the frontal and 

parietal bones, free of suture and periosteal tissue, were collected. The calvariae were sequentially 

digested using collagenase (Sigma-Aldrich, Australia) and the cells from third and fourth digests were 

collected, pooled and washed. The osteoblast proliferation and differentiation assays were performed 

using the same procedures described in Chapter 2/Part 2/Section 12.4. 

Circular dichroism (CD) spectroscopy. All CD spectra were recorded using a Pi Star-180 (Applied 

Photophysics, UK) spectrometer using the same procedure described in Chapter 2/Part 2/Section 12.4. 

The measurements were performed at peptide concentrations of 50 µM in 20 mM sodium phosphate 

buffer with a pH of 7.21. 
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1. Lactic Acid Bacteria 

Bacterial pathogens are considered a growing serious threat to global public health due to the 

increasing spread of antibiotic resistance. Most of the commonly used antibiotics affect one of these 

bacterial targets: cell wall synthesis, DNA/RNA synthesis, protein synthesis, folate esynthesis, or 

membrane integrity. The innovative gap of the genomic era375 has caused a despairing requirement 

for novel antibiotics for the treatment of infectious diseases caused by multi-drug resistant 

bacteria.376 Can we acquire more knowledge from bacteria themselves? 

 Lactic acid bacteria (LAB) are gram-positive, non-sporulating, and acid-tolerant bacteria. They are 

defined for their ability to ferment hexose sugars primarily to lactic acid.377 This is advantageous in 

that it allows LAB to outgrow other organisms which have limited survival or do not grow in low pH 

environments. Along with the ability to produce lactic acid, many LABs are producers of small and 

diverse anti-microbial peptides termed bacteriocins.378 
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2. Bacteriocins 

Bacteriocins are ribosomally synthesised polypeptides secreted by bacteria as a defence 

mechanism.379 Many bacteriocins have short sequences (20-50 residues) with cationic N-terminal 

regions that are able to bind to negatively charged cell membranes, allowing the hydrophobic C-

terminal regions to introduce pores into membranes, killing the target species.380 However, a few 

bacteriocin compounds are bacteriostatic which can slow or stop the growth of their target species 

without killing them. 

Although bacteriocins are usually considered as antibiotics, they are not. Bacteriocins have 

antibacterial activities against strains of species that are related to the producing species and 

specifically strains of the same species. On the other hand, antibiotics affect a wider spectrum and 

do not show an antibacterial effect on closely related strains. In addition, due to their proteinaceous 

nature, bacteriocins can be simply degraded by proteolysis, particularly those in the mammalian 

gastrointestinal tract, which gives them an advantage of being safer for human consumption.381 

Amongst bacteriocins, those secreted by LAB (e.g. nisin) have been of special interest due to their 

potential as both natural food preservatives and as antibacterial agents.382 LAB bacteriocins are 

naturally tolerant to high thermal stress and are well-known for their narrow spectrum of activity 

over a broad pH range. 

Due to their structural, functional, and phylogenetic diversity, there has been much debate over the 

classification of LAB bacteriocins. The history of the bacteriocin classification schemes is very 

extensive and is outside the scope of this chapter but, Cotter et al.379, Zouhir et al.383, and Nissen-

Meyer et al.384 have published excellent analyses on the subject. Recently, Cotter et al.379 suggested 

a classification for bacteriocins with only two classes: modified bacteriocins (class I) and unmodified 

or cyclic bacteriocins (class II) (Table 9). The basis for this division is the presence of unusual post-

translational modifications, for example lanthionine and S-glycosylated residues, sulfur-α-carbon 

linkages, lasso structures, and so on. While this Cotter’s classification scheme is challenging in that a 

few bacteriocins can fall into more than one subdivision, and large sized bacteriocins are excluded, it 

has the advantage of simplicity and is therefore selected for the classification of bacteriocins in this 

thesis. 
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Table 9. The two-class classification scheme suggested by Cotter et al.379, 382a 

Group Distinguishing feature Example 

Class I (modified bacteriocins) 

MccC7-C51-type 

bacteriocins 

A modified adenosine monophosphate covalently linked to a C-

terminal Asp residue 

MccC7-C51 

Lasso peptides Lasso structure MccJ25 

Azole- or azoline-

containing peptides 

Heterocycles as the only modifications MccB15 

Lantibiotics Lanthionine bridges Nisin 

Linaridins Dehydrated amino acids Cypemycin 

Proteusins Multiple hydroxylations, methylations, and epimerisations Polytheonamide A 

Sactibiotics Sulfur-α-carbon linkages Subtilosin A 

Patellamide-like 

cyanobactins 

Heterocycles and undergo macrocyclisation Patellamide A 

Anacyclamide-like 

cyanobactin 

Cyclic peptides containing prenyl attachments Anacyclamide A10 

Thiopeptides Central pyridine, dihydropyridine, or piperidine ring as well as 

heterocycles 

Thiostreptonm 

phillipimycin 

Bottromycins Macrocyclic amidine, a decarboxylated C-terminal thiazole and 

carbon-methylated residues 

Bottromycin A2 

Glycocins S-linked glycopeptides Sublancin 168 

Class II (unmodified or cyclic bacteriocins) 

IIa peptides (pediocin 

PA-1-like bacteriocins) 

A conserved YGXGV motif (X symbolises any amino acid) Enterocin CRL35, 

IIb peptides Two unmodified peptides needed for activity Lactacin F 

IIc peptides Cyclic peptides Enterocin AS-48 

IId peptides Unmodified, non-pediocin-like, single-peptide bacteriocins Lactococcin A 

IIe peptides Serine-rich C-terminal region with a siderophore-type 

modification 

MccE492 

Mcc, microcin. Reproduced with permission from Nature Publishing Group. 
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3. Class I Glycocins 

In eukaryotes, glycosylation is one of the most common post-translational modifications. In contrast, 

it is rare in prokaryotes and therefore not well characterised. Initially, it was anticipated that 

glycosylation only occurred via N-linked or O-linked glycosidic bonds, but a number of findings within 

the bacteriocin field have confirmed another type of glycosidic linkage.385 

A distinguishing feature of the Class I glycocins is a very rare S-linked glycosidic bond between a 

cysteine residue and a sugar moiety. The thioether linkage is beneficial to the bacteriocin as it offers 

a superior stability compared to the N- and O-glycoside at both high and low pH and is also more 

resistant to hydrolysis.386 Currently, there are only five bacteriocins identified to comprise 

carbohydrate units covalently attached via an S-linkage to Cys residues; namely thurandacins A (202) 

and B (203),387 ASM1 (204),388 sublancin 168 (205),385a and lastly glycocin F (206).385b 

3.1. Thurandacins (202 and 203) 

Thurandacin is a hypothetical 42-residue natural product bacteriocin not isolated from bacterial 

culture and was identified through genomic data mining on the glycocin gene cluster in the soil 

bacterium Bacillus thuringiensis serovar andalousiensis BGSC 4AW1 (Figure 49). van der Donk et 

al.387 reported a chemoenzymatic synthesis of thurandacins where the recombinant thurandacin 

scaffold was glycosylated in vitro using the glycosyltransferase ThuS and various uridine 

diphosphate-hexoses. Thurandacin A (202) was shown to be glucosylated on Cys(28) through a sulfur 

linkage, while thurandacin B (203) is diglucosylated, with a β-glucose moiety at Ser(19) in addition to 

Cys(28). Both glycocins were found to exhibit highly selective antimicrobial activity against Bacillus 

thuringiensis.387 However, no further studies have been reported on the total chemical synthesis of 

thurandacins to date. 
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Figure 49. Structure of the bacteriocins thurandacin A (202) and B (203). 

3.2. Plantaricin ASM1 (204) 

Plantaricin ASM1 (204) is a 43-residue peptide secreted by Lactobacillus plantarum A-1 isolated from 

tortilla bread product (Figure 50).388 ASM1 contains two β-linked N-acetylglucosamine (GlcNAc) 

moieties, one is connected to the side chain of Ser(18) via the oxygen atom, and the other to Cys(43) 

via the sulfur atom.389 This bacteriocin was shown to have a narrow antibacterial spectrum, 

exhibiting antibacterial activity against bacteria closely related to the producer microorganism such 

as lactobacillus species. It was also shown that the O-linked GlcNAc and intact disulfide bonds are 

essential for ASM1 bacteriostatic activity, with the S-linked GlcNAc significantly enhancing 

bacteriostasis.389 However, no further studies have been reported on the total chemical synthesis of 

plantaricin ASM1 to date. 

 
Figure 50. Structure of the bacteriocin ASM1 (204). 
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3.3. Sublancin 168 (205) 

Sublancin 168 (205) is a 37-residue glycopeptide bacteriocin isolated from Bacillus subtilis 168. It 

contains a β-S-linked glucose moiety at Cys(22) of the peptide sequence (Figure 51).385a This peptide 

proved to be a potent antimicrobial compound with broad activity spectrum, effectively killing 

various gram positive bacteria, including pathogenic strains of Staphylococcus aureus and 

Streptococcus pyogenes.390 

 

Figure 51. Structure of the bacteriocin sublancin 168 (205). 

Sublancin 168 was first synthesised in vitro using a three-step chemoenzymatic method.385a Hojo et 

al.391 then reported the first total chemical synthesis of this glycopeptide using linear Fmoc-SPPS 

(Scheme 63). Their strategy involved the initial preparation of the Fmoc-protected glycosylated 

residue Cys(Glucose)(OAc)4-OH which was then incorporated into the growing peptide chain that 

was anchored to the resin via the C-terminal Arg residue. To form the disulfide bonds, a 

chemoselective disulfide formation approach was used where Cys(7) and Cys(36) were protected 

with an acid labile trityl group while Cys(14) and Cys(29) were protected with an acetamidomethyl 

group, which is stable to both acids and bases. Following Fmoc-SPPS (yielding 207) and acid-

mediated cleavage of the peptide from the resin, the disulfide bond between Cys(7) and Cys(36) was 

formed by DMSO-assisted oxidation to yield glycopeptide 208. The second disulfide bond between 

Cys(14) and Cys(29) was formed by iodine oxidation at 40 οC which afforded 14.7 µg of synthetic 

sublancin 168 (205).391 
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Scheme 63. The first published synthesis of sublancin 168 (205).391 Reagents and conditions: (i) Fmoc-SPPS; (ii) 

TFA, thioanisole, H2O, phenol, EDT, r.t, 2 h; (iii) 5% hydrazine, 10% DMSO, 6 M urea, r.t, overnight; (iv) I2, HCl, 

CH3OH, H2O, 40 οC, 60 min. 

In order to increase the synthetic yield of sublancin 168, Payne et al.392 recently employed Fmoc-

SPPS and a convergent NCL methodology to synthesise sublancin 168 and S-glycosylated analogues 

(Scheme 64). In their work, the amide bond between Gln(13) and Cys(14) was chosen as the 

disconnection site for the NCL reaction. Peptide containing N-terminal Cys 209 was prepared 

efficiently via microwave-assisted Fmoc-SPPS on Fmoc-Arg(Pbf)-NovaPEG Wang resin. Following 

acid-mediated resin cleavage, the O-acetate protecting groups glucose were removed using 20% aq 

hydrazine hydrate, affording the desired cysteinyl peptide 209 ready for the NCL reaction. In order to 

prepare the thioester component, a side chain anchoring strategy was used where Fmoc-Glu-OAllyl 

was immobilised onto Rink amide resin. Following microwave-assisted Fmoc-SPPS, the C-terminal 

allyl group was selectively deprotected and the resin-bound peptide underwent thioesterification by 

treatment with ethyl 3-mercaptopropionate. A final acid-mediated cleavage of the resin and side 

chain protecting groups afforded the thioester peptide 210 ready for the NCL reaction. The NCL 

reaction was then performed between the cysteinyl fragment 209 and the thioester peptide 210 at 

25 ⁰C for 16 h, affording the full-length, unfolded sublancin 68 (211). Finally, glycopeptide 211 was 

successfully folded using oxidised and reduced glutathione to yield 3.6 mg of the glycopeptide 

205.392 



198 

 

Scheme 64. The second published synthesis of sublancin 168 (205).392 Reagents and conditions: (i) Fmoc-SPPS; 

(ii) TFA, iPr3SiH, H2O, r.t, 2 h; (iii) 20% hydrazine, 6 M Gn.HCl, 1 M HEPES, NMP, H2O, r.t, 16 h; (iv) Pd(PPh3)4, 

PhSiH3, dry CH2Cl2, r.t, 2 x 1 h; (v) ethyl 3-mercaptopropionate, DIC, HOBt, iPr2EtN, CH2Cl2, DMF, r.t, 2 x 1 h; (vi) 

6 M Gn.HCl, 0.2 M Na2HPO4, 20 mM MPAA, 20 mM TCEP, pH 7.2, 25 ⁰C, 16 h; (vii) 2 mM oxidised glutathione, 2 

mM reduced glutathione, 0.1 mM EDTA, 50 mM Tris buffer pH 7.5, 25 ⁰C. 

3.4. Glycocin F (206) 

Glycocin F (206) is a 43-residue glycopeptide isolated from late-phase Lactobacillus plantarum 

KW30, a bacterium isolated from fermenting corn.393 Glycocin F was shown to be an orthologue of 

ASM1 with five different residues in the C-terminal tail, and therefore contains two β-linked GlcNAc 

moieties, connected to the side chain of Ser(18) via the oxygen atom, and Cys(43) via the sulfur 

atom (Figure 52A). Using NMR techniques, it was shown that the structure of glycocin F contains 

two-turn antiparallel α-helices held together by a pair of nested disulfide bonds at Cys(12)/Cys(21) 

and Cys(5)/Cys(28) (Figure 52B).394 The Ser-linked GlcNAc moiety is situated on a short loop 

sequentially joining the two helices, while the Cys-linked GlcNAc moiety is at the end of a disordered 

C-terminal tail.394 
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Figure 52. (A) Structure of the bacteriocin glycocin F (206). (B) A superposition of twelve conformers of 

glycocin F conformers which have the lowest energy, as determined by NMR. Helices (grey) are between the 

two nested disulfide bridges (yellow) with the two GlcNAc moieties (green) linked to Ser(18) and Cys(43). 

Adapted from Venugopal et al.394 

Glycocin F (206) displays bacteriostatic activity against a spectrum of bacteria, including some 

Enterococcus species, Bacillus species, Streptococcus species, and Lactobacillus species with L. 

plantarum strains suspected to be its natural target (IC50 <4 pM for Lactobacillus plantarum ATCC 

14917).385b, 393 The presence of both GlcNAc moieties was shown to be important for the 

bacteriostatic effect as the removal of the GlcNAc attached to Ser(18) completely diminished the 

activity, while only residual bacteriostatic activity was observed when the C-terminal fragment 

His(42)-Cys(43)(β-GlcNAc) was removed. This demonstrated that while the two carbohydrate 

moieties are essential for the bacteriostatic effect, the GlcNAc attached to Ser(18) is absolutely 

essential. 

Recently, it was discovered that the primary glycocin F receptor in L. plantarum is the GlcNAC-

specific PhosphoTransferase System (PTS) transporter PTS18CBA, one of a large ensemble of sugar 

PTS importers found only in bacteria.395 Glycocin F was also found to be less active against an E. coli 
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Keio396 mutant lacking the GlcNAc:PTS transporter GlcNAcE. PTSs not only transport sugars across 

the cell membrane, they are intimately involved in a signalling system that orchestrates 

carbohydrate utilisation and coordinates it with other cellular processes including transcription.397 It 

is thought that glycocin F binds to the transmembrane domain (EIICGlcNAc) of its receptor through its 

tethered GlcNAcs which cannot be processed and act as monosaccharide imposters to hijack 

regulatory networks and disrupt essential cellular processes.395 

So far, despite extensive trials, all attempts to produce soluble active recombinant glycocin F or 

increase the yield of the extracted product have failed. Therefore, the only way one can investigate 

the relationship between the structure and activity of glycocin F is to use targeted chemical 

synthesis to dissect the function of specific parts of the molecule and their contribution to activity. 

Brimble et al.139a were the first to chemically synthesise a C-terminally amidated glycocin F analogue, 

giving the ability to start a structure-activity study on glycocin F. 

Previous Synthetic Strategy to prepare the C-terminally Amidated Glycocin F 

The initial strategy to synthesise the C-terminally amidated glycocin F (212) by Brimble et al.139a was 

accomplished by stitching together three polypeptide fragments via NCL and then forming the two 

disulfides by oxidative folding (Scheme 65). The three fragments used for the chemical synthesis of 

glycocin F are Lys(1)-Met(11), Cys(12)-His(27) bearing the appropriate O-linked glycoside, and 

Cys(28)-Cys(43) bearing the corresponding S-linked glycoside. 

The N-terminal fragment 1 was designed as Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-COSCH2CH2-

(Lys)5-OH (peptide 213), and prepared via Boc-SPPS, equipped with C-terminal thioester for ligation 

purposes and a lysine tag for increasing the solubility of the peptide and preventing on-resin 

aggregation. Fragment 2 was prepared as a maximally protected peptide via microwave-assisted 

Fmoc-SPPS and contained an N-terminal thiazolidine (Thz) as the masked Cys(12) (peptide 214). This 

protected peptide fragment underwent thioesterification with benzyl mercaptan to afford the C-

terminal thioester, which after TFA-mediated side chain protecting groups removal afforded 

fragment 2 as Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-His(27)-COSBn-OH (peptide 215). Fragment 3 was 

designed as Cys(28)-Cys(43)(β-GlcNAc(OAc)3)-CONH2 (peptide 216), and prepared via microwave-

assisted Fmoc-SPPS on Rink amide resin as there was concerns over difficulties in loading the 

building block Fmoc-Cys(β-GlcNAc(OAc)3)-OH to 2-ClTrtCl resin. The NCL reaction was then 

performed between the cysteinyl fragment 216 and the thioester peptide 215 at room temperature 

using MPAA for 4 h, affording the polypeptide Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-Cys(43)(β-

GlcNAc(OAc)3)-CONH2. Subsequently, Thz(12) was converted to Cys using 0.2 M methoxyamine·HCl 



201 

at pH 4 to yield polypeptide 217. A second NCL was performed between the cysteinyl polypeptide 

216 and the thioester peptide 213 at room temperature for 4 h, followed by concomitant 

deprotection of the formyl groups on Trp residues and the acetyl groups on the sugar, affording the 

full-length, unfolded glycocin F-NH2 (218). Finally, glycopeptide 218 was successfully folded at 4 ⁰C 

under redox conditions to yield the desired C-terminally amidated glycocin F (212). 

 

Scheme 65. Synthesis of C-terminally amidated glycocin F (212).139a Reagents and conditions: (i) Fmoc-SPPS; (ii) 

1% TFA, CH2Cl2, r.t, 4 x 3 min; (iii) benzyl mercaptan, DIC, 6-Cl-HOBt, iPr2EtN, CH2Cl2, r.t, overnight; (iv) TFA, 

iPr3SiH, H2O, EDT, r.t, 2 h; (v) TFA, iPr3SiH, H2O, DODT, r.t, 2 h; (vi) 6 M Gn.HCl, 0.2 M Na2HPO4, 100 mM MPAA, 

20 mM TCEP, pH 7, r.t, 4 h; (vii) 6 M Gn.HCl, 0.2 M Na2HPO4, methoxyamine·HCl, pH 4, r.t, 18 h; (viii) ) 6 M 

Gn.HCl, 1 M HEPES, hydrazine, 2-mercaptoethanol, 0 ⁰C, 30 min; (ix) 1.5 M Gn·HCl, 50 mM Na2HPO4, 2 mM 

cysteine, 0.25 mM cystine, 0.1 mM EDTA, pH 8.2, 0.25 mM 17, 4 ⁰C, 16h. 
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Although the desired C-amidated glycocin F was prepared successfully, a complete epimerisation of 

His(27) was observed which was only evident after the ligation reaction between the cysteinyl 

peptide 216 with the thioester 215. The occurrence of this unwanted side reaction was proposed to 

come from the conditions of the activation (DIC/6Cl-HOBt) of the C-terminal carboxylic acid of 

His(27) and installation of the thioester moiety on the side chain protected glycopeptide 214. 

Following acid-mediated cleavage of 214, glycopeptide 215 existed as an inseparable diasteromeric 

product mixture, but the two compounds were separated after the ligation reaction to produce a 1:1 

diastereomeric mixture of glycopeptide 217 with D- and L-stereochemistry at His(27). Synthesis of 

the C-amidated glycocin F containing the D-His(27) was also continued, yielding 0.65 mg of another 

correctly folded analogue of the native compound, while 0.81 mg of the desired glycopeptide 

containing L-His was prepared. 

The synthetic glycocin F analogues were tested for their antibacterial activity against L. plantarum 

ATCC 8014 using liquid culture assays. The natural glycocin F (206) was shown to exhibit 

approximately 1.8 times better activity than the L-epimer of the C-amidated glycocin F, and was 5.3 

times better than the D-epimer. The slightly lower antimicrobial activity of the C-amidated glycocin F 

is predicted to be due to amidation of the C terminus, as it is the only obvious chemical difference 

between the native and the synthetic glycopeptide. 

Due to the lower activity of the synthetic C-terminally amidated glycocin F analogues, and the low 

yield of the isolated natural product, we herein decided to synthesise the native form of glycocin F 

and to improve on the previously published synthesis. In addition, we aim to provide substantial 

novel information pertaining to the role of sugar moieties on the antibacterial activity of glycocin F. 

Moreover, this work also aims to broaden our understanding of the chemistry and biology of 

glycocin F and may contribute towards the development of novel antibacterial agents. 
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4. Thesis Objectives for Part 2 and 3 

The aim of the project was to improve the antibacterial property of glycocin F by introducing 

chemical modifications on key regions of the peptide and initiate a structure-activity study to further 

understand the mechanism of action of this peptide. The preparation of glycocin F analogues will 

also provide fundamental insights into novel antimicrobial mechanisms used by a bacterium to 

defend its niche, knowledge that is vital for the successful conversion of natural products into the 

“smart antibiotics” needed to combat multidrug-resistant pathogens. 

To achieve this aim, the glycocin F project was investigated according to the following objectives: 

Objective 1: To synthesise the glycosylated amino acids Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH and Fmoc-L-

Cys(β-GlcNAc(OAc)3)-OH for incorporation into the target peptide sequences. 

Objective 2: To synthesise glycocin F (206) that bears the native C-terminal carboxylic acid 

functionality (Figure 53) and to use alternative strategies to improve the synthesis of the native 

peptide. 

 

Figure 53. Structure of glycocin F (206) that was aimed to be synthesised in this research project. The 

glycosylated residues are shown in blue. 

 

 

 

 



204 

Objective 3: To synthesise a glycocin F analogue (219) containing two O-linked GlcNAc moieties, one 

of which replaces the S-linked GlcNAc moiety at position 43 (Figure 54). This will test the biological 

role of the unique S-glycocidic linkage in glycocin F. 

 

Figure 54. Structure of glycocin F analogue 219 that was aimed to be synthesised in this research project. The 

native glycosylated residue is shown in blue and the modified amino acid is shown in green. 

Objective 4: To synthesise a glycocin F analogue 220 containing two S-linked GlcNAc moieties, one of 

which replaces the O-linked GlcNAc moiety at position 18 (Figure 55). The antibacterial activity of 

this analogue will be compared to analogue 219, thereby providing further details on the stability of 

the S-glycosides compared to O-glycosides. 

 

Figure 55. Structure of glycocin F analogue 220 that was aimed to be synthesised in this research project. The 

native glycosylated residue is shown in blue and the modified amino acid is shown in green. 
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Objective 5: To synthesise a glycocin F analogue 221 with an unmodified C-terminal serine in place 

of the Cys(β-GlcNAc) (Figure 56). This will confirm whether glycosylation at the C-terminus is 

absolutely vital for the antibacterial activity. 

 

Figure 56. Structure of glycocin F analogue 221 that was aimed to be synthesised in this research project. The 

native glycosylated residue is shown in blue and the modified amino acid is shown in green. 

Objective 6: To investigate the secondary structure of glycocin F (206) and analogues 219-221 using 

circular dichroism (CD) spectroscopy. 

Objective 7: To investigate the antibacterial activity of glycopeptides 206 and 219-221 on 

Lactobacillus plantarum ATCC 8014 using liquid culture assays. 

  



 

 

 

 

 

 

PART TWO 

Synthesis of the Glycosylated Building 

Blocks 
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1. Preparation of Glycosylated Amino Acids 

In order to successfully synthesise glycocin F and analogues, construction of the GlcNAc moieties at 

position 18 and 43 of the peptide sequences needed to be first executed. There are two common 

methods for the chemical synthesis of glycopeptides. The first approach is the convergent strategy 

which involves the initial preparation of a side chain-protected peptide chain, followed by 

attachment of the carbohydrate units while the peptide is still attached to the resin (Scheme 66A).398 

The second approach involves the preparation of protected glycosylated amino acid building blocks 

which can then be coupled to a resin-bound peptide using SPPS in a stepwise fashion (Scheme 

66B).398 A number of other methods for glycopeptide synthesis have also been reported, such as the 

preparation of glycopeptides in solution,399 chemical glycosylation at the N-terminus of peptides,400 

or non-chemical chemoenzymatic synthesis,401 and they are reviewed elsewhere.402 

 

Scheme 66. The two common methods for glycopeptide synthesis. (A) Convergent coupling of glycans to resin-

bound peptides; (B) Sequential coupling of glycosylated amino acids. 

In our work, the stepwise on-resin synthesis of glycopeptides using protected glycosyl amino acid 

building blocks was chosen, as this approach was used previously for the successful preparation of 

the C-terminally amidated analogue of glycocin F.139a In order to achieve this, appropriately 

protected amino acid building blocks joined via β-glycosidic linkages to the sugar, namely Fmoc-L-
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Ser(β-GlcNAc(OAc)3)-OH (222) and Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223) were initially prepared 

(Figure 57) for incorporation at position 18 and 43 of the peptide sequence, respectively. As 

glycosidic bonds are unstable to the harsh conditions used in Boc-SPPS, namely HF cleavage of the 

peptide from the resin, the Fmoc group was chosen to protect the amino functionality which will 

allow for the incorporation of the glycosylated building blocks into a peptide chain using the milder 

Fmoc-SPPS. 

 

Figure 57. Structures of Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222) and Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223) to be 

incorporated into the target glycopeptides.  
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2. Synthesis of Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222) 

Numerous methods have been developed for the formation of the O-glycosidic linkage.403 The 

majority of these methods involve condensation of a fully protected glycosyl donor that contains a 

leaving group at its anomeric carbon, with a suitably protected glycosyl acceptor, which usually 

contains only one free hydroxyl group. The glycosylation reaction is usually performed in the 

presence of a promoter that facilitates the departure of the anomeric leaving group of the glycosyl 

donor. Therefore, in order to prepare the serine glycoside for incorporation into Fmoc-SPPS, an 

Fmoc-protected and carboxylate-masked serine and a suitably protected sugar were required 

(Scheme 67). As the target compound contains a β-glycosidic linkage, a stereoselective glycosylation 

reaction was attempted, which was governed by the N-acetyl neighbouring group effect of GlcNAc. 

 

Scheme 67. Retrosynthetic approach for the targeted compound Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222). 

2.1. Synthesis of the Glycosyl Acceptor 

Prior to the glycosylation reaction, the Nα-amine and the carboxylic acid groups of the glycosyl 

acceptor need to be protected. The commercially available, Nα-protected Fmoc-Ser-OH (224) was 

used as a starting point in our synthesis. A tert-butyl group was chosen for protecting the carboxylic 

acid moiety of serine as it has been used successfully in the preparation of Fmoc-Ser-OtBu in our 

laboratory as well as other research groups.139a, 404 Moreover, the tert-butyl group can be selectively 

and conveniently removed at room temperature under acidic conditions without the requirement of 

an inert atmosphere and dry reagents. The use of an allyl ester was avoided due to the difficulty 

encountered within our research group while performing the glycosylation reaction on glycosyl 

acceptors that were protected as an allyl ester (unpublished data). In addition, benzyl esters were 

also avoided due to difficulties in their removal following the glycosylation reaction and concerns 

over the lability of the Fmoc group under hydrogenolysis conditions.405 

Thus, the carboxylic acid moiety of Fmoc-Ser-OH (224) was successfully protected as a tert-butyl 

ester using DCC and tert-butanol under Cu(I) activation for 5 days, following a procedure published 

by Vowinkel et al.406 which afforded Fmoc-Ser-OtBu (225) in 94% yield (Scheme 68). 
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Scheme 68. Synthesis of Fmoc-Ser-OtBu (225). Reagents and conditions: (i) CuCl, DCC, tBuOH, r.t, 5 days, then 

224, THF, CH2Cl2, r.t, 3 h, 94%. 

Cu(I)Cl functions as a Lewis acid by coordinating to the imine nitrogen of DCC, which activates the 

imide carbon for nucleophilic attack by alkoxide ion. Subsequently, nucleophilic attack of the 

carboxylate ion onto the imide carbon followed by rearrangement affords the tBu ester and DCU as 

a by-product. The Cu(I)-catalysed addition of alcohols to a carbodiimide-type coupling reagent and 

its later transformation to esters, by reacting with an acid, is a mild method which can also be 

successfully applied to even more hindered alcohols.407 

2.2. Synthesis of the Glycosyl Donor 

The formation of O-glycosides usually takes place by condensing a fully protected glycosyl donor 

with a potential leaving group at the anomeric centre with a suitable protected glycosyl acceptor 

that contains a free hydroxyl group. Having synthesised the protected glycosyl acceptor Fmoc-Ser-

OtBu (225), we next turned to the synthesis of the sugar component. 

A range of glycosyl donors have been reported which contain different leaving groups at the 

anomeric carbon (Figure 58). Among them, glycosyl halides,408 trichloroacetamidates,409 and 

thioglycosides410 are the most widely utilised glycosyl donors for the synthesis of O-glycosides. For 

this project, it was decided to utilise glycosyl halides, specifically Cl-α-GlcNAc, as the glycosyl 

donor.408a 

 

Figure 58. Examples of glycosyl donors and their promoters employed in the synthesis of O-glycosides. 

Adapted from Yu et al.411 
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Glycosyl chloride was first introduced by Koenigs and Knorr as a glycosylating agent and has 

delivered essential intermediates for glycoside synthesis, with the first controlled, general 

glycosylation method for the synthesis of oligosaccharides involving the nucleophilic displacement of 

chlorine at the anomeric centre.408a This glycosyl donor, in the presence of heavy metal salts such as 

silver or mercury salts, is used in the Koenigs-Knorr glycosylation reaction. Other glycosyl halides 

have found a range of applications, for example glycosyl fluorides were used as activated 

intermediates for the glycosynthases,412 and glycosyl iodides were used as highly reactive 

intermediates for more challenging glycosylations.413 

In order to synthesise the glycosyl donor, the hydroxyl functionalities of GlcNAc needed to be first 

protected in order to avoid their esterification during Fmoc-SPPS. Many different protecting groups 

including ethers, acetals, and esters can be employed depending on the conditions used during the 

synthesis. During our study, we used acetate (Ac) esters for the protection of hydroxyl groups of 

GlcNAc, as their electron withdrawing nature is able to preserve the glycosidic linkage during the 

TFA-mediated glycopeptide cleavage from the resin following Fmoc-SPPS.414 

Thus, synthesis of the glycosyl chloride was successfully achieved starting from GlcNAc (226) which 

was treated with acetyl chloride as a sole reagent for 48 h at room temperature (Scheme 69).415 The 

synthesis of glycosyl halides typically takes two steps, acetylation and then halogenation, however in 

this reaction, peracetylation of the hydroxyl groups and replacement of the acetate group at the 

anomeric position by a chlorine was formed in one step to afford Cl-α-GlcNAc(OAc)3 (227) in 70% 

yield after 48 h. 

 

Scheme 69. Synthesis of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-chloro-α-D-glucopyranose (227). Reagents 

and conditions: (i) acetyl chloride, r.t, 48 h, 70%. 

2.3. The Glycosylation Reaction 

The next step towards preparation of a glycosylated building block required glycosylation of the 

glycosyl acceptor, Fmoc-Ser-OtBu (225), and the glycosyl donor,  Cl-α-GlcNAc(OAc)3 (227) in the 

presence of a promoter to yield Fmoc-Ser(β-GlcNAc(OAc)3)-OtBu. Subsequent removal of the 

carboxyl protecting group from the protected glycosylated serine would afford the glycosylated 

building block Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH ready for incorporation into Fmoc-SPPS (Scheme 70). 
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Scheme 70. The proposed glycosylation reaction to prepare Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222). 

Generally, activation of a glycosyl donor by a promoter produces a range of species related to the 

sugar oxonium ion intermediate (Scheme 71).416 These interchangeable species undergo nucleophilic 

attack by the hydroxyl group of the glycosyl acceptor to afford the O-glycoside. However, achieving 

stereoselectivity at the anomeric position is a challenge in glycosylation reactions as the formation of 

glycosidic bonds often leads to a mixture of anomeric α- and β-glycosides. The problems of 

stereocontrol arise as nucleophiles rarely undergo a clean SN2 substitution mechanism at the 

anomeric carbon, because the resonance stabilisation by the ring oxygen gives considerable SN1 

character to these reactions, involving an oxonium ion intermediate. 

 

Scheme 71. Proposed SN1 reaction mechanism in a glycosylation reaction between a glycosyl donor containing 

a non-participating group (Z) at the C-2 position and a glycosyl acceptor, affording a mixture of α- and β-

anomers. 

The stereoselectivity of a glycosylation reaction is usually affected by the nature of the glycosyl 

donor (including its protecting group pattern) and the reaction conditions (i.e. promoter, solvent, 

temperature, as well as the sequence of mixing the reactants/reagents).411 The selective 

introduction of β-glycosidic bond can be attained with the aid of a neighbouring participating group, 

generally an acyl moiety at the C-2 position in the donor glycoside. Activation of the anomeric centre 

of a donor glycoside leads to attack of the carbonyl group of the acyl moiety on the anomeric carbon 

to give a stable oxazoline intermediate (Scheme 72). The formed oxazoline moiety hinders the α-

face and therefore leads to the selective formation of a β-glycoside following a nucleophilic attack 

from the glycosyl acceptor.417 In the case of the GlcNAc moiety, the presence of the N-acetyl group 

at the C-2 position controls the stereoselectivity, which in theory should lead to the desired β-

glycosylated product. 
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Scheme 72. The neighbouring participating group at the C-2 position forms an oxazoline intermediate to effect 

β-anomeric selectivity. 

Alternatively, the absence of a participating group at position 2 allows for either attack from the 

bottom or top face, with the α-glycoside product being predominant due to a phenomenon known 

as the anomeric effect.418 The anomeric effect describes the preference of electronegative 

substituents at the anomeric carbon to adopt an axial position. However, the reason behind the 

anomeric effect is not completely understood and several explanations have been reported. The 

most widely accepted explanation for the anomeric effect is that for the α-glycosidic bond, there is a 

stabilising interaction (hyperconjugation) between the ring oxygen nonbonding electron pair 

molecular orbital n (HOMO) and the anti-bonding σ* orbital of C-1 (LUMO).419 This causes the 

molecule to line up the donating lone pair of electrons antiperiplanar (180°) to the σ* orbital, 

lowering the overall energy of the system and causing more stability (Figure 59). This does not occur 

with the β-anomer, as the nonbonding orbital of the endocyclic oxygen and antibonding orbital of C-

1 are in different planes and therefore are unable to interact.419 

 

Figure 59. The anomeric effect: interaction of the nonbonding electron pair of the endocyclic oxygen with the 

anti-bonding σ* orbital.  

Another accepted explanation for the anomeric effect is the energetically unfavourable dipole-

dipole or lone electron pair-lone electron pair repulsions in the equatorial conformer (Figure 60). 

These repulsions favour the presence of axially configurated compound which lacks these 

unfavourable interactions.419 
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Figure 60. Favourable and unfavourable lone electron pairs and dipoles interactions for axial and equatorial 

conformers.  

For our study, the use of a participating N-aceyl protecting group at C-2 of Cl-GlcNAc(OAc)3 (227) in 

the reaction with protected serine 225 under activation of HgBr2 in 1,2-dichloroethane (DCE) for 24 h 

afforded the glycosylated product Fmoc-L-Ser(GlcNAc(OAc)3)-OH (222) in 35% yield as a 1:1 mixture 

of α- and β-anomers (Scheme 73).420 Formation of the α-anomer was due to the anomeric effect; a 

consequence of the harsh reaction conditions employed, such as elevated temperature and 

prolonged reaction time. Interestingly, the tBu ester was simultaneously cleaved during the course 

of the reaction, possibly due to the in situ generated HBr from HgBr2. 

 

Scheme 73. Attempted synthesis of Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222). Reagents and conditions: (i) HgBr2, 

DCE, reflux, 24 h, 35%. 

Due to the moderate yield recovered, the poor stereoselectivity, the difficulty in separating the two 

anomers by flash chromatography, and the toxicity of mercury salts, it was decided to investigate a 

different route for the stereoselective formation of serine glycoside 222. 
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We envisaged that the oxazoline-containing glycosyl donor 228 could be synthesised separately and 

then isolated to maximise the neighbouring group effect (Figure 61). The oxazoline can then be 

utilised as a glycosyl donor which will selectively produce the desired β-anomer.421 The 

stereochemical outcome of the reaction is governed by the N-acetyl neighbouring group at C-2, as 

described in Scheme 72. 

 

Figure 61. Comparison between the structure of Cl-α-GlcNAc(OAc)3 (227) and the proposed oxazoline molecule 

(228). 

Various Lewis acids such as FeCl3,422 trimethylsilyl trifluoromethanesulfonate (TMSOTf),423 and 

lanthanide triflates424 have been utilised to generate oxazoline-containing monosaccharides, such as 

228, with some success. However, since oxazolines are known to be good complex ligands of 

copper(II) by means of coordination to the nitrogen,425 it was decided to employ CuCl2 as the Lewis 

acid promoter for the glycosylation reaction. Wittmann et al.426 demonstrated the versatility of 

Cu(II)-mediated coupling of oxazoline as a glycosyl donor to Fmoc-Ser-OAllyl, with the final product 

been obtained in 70% yield. 

The synthesis of the oxazoline donor commenced from α-Cl-GlcNAc(OAc)3 (227) which was treated 

with an excess (2 equiv.) of TMSOTf for 3 h to yield oxazoline 228 (Scheme 74). The resulting 

oxazoline (228) was then reacted under reflux with Fmoc-Ser-OtBu (225) in the presence of 

anhydrous CuCl2 for 24 h. The desired glycosylated product Fmoc-L-Ser(β-GlcNAc(OAc)3)-OtBu (229) 

was treated with TFA/H2O (v/v; 9:1) for 1 h to affect the hydrolysis of tert-butyl ester. After workup 

and purification, the desired Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222) was obtained in 44% yield and 

99% purity. Pleasingly, only the desired β-anomer was produced, which simplified the purification of 

the final product by silica gel chromatography (Figure 62). The optimised synthesis of the desired 

Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH proved to be an improvement on the synthetic procedure that was 

previously used by our group to prepare the C-amidated analogue of glycocin F.139a 

 



216 

 

Scheme 74. Improved synthesis of Fmoc-Ser(β-GlcNAc(OAc)3)-OH (222). Reagents and conditions: (i) TMSOTf, 

DCE, reflux, 3 h; (ii) dry CuCl2, DCE, reflux, 24 h; (iii) TFA, H2O, r.t, 1 h, 44% (from 227). 

 

Figure 62. LC-MS chromatogram of pure Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222). XTerra® MS C18 column (4.6 

mm x 150 mm, 5 µm), gradient 5%-75% B over 35 mins, 1 mL min-1 flow rate. 

The identity and purity of Fmoc-L-Ser(β-GlcNAc(OAc)3-OH (222) was confirmed by HRESI-MS analysis 

([M+Na]+ calculated for C32H36N2NaO13: 679.2217, found: 679.2102) (See Experimental Data). In 

addition, 1H and 13C NMR spectroscopic data for our synthetic compound were in agreement with 

those reported in the literature.420  

In summary, the required building block Fmoc-Ser(β-GlcNAc(OAc)3)-OH (222) was successfully 

synthesised starting from N-acetyl-D-glucosamine, following a five-step synthetic route in 44% 

overall yield and is now ready for subsequent incorporation into Fmoc-SPPS to synthesise glycocin F 

and analogues thereof. 
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3. Synthesis of Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223) 

Two main strategies have been employed for the synthesis of S-linked glycosylated amino acids.427 

The first strategy uses an anomeric thiolate nucleophile, which is generally configurationally stable, 

in an SN2 reaction with an alanine derivative equipped with a good leaving group, e.g. bromide, at 

the β-carbon.386a Alternatively, a thiol-containing amino acid, for example cysteine, is glycosylated by 

reaction with a glycosyl donor.391 In addition, other methods for the synthesis of S-linked 

glycosylated amino acids also exist, such as the coupling of a carbohydrate thiosulfonate with a 

cysteine residue to give a disulfide glycosyl amino which can be desulfurised,428 or the coupling of 

glycosyl thiols to alkenyl glycines via a photoinduced thiol-ene coupling (Scheme 75).429 

 

Scheme 75. Examples of strategies to prepare S-linked glycosylated amino acids. 

For the synthesis of our target S-glycoside, Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223), we decided to 

make use of the high nucleophilicity of the thiolate anion and perform a nucleophilic displacement 

reaction of an alanine derivative with a glycosyl thiol. In addition to being good nucleophiles, the 

glycosyl thiols are known to be chemically stable and have the ability to maintain their anomeric 

configuration during the formation of the desired thioglycoside with excellent stereoselectivity.430 
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Therefore, in order to prepare our target compound, a protected glycosyl thiol and Fmoc-protected 

alanine derivative needed to be prepared (Scheme 76). 

 

Scheme 76. Retrosynthetic approach for the targeted compound Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223). 

3.1. Synthesis of the Glycosyl Thiol 

Various methods have been employed for the synthesis of β-glycosyl thiols, which include a two-step 

reaction of α-glycosyl halides or acetates with thiourea,431 thioacetate,432 or thiophosphate433 

followed by hydrolysis of the resulting intermediates. Bubbling hydrogen sulfide gas through a 

solution of glycosyl halides is also another alternative.434 Recently, Misra et al.435 also developed a 

one-step pathway to β-glycosyl thiols by reacting glycosyl bromides with a thiol generated in situ 

from sodium carbonotrithioate. 

As we have successfully synthesised α-Cl-GlcNAc(OAc)3 (227) from GlcNAc 226, it was decided to 

investigate the synthesis of the glycosyl thiol using the glycosyl halide approach. Thus, α-Cl-

GlcNAc(OAc)3 (227) was reacted with thiourea in acetone for 2 h to yield the thiourea salt 230 via an 

SN2-substitution reaction at the anomeric position (Scheme 77). Thiourea salt (230) was isolated in 

quantitative yield and was used in the next step without further purification. 

In order to generate the free thiol, the S-amidino group of 230 underwent reduction in CH2Cl2:H2O 

(v/v; 3:2) in the presence of sodium metabisulfite (Na2S2O5). After 3h reflux followed by workup and 

purification, the glycosyl thiol 231 was afforded in 86% yield (over three steps from N-acetyl-D-

glucosamine 226). 

 

Scheme 77. Synthesis of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-β-D-glucopyranose (231). Reagents and 

conditions: (i) Thiourea, acetone, reflux, 2 h; (ii) Na2S2O5, CH2Cl2, H2O, reflux, 3 h, 86%. 
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3.2. Synthesis of the Amino Acid Component 

Having successfully synthesised the sugar component of our target β-thioglycoside 223, we next 

turned our attention to synthesise the amino acid component. Various amino acid derivatives 

bearing electrophilic moieties have been used for making thioglycosides, including β-halogenated 

residues,436 α,β-dehydroalanine,437  aziridine,438 or cyclic sulfamidates (Figure 63).439 

 

Figure 63. Examples of amino acid derivatives used for the synthesis of thioglycosides. 

Having already prepared Fmoc-Ser-OtBu (225), the required amino acid component could be easily 

accessed through halogenation of 225. Thus protected amino acid 225 was subjected to bromination 

under Appel reaction conditions,440 which involved the use of carbon tetrabromide (CBr4) in the 

presence of triphenylphosphine (PPh3) at 0 ⁰C for 3 h to afford Fmoc-β-bromoalanine-OtBu (232) in 

quantitative yields (Scheme 78).386a 

 
Scheme 78. Synthesis of Fmoc-β-bromoalanine-OtBu (232). Reagents and conditions: (i) CBr4, PPh3, CH2Cl2, 0 

⁰C to r.t, 3 h, quant. 

3.3. The final displacement reaction 

With the glycosyl thiol 231 and bromide 232 in hand, we next turned our attention to the final 

displacement reaction to afford Fmoc-Cys(β-GlcNAc(OAc)3)-OH (223). The major side reaction that 

could arise is β-elimination of bromide to afford α,β-dehydroalanine, and the following Michael 

addition which results in racemisation of the α-carbon of the amino acid and the formation of a 

diastereomeric mixture of L- and D- glycosides (Scheme 79). Several approaches were therefore 

developed to prevent this side reaction.386a, 436, 441 Amongst them, the most straightforward method 

was published by Schmidt et al.386a, 430a where the displacement reaction of β-bromoalanine with the 

glycosyl thiol was executed in an ethyl acetate/water bi-phasic system containing the phase transfer 

reagent tetra-n-butylammonium hydrogen sulfate (TBAHS) and NaHCO3 as a base. 
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Scheme 79. The synthetic approach for the synthesis of S-linked glycosides and the most commonly-observed 

side reaction. 

Thus, synthesis of thioglycoside 223 was undertaken by treating bromide 232 in EtOAc and an 

aqueous solution of NaHCO3 with β-thiol 231 in the presence of TBAHS (Scheme 80). Under these 

phase-transfer conditions, the desired protected β-thioglycoside 233 was smoothly obtained in 95% 

yield. In this reaction, the thiolate anion was generated in situ with the aid of NaHCO3, and the β-

thioglycoside 233 was then readily constructed by nucleophilic displacement of the β-bromo atom in 

232. The desired glycosylated product Fmoc-L-Cys(β-GlcNAc(OAc)3)-OtBu (233) was treated with 

TFA/H2O (v/v; 9:1) for 1 h to remove the tert-butyl protecting group of the glycoside. After workup 

and purification, the desired Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223) was obtained in quantitative 

yield and 96% purity. HPLC analysis of the product revealed that the reaction proceeded efficiently 

through direct substitution of bromide 232 with only the desired β-anomer produced, which 

simplified the purification of the final product (Figure 64). 

 
Scheme 80. Synthesis of Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223). Reagents and conditions: (i) TBAHS, NaHCO3, 

EtOAc, H2O, 50 ⁰C, 3 h, 95%; (ii) TFA, H2O, r.t, 1 h, quant. 
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Figure 64. LC-MS chromatogram of pure Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223). XTerra® MS C18 column (4.6 

mm x 150 mm, 5 µm), gradient 5%-75% B over 35 mins, 1 mL min-1 flow rate. 

The identity of Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223) was confirmed by HRESI-MS analysis ([M+Na]+ 

calculated for C32H36N2NaO1sS: 695.1989, found: 695.1867 (See Experimental Data). In addition, 1H 

and 13C NMR spectroscopic data for our synthetic compound were in agreement with those reported 

in the literature.392 

In summary, the required building block Fmoc-Cys(β-GlcNAc(OAc)3)-OH (223) was successfully 

synthesised starting from N-acetyl-D-glucosamine, following a five-step synthetic route and is now 

ready for subsequent incorporation into Fmoc-SPPS to synthesise glycocin F and  analogues thereof. 

 

 

  



222 

4. Conclusion of Part 2 

In order to incorporate both S-linked and O-linked GlcNAc moieties into the 43-residue antibacterial 

peptide glycocin F (206) and analogues thereof, appropriately protected glycosylated building blocks 

were initially prepared, namely Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222) and Fmoc-L-Cys(β-

GlcNAc(OAc)3)-OH (223). 

In order to synthesise Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222), a peracetylated α-GlcNAc-Cl (227) was 

initially prepared and converted later to its oxazoline derivative (228) for use as a glycosyl donor. 

Moreover, the carboxylic acid moiety of Fmoc-Ser-OH (224) was protected with tert-butyl group to 

afford Fmoc-Ser-OtBu (225) which was used as a glycosyl acceptor. Glycosylation of the donor 227 

and acceptor 225 and subsequent acidolysis afforded the desired O-glycoside 222 in good yield with 

excellent β-stereoselectivity. 

In order to synthesise Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223), α-GlcNAc-Cl (227) was first converted 

to β-GlcNAc-thiol (231) for use as the sugar component. Moreover, bromination of Fmoc-Ser-OtBu 

(225) was successfully performed and the resultant Fmoc-β-bromoalanine (232) was used as the 

amino acid component. A nucleophilic displacement reaction was performed between 231 and 232 

followed by acidolysis which successfully afforded the desired S-glycoside 223 in good yield with 

excellent β-stereoselectivity. 

 

Scheme 81. Synthesis of Fmoc-Ser(β-GlcNAc(OAc)3)-OH (222) and Fmoc-Cys(β-GlcNAc(OAc)3)-OH (223). 

Reagents and conditions: (i) acetyl chloride, r.t, 48 h; (ii) TMSOTf, DCE, reflux, 3 h; (iii) dry CuCl2, DCE, reflux, 24 

h; (iv) TFA, H2O, r.t, 1 h; (v) thiourea, acetone, reflux, 2 h; (vi) Na2S2O5, CH2Cl2, H2O, reflux, 3 h; (vii) TBAHS, 

NaHCO3, EtOAc, H2O, 50 ⁰C, 3 h, 95%.  
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5. Experimental 

5.1. General Information 

All solvents were acquired from commercial sources and used without further purification. Unless 

mentioned, all experiments were executed under an oxygen-free atmosphere of nitrogen using 

standard techniques. tert-butanol was freshly distilled from calcium hydride. Thin-layer 

chromatography (TLC) was performed with Merck silica gel plates using UV light as the visualising 

agent and/or developed using an ethanolic solution of vanillin. NMR experiments were performed at 

room temperature in CDCl3 and CDCl3/CD3OD (v/v; 9:1) on a Bruker (Billerica, Massachusetts, U.S) 

BRX400 spectrometer operating at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei. 1H-NMR 

spectra were recorded with 32768 data points and with spectral width of 15.9793 ppm. 13C-NMR 

spectra were recorded with 65539 data points and with spectral width of 238.8941 ppm. Spectra 

were analysed with Topspin (Bruker, Germany) software. Chemical shifts were reported in parts per 

million (ppm) on the δ scale downfield from tetramethylsilane as a reference. J Coupling constants 

were reported in Herts (Hz). Multiplicities were reported as s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublets of doublets, t = triplet, and m = multiplet.  

5.2. Synthetic procedures 

5.2.1. Synthesis of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-chloro-α-D-glucopyranose (227) 

 

N-acetyl-D-glucosamine (226) (5.0 g, 22.6 mmol) was dissolved in acetyl chloride (30 mL) and the 

solution was stirred at room temperature for 2 days.139a Upon completion of the reaction, as judged 

by TLC, the solution was diluted with CH2Cl2 (80 mL) and transferred slowly into ice water (300 mL). 

The organic layer was separated and the aqueous phase was washed with CH2Cl2 (3 × 50 mL). The 

organic layers were pooled and their pH was adjusted to 7.0 by the addition of saturated aq. 

NaHCO3. The combined organic extracts were then dried over sodium sulfate, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography on silica gel 

(EtOAc/petroleum ether, 1:1) to afford compound 227 (5.8 g, 70%) as a light brown solid. 1H NMR 

and 13C NMR data were in agreement with that reported in the literature.415, 442 

1H NMR (400 MHz, CDCl3):  6.19 (d, J 3.7 Hz, 1H, H-1), 5.82 (d, J 8.7 Hz, 1H, H-2), 5.35-5.30 (m, 1H, 

H-3), 5.24-5.19 (m, 1H, H-4), 4.57-4.51 (m, 1H, H-5), 4.31-4.25 (m, 2H, H-5, H-6a), 4.16-4.11 (m, 1H, 
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H-6b), 2.06 (s, 6H, COCH3), 2.06 (s, 3H, COCH3), 1.99 (s, 3H, COCH3); 13C NMR (100 MHz, CDCl3):   

171.6, 170.7, 170.3, 169.3, 93.8, 71.1, 70.3, 67.2, 61.3, 53.6, 23.2, 20.8, 20.7. 

5.2.2. Synthesis of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-thio-β-D-glucopyranose (231) 

 

α-GlcNAc(OAc)3-chloride 227 (4.0 g, 11.3 mmol) was dissolved in acetone (60 mL). To this solution, 

thiourea (1.5 g, 20.1 mmol) was added and the mixture was heated under reflux for 2 h, after which 

a white precipitate was observed.139a The reaction was cooled to room temperature and the 

precipitate was filtered. The filtrate was repeatedly heated under reflux and filtered until the solid 

ceased to precipitate. The generated white solid 230 was used in the next step without further 

purification. 

Thiourea 230 (4.5 g, 10.2 mmol) was dissolved in CH2Cl2/H2O (v/v; 3:2, 50 mL). To this mixture, 

sodium metabisulfite (2.5 g, 12.7 mmol) was added and the reaction was heated under reflux for 3 h 

then cooled to room temperature.139a The organic phase was separated and the aqueous phase was 

washed with CH2Cl2 (3 × 50 mL). The combined organic extracts were washed with brine (50 mL), 

water (50 mL) and dried over sodium sulphate, filtered and concentrated in vacuo. The crude 

product 231 (3.2 g, 86% over three steps from N-acetyl-D-glucosamine (226) was recovered as a 

white solid. 1H NMR and 13C NMR data were in agreement with that reported in the literature.443 

1H NMR (400 MHz, CDCl3):  5.56 (d, J 9.6 Hz, 1H, H-1), 5.15-5.05 (m, 2H, H-3, H4), 4.57 (dd, J 10.0, 

9.5 Hz, 1H, H-2), 4.24 (dd, J 12.4, 4.8 Hz, 1H, H-6a), 4.14 (m, 1H, H-6b), 3.70-3.66 (m, 1H, H-5), 2.10 (s, 

3H, COCH3),  2.04 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 1.98 (s, 3H, COCH3); 13C NMR (100 MHz, CDCl3): 

  171.2, 170.7, 170.4, 169.2, 80.3, 76.3, 73.5, 68.1, 62.1, 56.8, 23.3, 20.7, 20.6, 20.5.  

5.2.3. tert-Butyl N-(9-fluorenylmethoxycarbonyl)-L-serine (225) 

 

A mixture of DCC (3.78 g, 18.3 mmol) and a catalytic amount of freshly prepared Cu(I)Cl were added 

to freshly distilled tert-butanol (1.76 mL, 18.3 mmol), and the mixture was stirred at room 

temperature for 5 days.404a The reaction was then diluted with CH2Cl2 (10 mL) followed by a 

dropwise addition of a solution of Fmoc-L-Ser-OH (224) (1.50 g, 4.58 mmol) in THF/CH2Cl2 (v/v; 1:9; 

10 mL). Upon completion of the reaction as judged by TLC (usually takes 3 h), the reaction was 
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diluted with CH2Cl2 (20 mL), then filtered, washed with saturated aq. NH4Cl (3 × 20 mL), dried over 

sodium sulfate, and concentrated in vacuo. The crude product was purified by flash column 

chromatography on silica gel (EtOAc/petroleum ether, 7:3) to afford alcohol 225 (1.62 g, 94%) as a 

white solid. The 1H NMR and 13C NMR data were in agreement with that reported in the 

literature.404b 

1H NMR (400 MHz, CDCl3):  7.75 (d, J 7.6 Hz, 2H, Fmoc-Ar), 7.55 (d, J 7.4 Hz, 2H, Fmoc-Ar ), 7.39 (t, 

7.4 Hz, 2H, Fmoc-Ar), 7.31 (m, 2H, Fmoc-Ar), 4.41 (d, J 6.9 Hz, 2H, CH2 Fmoc), 4.32 (s, 1H, CH Fmoc), 

4.21 (t, J 6.92 Hz, 1H, CH2 Ser), 3.92 (s, 1H, CHα Ser), 1.48 (s, 9H, COOC(CH3)3);  13C NMR (100 MHz, 

CDCl3):  169.7, 156.5, 144.0, 143.9, 141.5, 141.5, 127.9, 127.3, 125.3, 120.2, 83.1, 67.4, 63.9, 56.8, 

47.4, 28.2. 

5.2.4. tert-Butyl N-(9-fluorenylmethoxycarbonyl)-β-bromo-L-alanine (232) 

 

Fmoc-Ser-OtBu (225) (1.65 g, 4.30 mmol) was dissolved in CH2Cl2 (90 mL) and cooled to 0 °C. To this 

solution, carbon tetrabromide (2.85 g, 8.61 mmol) and triphenylphosphine (2.26 g, 8.61 mmol) was 

then added.  The reaction mixture was allowed to warm to room temperature, then stirred for 3 h 

and dried over sodium sulfate. The reaction mixture was then filtered and concentrated in vacuo to 

afford compound 232 (1.5 g, 78%) as a light brown solid which was used in the next step without 

further purification. 

5.2.5. N-(9-Fluorenylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-β-D-gluco pyranosyl)-

L-serine (222) 

 

α-Cl-GlcNAc(OAc)3 (227) (3.0 g, 7.71 mmol) was dissolved in anhydrous 1,2-dichloroethane (25 mL). 

Freshly distilled TMSOTf444 (2.8 mL, 15.4 mmol) was then added and the mixture was heated under 

reflux. Upon completion of the reaction as judged by TLC (usually 3 h), triethylamine was added to 

quench the residual TMSOTf and the solvent was removed in vacuo. The crude product was purified 

by flash column chromatography on silica gel (CH2Cl2/MeOH, 99:5) to afford oxazoline 228 (1.70 g, 

68%) as a brown oil.  
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Oxazoline 228 (0.44 g, 1.33 mmol) was dissolved in 1,2-dichloroethane (15 mL) to which anhydrous 

CuCl2426 (0.18 g, 1.33 mmol) and Fmoc-Ser-OtBu (225) (1.02 g, 2 mmol) was added. The reaction 

mixture was then heated under reflux until completion of the reaction, as judged by TLC (usually 24 

h). The reaction mixture was then cooled to room temperature, and the solvent was removed in 

vacuo. The crude product was then diluted with EtOAc, and the organic layer was washed with 2 M 

HCl followed by saturated aq. NaHCO3 (50 mL) and brine. Following the washing steps, the organic 

layer was dried over sodium sulfate, filtered and concentrated in vacuo to yield the tert-butyl-

protected glycoside 229 as an off-white solid (416 mg, 44%). The tert-butyl ester 229 (0.416 g, 0.58 

mmol) was then treated with a mixture of trifluoroacetic acid and water (v/v; 9:1, 20 mL) at room 

temperature. Upon completion of the reaction, as judged by TLC (usually 1 h), the reaction mixture 

was concentrated in vacuo followed by re-dissolving in toluene and evaporation which was repeated 

twice to remove traces of trifluoroacetic acid. The crude product was purified by flash column 

chromatography on silica gel (CH2Cl2/MeOH/AcOH, 94:5:1) to afford compound 222 (380 mg, quant.) 

as a white solid. The 1H NMR and 13C NMR data were in agreement with that reported in the 

literature.420 

HRESI-MS (EI): m/z [M+Na]+ calculated for C32H36N2NaO13: 679.2217, found: 679.2110; 1H NMR (400 

MHz, CDCl3/CD3OD (v/v; 9:1)):  7.77 (d, J 7.5 Hz, 2H, Fmoc-Ar), 7.63 (d, J 7.1 Hz, 2H, Fmoc-Ar ), 7.39 

(t, J 7.5 Hz, 2H, Fmoc-Ar), 7.32 (m, 2H, Fmoc-Ar), 5.18 (t, J 9.7 Hz, 1H, H-3), 5.01 (t, J 9.4 Hz, 1H, H-4), 

4.56 (d, J 8.3 Hz, 1H, H-1), 4.51-4.37 (m, 3H, CH2a Fmoc, CHα Ser, CH2b Fmoc), 4.26-4.10 (m, 4H, H-6a, 

CH Fmoc, CH2a Ser, H-6b), 3.88-3.84 (m, 2H, CH2b Ser, H-2), 3.67 (ddd, J 9.9, 4.5, 2.4 Hz, 1H, H-5), 2.07 

(s, 3H, COCH3), 2.03 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 1.84 (s, 3H, COCH3);  13C NMR (100 MHz, 

CDCl3/CD3OD (v/v; 9:1)):  171.5, 170.7, 170.5, 169.2, 155.9, 143.3, 143.2, 140.8, 127.3, 126.7, 

124.5, 119.5, 100.5, 71.9, 71.2, 68.8, 68.2, 66.3, 61.6, 53.9, 53.4, 46.7, 22.0, 20.1, 20.0. 
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5.2.6. N-(9-Fluorenylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-β-D-gluco pyranosyl)-

L-cysteine (223) 

 

α-GlcNAc-thiol (231) (1.60 g, 4.41 mmol) and bromide (232) (1.31 g, 2.94 mmol) in EtOAc (56 mL) 

were first added to a 5% (v/v) solution of NaHCO3 in water (w/v; 56 mL). Tetrabutylammonium 

hydrogensulfate (4.0 g, 11.7 mmol) was then added and the mixture was stirred vigorously at 50 °C. 

Upon completion of the reaction, as judged by TLC (usually 3 h), the organic phase was separated 

and the aqueous layer was washed with EtOAc (3 × 50 mL). The combined organic layers were then 

washed with saturated aq. NaHCO3 (50 mL), dried over sodium sulfate, filtered and concentrated in 

vacuo to yield the tert-butyl-protected glycoside 233 as an off-white solid (2.03 g, 95%). The 

protected thioglycoside 233 (0.56 g, 0.77 mmol) was then treated with a mixture of TFA/H2O (v/v; 

9:1, 20 mL) at room temperature. Upon completion of the reaction, as judged by TLC (usually 1 h), 

the reaction mixture was concentrated in vacuo followed by re-dissolving in toluene and evaporation 

which was repeated twice to remove traces of trifluoroacetic acid. The crude product was purified 

by flash column chromatography on silica gel (methanol/CH2Cl2, 5:95) to afford compound 223 (0.51 

g, 100%) as an off-white solid. The 1H NMR and 13C NMR data were in agreement with that reported 

in the literature.392 

HRESI-MS (EI): m/z [M+Na]+ calculated for C32H36N2NaO1sS: 695.1989, found: 695.1881; 1H NMR (400 

MHz, CDCl3/CD3OD (v/v; 9:1)):  7.77 (d, J 7.5 Hz, 2H, Fmoc-Ar), 7.66-7.60 (m, 2H, Fmoc- Ar), 7.41 (t, 

J 7.5 Hz, 2H, Fmoc-Ar), 7.35-7.31 (m, 2H, Fmoc-Ar), 5.14-5.03 (m, 2H, H-3, H-4), 4.68 (d, J 10.4 Hz, 1H, 

H-1), 4.56-4.49 (m, 1H, CHα Cys), 4.46-4.35 (m, 2H, CH2 Fmoc), 4.26-4.22 (t, J 6.9 Hz, 1H, CH Fmoc), 

4.19-4.15 (m, 2H, H-6a, H-6b),  4.09-4.04 (t, J 9.9 Hz, 1H, H-2), 3.68-3.66 (m, 1H, H-5), 3.35-3.30 (m, 

1H, CH2a Cys), 2.96-2.90 (m, 1H, CH2b Cys), 2.06 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 2.02 (s, 3H, 

COCH3), 1.86 (s, 3H, COCH3); 13C NMR (100 MHz, CDCl3/CD3OD (v/v; 9:1)):   171.2, 171.0, 170.9, 

169.4, 156.4, 143.6, 143.5, 141.0, 127.6, 126.9, 124.8, 119.8, 83.4, 75.6, 73.7, 68.4, 66.9, 62.1, 53.3, 

52.5, 46.9, 31.9, 22.4, 20.3. 
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5.3. 1H and 13C NMR Spectra 

1H (400 MHz, CDCl3) and 13C (100 MHz, CDCl3) spectra of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-

chloro-α-D-glucopyranose (227) 
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1H (400 MHz, CDCl3) and 13C (100 MHz, CDCl3) spectra of 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-1-

thio-β-D-glucopyranose (231) 
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1H (400 MHz, CDCl3) and 13C (100 MHz, CDCl3) spectra of tert-butyl N-(9-fluorenylmethoxycarbonyl)-

L-serine (225) 
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1H (400 MHz, CDCl3/CD3OD (v/v; 9:1)) and 13C (100 MHz, CDCl3/CD3OD (v/v; 9:1)) spectra of N-(9-

fluorenylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-β-D-glucopyranosyl)-L-serine 

(222) 
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1H (400 MHz, CDCl3/CD3OD (v/v; 9:1)) and 13C (100 MHz, CDCl3/CD3OD (v/v; 9:1)) spectra of N-(9-

fluorenylmethoxycarbonyl)-(2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-β-D-glucopyranosyl)-L-cysteine 

(223) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

PART THREE 

Synthesis of Glycocin F and Analogues 
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1. Chemical Synthesis of Native Glycocin F (206) 

Having synthesised the required glycosylated building blocks Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (222) 

and Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (223), we next turned to the synthesis of native glycocin F 

(206). 

The synthetic strategy devised to prepare native glycocin F was analogous to that described for the 

previous synthesis of C-terminally amidated glycocin F and [D-His(27)]-glycocin F-NH2.139a We 

adopted NCL as a means to “stitch together” synthesised polypeptide fragments, followed by 

oxidative folding of the linear, full-length polypeptides. Thus, Cys(12) and Cys(28) were chosen as the 

ligation sites, disconnecting the glycocin F sequence into three polypeptide fragments, the thioester 

fragment H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-COSCH2CH2-(Lys)5-COOH (213), the 

thiazolidine-thioester fragment Thz(12)-D/L-His(27)-COSBn (215) bearing the O-linked glycoside, and 

the cysteinyl fragment H2N-Cys(28)-Cys(43)-COOH (234) bearing the corresponding S-linked 

glycoside (Figure 65 and Scheme 82). The first NCL reaction between the cysteinyl fragment 234 and 

thioester fragment 215 would generate the ligated polypeptide Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-

Cys(43)(β-GlcNAc(OAc)3)-COOH (235). To enable a subsequent NCL, the N-terminal Thz(12) (Thz = 

thiazolidine) will be converted back to the native Cys and the resulting polypeptide H2N-Cys(12)-

Ser(18)(β-GlcNAc(OAc)3)-Cys(43)(β-GlcNAc(OAc)3)-COOH (236) subsequently ligated with the 

thioester fragment 213 to yield glycopeptide H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Ser(18)(β-

GlcNAc(OAc)3)-Cys(43)(β-GlcNAc(OAc)3)-COOH (237). Deprotection of the acetyl groups on the sugar 

hydroxyl groups and the formyl groups on the side chain of Trp residues will afford H2N-Lys(1)-

Ser(18)(β-GlcNAc)-Cys(43)(β-GlcNAc)-COOH (238), and subsequent oxidative folding would generate 

native glycocin F (206) and [D-His(27)]-glycocin F. 

 

Figure 65. The NCL strategy used to prepare glycocin F (206). 
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Scheme 82. Synthetic strategy for glycocin F (206) using NCL followed by oxidative folding. 

Additionally, we investigated the use of different conditions to effect the thioesterification reaction 

to yield the thioester peptide 215. Ultimately, to overcome the epimerisation of His(27) and reduce 

the total synthetic steps, a second new strategy was adopted using a single ligation between 

sequences H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-COSCH2CH2-(Lys)5-OH and H2N-Cys(12)-

Ser(18)(β-GlcNAc(OAc)3)-Cys(43)(β-GlcNAc(OAc)3)-COOH, the latter synthesised on resin as one 

component (Figure 66). This second improved strategy was then applied for the synthesis of glycocin 

F analogues 219-221 and the results will be discussed later in this chapter. 
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Figure 66. The improved NCL strategy for the preparation of glycocin F (206) and analogues. 

1.1. Synthesis of H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-COSCH2CH2-(Lys)5-COOH 

(213) 

To prepare native glycocin F (206), attention first turned to the chemical synthesis of polypeptide 

building blocks. Synthesis of the thioester fragment H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-

COSCH2CH2-(Lys)5-COOH (213) was carried out via manual Boc-SPPS using in situ neutralisation with 

HATU/iPr2EtN as coupling reagents and 100% TFA as the Boc deprotection reagent (Scheme 83).13 In 

order to install a thioester moiety onto the N-terminal peptide fragment, a penta-lysine tag was 

added to aminomethyl-polystyrene resin (0.2 mmol scale) using the HF-labile PAM linker to yield the 

resin-bound peptide 239. A polycationic tag has been reported to be efficient in increasing the 

solubility of peptide fragments and can be easily cleaved by trans-thioesterification during the NCL 

reaction, yielding the desired peptide.445 After attachment of the solubilising tag, the thioester 

generating linker S-trityl-3-mercaptopropionic acid was anchored, which allows for the thioester to 

be installed directly on-resin following removal of the trityl protecting group to yield 240. 

Following attachment of the thiol linker, the sequence was elongated using Boc-SPPS to yield the 

resin-bound peptide 241. The thioester fragment 213 has a single methionine residue whose 

methylthioether side chain is easily oxidised under the acidic conditions of Boc-SPPS. This can result 

in mixtures of reduced and oxidised methionine, complicating analysis and purification by HPLC. 

Met(12) was therefore incorporated in its methionine sulfoxide form which can then be reduced on-

resin at the end of the synthesis to give the native methionine.446 In addition, the side chain indole 

ring of Trp(4) and Trp(6) residues were protected with a formyl group to prevent oxidation and 

alkylation side reactions under acidic conditions. The conditions for cleavage of the formyl groups 

require the use of nucleophiles that are not compatible with electrophilic groups such as thioesters. 
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It was therefore decided to perform the cleavage of formyl groups following the ligation of all 

peptides together, prior to folding of the full-length polypeptide. 

Following peptide synthesis, reduction of Met(O) with simultaneous deprotection of the N-terminal 

Boc group were successfully performed on-resin under acidic conditions by treating the peptidyl 

resin 241 with a mixture of tetrabutylammonium iodide (TBAI) in TFA for 2 min in the presence of 

dimethyl sulfide (Me2S).447 Me2S functions to accelerate Met(O) reduction and serve as an efficient 

coreductant, thereby avoiding hydrolysis of the thioester functionality.448 Subsequently, the peptide 

thioester was cleaved from the resin with concomitant removal of side chain protecting groups with 

anhydrous HF/p-cresol (v/v; 20:1) at 0 οC for 1 h. RP-HPLC purification afforded the desired thioester 

fragment 213 in >98% purity and 33% yield (ESI-MS, m/z [M+2H]2+; calculated: 1078.1, observed: 

1078.0) (Figure 67). 

 

Scheme 83. Synthesis of the thioester fragment 213. Reagents and conditions: (i) Boc-Lys(2-Cl-Z)-PAM, DIC, 

CH2Cl2, r.t, 4 h; (ii) Boc-SPPS (Boc deprotection: 100% TFA, r.t, 2 min; coupling: Boc-amino acid, HATU, iPr2EtN, 

DMF, r.t, 5 min; (iii) S-trityl-3-mercaptopropionic acid, HATU, iPr2EtN, DMF, r.t, 30 min; (iv) TFA, iPr3SiH, H2O, 

r.t, 2 x 5 min; (v) Boc-Met(O)-OH, HATU, iPr2EtN, DMF, r.t, 45 min; (vi) 30 mM Me2S, 30 mM TBAI, TFA, r.t, 2 

min; (vii) HF, p-cresol, 0 °C, 1 h. 
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Figure 67. LC-MS chromatogram of purified thioester peptide 213. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

1.2. Synthesis of Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-His(27)-COSBn (215) 

Due to the presence of the GlcNAc moiety at position 18, the thiazolidine-thioester fragment 

Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-His(27)-COSBn (215) can not be accessed using Boc-SPPS.449 

Furthermore, previous attempts using Fmoc-based thioester chemistry reported by Dawson et al.147a 

and Liu et al.450 proved to be difficult.139a Synthesis of fragment 215 was therefore accomplished 

using Fmoc-SPPS followed by solution-phase trans-thioesterification of the C-terminal carboxylic acid 

of the side chain protected peptide followed by global deprotection, as previously published.139a To 

expedite a sequential ligation strategy thereby avoiding an intramolecular side reaction, the N-

terminal Cys(12) of 215 was masked as Thz which can then be converted back to the native cysteine 

following NCL reaction.451 Briefly, aminomethyl polystyrene resin was functionalised with the highly 

acid-labile HMPB linker using DIC in CH2Cl2 (Scheme 84). Upon activation of DIC and DMAP in DMF, 

Fmoc-His(Trt)-OH was attached to the HMPB linker via an ester bond to yield 242. The peptide 243 

was elongated using HATU/iPr2EtN and Fmoc-L-Ser(β-GlcNAc(OAc)3) was coupled using HATU/HOAt 

and 2,2,6,6-tetramethylpyridine (TMP), conditions known to minimise epimerisation of glycosylated 

building blocks.452 After full peptide assembly, a small portion of peptidyl-resin 243 was treated with 

TFA to assess the formation of the side chain deprotected peptide Thz-Gly-Ala-Gly-Tyr-Asp-Ser(β-

GlcNAc(OAc)3)-Gly-Thr-Cys-Asp-Tyr-Met-Tyr-Ser-His-COOH; and the remainder of the resin was 

treated with 1% TFA in CH2Cl2 to afford the side chain protected peptide 214. The protected 

glycopeptide sequence was prepared efficiently as evidenced by the major peak in the LC-MS 

chromatogram of the TFA-cleaved peptide (ESI-MS, m/z [M+H]+; calculated: 1035.9, observed: 

1036.0) (Figure 68A). 

The thioester functionality was then introduced on the C-terminal His of the protected peptide in-

solution by coupling the peptide α-thioacid 213 with benzyl mercaptan, which was conducted in 

CH2Cl2 using DIC/6-Cl-HOBt and iPr2EtN at room temperature overnight.139a, 453 The side chain 

protecting groups were then cleaved using TFA containing 2.5% 1,2-ethanedithiol (EDT), 2.5% H2O 
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and 1.0% iPr3SiH as scavengers, to afford crude desired peptide-thioester 215. The use of EDT in the 

cleavage mixture was necessary to prevent alkylation of the side chain of Met(24).454 The 

glycopeptide fragment was then purified by RP-HPLC to >98% purity, and a yield of 23% (ESI-MS, m/z 

[M+2H]2+; calculated: 1088.9, observed: 1089.0) (Figure 68B). 

The previously reported HPLC analysis of purified peptide 215 using a diphenyl reversed-phase 

column showed a single peak corresponding to the desired product.139a However using a C18 

reversed-phase column, the purified thioester peptide appeared as two overlapping peaks with the 

same mass, which were difficult to separate using RP-HPLC. The two overlapping peaks were the 

results of a complete epimerisation at the C-terminal His(27) which could have taken place during 

the trans-thioesterification reaction and/or loading the C-terminal His to the HMPB-aminomethyl 

resin. 

Without further synthetic optimisation at this point, we decided to utilise fragment 215 for the 

ligation reactions to prepare native glycocin F (206) and its D-His(27)-containing analogue. However, 

the prevention of His(27) epimerisation was explored and discussed later in this chapter. Adoption of 

an improved synthetic plan was subsequently used for the synthesis of analogues of glycocin F. 

 
 

Scheme 84. Synthesis of glycopeptide the thiazolidine-thioester fragment 215. Reagents and conditions: (i) 

HMPB, DIC, CH2Cl2, r.t, 4h; (ii) Fmoc-His(Trt)-OH, DIC, DMAP, DMF, r.t, 2 x 1 h;  (iii) Fmoc-SPPS (Fmoc 

deprotection: 20% piperidine, DMF, r.t, (2 x 5 min); coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 40 min 

(except Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH, HATU, HOAt, TMP, DMF, r.t, overnight); (iv) 1% TFA, CH2Cl2, r.t, 4 x 5 

min; (v) benzyl mercaptan, DIC, 6-Cl-HOBt, iPr2EtN, CH2Cl2, r.t, overnight; (vi) TFA, EDT, H2O, iPr3SiH, r.t, 2 h. 
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Figure 68. LC-MS chromatograms for the synthesis of the thiazolidine-thioester fragment 215. (A) Crude TFA-

treated peptide 214; (B) Purified glycopeptide 215. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), 

gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

1.3. Synthesis of H2N-Cys(28)-Cys(43)(β-GlcNAc(OAc)3)-COOH (234) 

The previously published synthesis of the C-terminally amidated analogue of glycocin F (212) utilised 

the commercially available Rink amide linker to synthesise the C-terminal glycopeptide fragment 

bearing the S-linked glycoside and a C-terminal amide. The presence of a C-terminal amide 

functionality was then shown to have a detrimental effect on the antibacterial activity of glycocin 

F.139a In order to synthesise the native glycocin F, an alternative strategy was devised to introduce a 

carboxylic acid functionality at the C-terminus of the cysteinyl fragment H2N-Cys(28)-Cys(43)(β-

GlcNAc(OAc)3)-COOH (234). Due to the presence of cysteine at the C-teminus of this peptide, the use 

of a benzyl alcohol-based resin was avoided as attaching cysteine through an ester linkage increases 

the acidity of the cysteine Cα-proton and will lead to epimerisation and dehydroalanine by-product 

formation.455 We therefore decided to perform the synthesis on 2-ClTrtCl linker, as amino acid 

loading to this resin does not involve activation which does not result in epimerisation.206a, 456 
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Initially, the coupling efficiency of Fmoc-Cys(β-GlcNAc(OAc)3)-OH 2-ClTrtCl linker resin to produce 

peptide 234 was compared to an unmodified Cys (for peptide 244). The syntheses of 234 and 244 

were therefore commenced by anchoring Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH or Fmoc-Cys(Trt)-OH to 2-

ClTrtCl resin (0.2 mmol) using iPr2EtN in CH2Cl2 (Scheme 85). Subsequent peptide elongation to 

access the on-resin bound peptides 245 and 246 was performed via Fmoc-SPPS using HATU/iPr2EtN 

as the coupling reagent and 20% piperidine/DMF as the Fmoc deblocking reagent. To improve the 

synthetic efficiency, a pseudoproline dipeptide derivative was introduced as a replacement for 

Ser(35)-Ser(36).139a The use of pseudoproline dipeptides results in the introduction of a “kink” in the 

backbone of the peptide, as well as removing hydrogen bond donors, which helps to prevent peptide 

aggregation by disrupting secondary structures such as β-sheets during chain assembly (See Chapter 

One).81 Pleasingly, peptides 234 and 244 were obtained in good recovery following TFA-mediated 

cleavage of the resin and the side chain protecting groups. 

LC-MS analysis of peptide 244, which contains a C-terminal unmodified Cys, showed that the extent 

of epimerisation was relatively high (around 36% racemised) (Scheme 85A). On the other hand, 

synthesis of our desired peptide 234 bearing L-Cys(β-GlcNAc(OAc)3) resulted in only 19% 

epimerisation (Scheme 85B). We herein predict that the GlcNAc moiety provides a better protection 

of the Cα-proton of the C-terminal Cys than the trityl group, thereby reducing epimerisation. RP-HPLC 

purification afforded the desired the C-terminal, cysteinyl fragment 234 in >96% purity and 29% yield 

(ESI-MS, m/z [M+2H]2+; calculated: 1033.9, observed: 1033.8). 
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Scheme 85. Synthesis and LC-MS analysis of (A) peptide 244 and (B) peptide 234. Reagents and conditions: (i) 

Fmoc-Cys(Trt)-OH (for A) or Fmoc-Cys(β-GlcNAc(OAc)3)-OH (for B), iPr2EtN, CH2Cl2, r.t, 1 h; (ii) Fmoc-SPPS 

(Fmoc deprotection: 20% piperidine, DMF, r.t, (2 x 5 min); coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 

40 min; (iii) TFA, DODT, H2O, iPr3SiH, r.t, 2 h. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), 

gradient 5-65% B over 30 mins, 1.0 mL min-1 flow rate. 
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1.4. First Native Chemical Ligation 

With all three fragments in hand, the first NCL between the cysteinyl peptide H2N-Cys(28)-Cys(43)-

COOH (234) bearing the S-linked glycoside and the 1:1 diastereoisomeric mixture of thiazolidine-

thioester peptide Thz(12)-D/L-His(27)-COSBn (215) bearing the O-linked glycoside was attempted 

(Scheme 86). NCL was conducted in 6 M GnHCl/0.2 M Na2HPO4 buffer containing TCEP (20 mM) and 

the water soluble thiol MPAA (100 mM) at pH 6.8. The reaction was monitored by analytical RP-

HPLC, which revealed formation of a 1:1 diastereoisomeric mixture of ligated peptide Thz(12)-

Ser(18)(β-GlcNAc(OAc)3)-D/L-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH (235) within 5 min (Figure 69A). 

LC-MS analysis taken after 2 h revealed nearly quantitative conversion to the ligated product (ESI-

MS, m/z [M+3H]3+; calculated: 1373.8, observed: 1374.1) (Figure 69B). 

 

Scheme 86. Synthesis of glycopeptides 236a and 236b. Reagents and conditions: (i) 6 M Gn.HCl, 0.2 M 

Na2HPO4, 100 mM MPAA, 20 mM TCEP, pH 6.8, r.t, 2 h; (ii) 6 M Gn.HCl, 0.2 M Na2HPO4, 100 mM MPAA, 20 mM 

TCEP, methoxyamine·HCl, pH 4, r.t, 16 h. 

In order to acquire the native N-terminal Cys(12) for the second ligation, the non-native Thz in the 

diastereomeric mixture of 235 was converted Cys using methoxylamine hydrochloride under acidic 

conditions (pH 4).457 The anticipated mechanism for this reaction is described in Scheme 87.458 

Protonation at the sulfur atom, under acidic pH, leads to the formation of an iminium ion which then 

produces a free thiol. Methoxylamine then adds to the sp2 carbon to afford the amine, and then 

formation of an oxime generates the free amine to yield a Cys residue at the N-terminus. LC-MS 

analysis taken after 16 h revealed nearly quantitative conversion to the cysteinyl glycopeptide 
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mixture H2N-Cys(12)-Ser(18)(β-GlcNAc(OAc)3)-D/L-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH (236) (ESI-

MS, m/z [M+3H]3+; calculated: 1369.8, observed: 1369.8) (Figure 69C). 

 

Scheme 87. Proposed mechanism of Thz to Cys conversion using MeONH2.HCl.457a, 458 

 

Figure 69. LC-MS chromatograms for synthesis of glycopeptide 236. (A) NCL of glycopeptides 215 and 234 at 

t=0 min; (B) Generation of glycopeptide 235 at t = 2 h. (C) Thz to Cys conversion reaction to make glycopeptide 

236 after 16 h. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 

mL min-1 flow rate. 
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Subsequent RP-HPLC purification enabled separation of the diastereomers 236a and 236b in 20% 

and 22% yield, respectively. As we were unable to unequivocally assign the L- and D-stereochemistry 

of the His residue in peptides 236a and 236b, both diastereomers were carried forward to complete 

the synthesis of the glycocin F sequence, whereupon HPLC comparison with an authentic sample of 

glycocin F (bacterial glycocin F) could be undertaken. 

1.5. Second Native Chemical Ligation 

The cysteinyl epimeric fragments 236a and 236b were treated separately with N-terminal thioester 

H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Met(11)-COSCH2CH2-(Lys)5-COOH (213) under similar conditions 

as previously described for the first ligation (1 mM peptide, 20 mM TCEP, and 100 mM MPAA) 

(Scheme 88). The ligations were nearly complete after 4 h (Figure 70 and 71), as judged by HPLC, 

and quenched by the addition of 5 M aqHCl. Mass spectrometric analysis of the principal peak in 

both ligations corresponded to the expected ligation products H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-

Ser(18)(β-GlcNAc(OAc)3)-D/L-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH (ESI-MS, m/z [M+4H]4+; 

calculated: 1379.74, observed: 1379.70 for glycopeptide 237a and 1379.71 for glycopeptide 237b). 

The final products 237a and 237b were recovered separately by solid-phase extraction (SPE) in 62% 

yield (from peptide 236a) and 65% yield (from peptide 236b), respectively, and used for the next 

step without further purification. 

 

Scheme 88. Synthesis of glycopeptides 237a and 237b. Reagents and conditions: (i) 6 M Gn.HCl, 0.2 M 

Na2HPO4, 100 mM MPAA, 20 mM TCEP, pH 6.8, r.t, 4 h. 
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Figure 70. LC-MS chromatograms for synthesis of glycopeptide 237a. (A) NCL of glycopeptides 213 and 236a at 

t=0 min; (B) Generation of the desired glycopeptide at t = 4 h. Analysed by XTerra® MS C18 column (4.6 x 150 

mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

 

Figure 71. LC-MS chromatograms for synthesis of glycopeptide 237b. (A) NCL of glycopeptides 213 and 236b at 

t=0 min; (B) Generation of the desired glycopeptide at t = 4 h. Analysed by XTerra® MS C18 column (4.6 x 150 

mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

1.6. Global Deprotection of the Formyl and Acetyl Groups 

Following a modified method from Payne et al.392, simultaneous deprotection of the formyl groups 

on the side chain of the Trp(4) and Trp(6) residues and the O-acetate groups on the sugar hydroxyls 

of the separate epimeric fragments 237a and 237b were conducted (Scheme 89). The successful 

reaction was accomplished at 0 οC using a mixture of hydrazine/2-mercaptoethanol (v/v; 25:37.7) in 

NMP/Gn.HCl/4-(2-Hydroxyethyl)-1-piperazinylethanesulfonic acid (HEPES) (v/v/v; 22.5:5.6:9.4) which 
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resulted in quantitative conversions to the crude, full length glycopeptides 238a and 238b (H2N-

Lys(1)-Ser(18)(β-GlcNAc)-D/L-His(27)-Cys(43)(β-GlcNAc)-COOH) (Figure 72 and 73). To circumvent 

loss of material, the crude products 238a and 238b were isolated separately by solid phase 

extraction prior to oxidative folding in 52% yield (from peptide 237a) and 57% yield (from peptide 

237b), respectively. 

 

Scheme 89. Deprotection of acetyl and formyl groups to yield the glycopeptides 238a and 238b. Reagents and 

conditions: 6 M Gn.HCl, 1 M HEPES, hydrazine, 2-mercaptoethanol, 0 ⁰C, 30 min. 

 

Figure 72. LC-MS chromatograms for synthesis of glycopeptide 238a. (A) The deprotection reaction at t=0; (B) 

Generation of the desired glycopeptide at t=30 min. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), 

gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 
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Figure 73. LC-MS chromatograms for the synthesis of glycopeptide 238b. (A) The deprotection reaction at t=0; 

(B) Generation of the desired glycopeptide at t=30 min. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 

µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

1.7. Peptide Folding 

The final stage of the synthesis of glycocin F (206) is the formation of disulfide bonds at 

Cys(12)/Cys(21) and Cys(5)/Cys(28) to give the correctly folded structure. This is typically carried out 

in an aqueous solution that mimics physiological conditions inside a cell such as the use of a low 

molecular weight thiol-disulfide redox couple at an elevated pH (around 8) containing an excess of 

the thiol to reduce any misfolded disulfide cross-linked species that may form. Correct disulfide bond 

formation results from the thermodynamic driving force for the formation of the stable, folded 

tertiary structure of the protein molecule.103 A low concentration of a chaotrope (usually Gn.HCl) is 

added to keep misfolded forms of the polypeptide from aggregating and precipitating.103 

The isolated epimeric fragments 238a and 238b were therefore individually subjected to a folding 

condition involving the use of a redox couple containing 2 mM cysteine, 0.25 mM cystine, and 0.025 

mM (ethylenedinitrilo)tetraacetic acid (EDTA) in 1.5 M Gn.HCl (pH 8.4) at 4 οC (Scheme 90).149 Under 

these conditions, a single folded species was afforded within 16 h from each epimeric glycopeptide, 

as determined by analytical LC-MS (Figures 74 and 75). Purification by HPLC yielded epimeric [D-

His(27)]-glycocin F (206a) and [L-His(27)]-glycocin F (206b) in 29% and 32% yield, respectively. 
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Scheme 90. The final oxidative folding reaction to synthesise glycocin F epimers 206a and 206b. Reagents and 

conditions: 1.5 M Gn·HCl, 50 mM Na2HPO4, 2 mM cysteine, 0.25 mM cystine, 0.025 mM EDTA, pH 8.2, 0.25 

mM peptide, 4 ⁰C, 16h. 

 

Figure 74. LC-MS chromatograms for the folding reaction. The folding reaction of glycopeptide 238a to 

generate glycocin F epimer 206a. (A) crude profile of the overnight folding reaction; (B) the purified glycocin F 

epimer 206a. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL 

min-1 flow rate. 
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Figure 75. LC-MS chromatograms for the folding reaction. The folding reaction of the glycopeptide 238b to 

generate glycocin F epimer 206b. (A) crude profile of the overnight folding reaction; (B) the purified glycocin F 

epimer 206b. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 

mL min-1 flow rate. 

Having successfully prepared glycocin F glycopeptides 206a and 206b, epimeric at His(27), correct 

assignment of the natural product was achieved by direct comparison of the HPLC retention time 

with an authentic sample of isolated glycocin F (Figure 76). Epimer 206b eluted at an identical 

retention time to the naturally-isolated glycocin F, and therefore was assigned the L-configuration at 

His(27). On the other hand, epimer 206a eluted faster and was therefore assigned the D-

configuration. Having successfully determined the correct primary structure for the synthetic 

glycocin F (synthetic glycocin F 206b), the presence of the two disulfide bonds in 206b was then 

confirmed by HRESI-MS analysis (HR-ESIMS, m/z [M+4H]3+; calculated for C226H311N57O72S7: 

1041.4634, observed: 1040.8203) (See Experimental data). 
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Figure 76. Analytical RP-HPLC chromatograms of: (A) glycocin F epimer 206a; (B) glycocin F epimer 206b; (C) 

naturally-isolated glycocin F. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 

35 mins, 1.0 mL min-1 flow rate. 

2. Improvement of the Synthesis of Glycocin F-Second Generation Synthetic Strategy 

2.1. Changing the chemical linker and reaction conditions 

The previous synthesis and activation of middle fragment Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-His(27)-

COSBn (215) resulted in formation of two epimers at His(27) (Scheme 91A). Thus, an alternative 

synthetic method was devised to investigate whether it is possible to minimise this epimerisation 

problem and form a homogenous product with only L-His(27). This new strategy included the use of 

a different linker for Fmoc-SPPS and different conditions for the solution-phase trans-

thioesterification reaction (Scheme 91B). 

Initially, it was envisioned that epimerisation of the C-terminal His(27) not only occured during the 

trans-thioesterification step, but also happened during loading of the His residue onto the HMPB 

linker (Scheme 91A). Although the crude peptide fragment appeared as a single peak prior to the 

trans-thioesterification reaction (Figure 68A in Part III/Section 1.2), we anticipated that this single 

peak is actually the product of two overlapping peaks. 
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Scheme 91. The different strategies used to prepare glycopeptide 215. (A) The previously reported method 

which resulted in the formation of epimeric peptides at His(27); (B) The newly optimised method 

In order to confirm that His(27) epimerisation occurred during the loading step, it was decided to 

repeat the synthesis of the middle fragment 214 up to Gly(19) on HMPB-aminomethyl polystyrene 

resin (truncated peptide H2N-Gly(19)-Tyr-Cys-Asp-Tyr-Met-Tyr-Ser-His(27)-COOH). Analysis of a TFA-

treated sample of the truncated peptide revealed the presence of two overlapping epimerised 

products, which resulted from the DMAP-catalysed esterification of the C-terminal His(27) to the 

linker (Figure 77A). 

To avoid the use of DMAP in the resin loading step, it was decided to perform the synthesis of the 

side chain-protected peptide Thz(12)-Ser(18)(GlcNAc(OAc)3)-His(27)-COOH (214) on 2-ClTrtCl resin. 
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After Fmoc deprotection of Gly(19), a small portion of resin was removed and treated with TFA to 

assess the degree of epimerisation. LC-MS analysis of the truncated peptide H2N-Gly(19)-Tyr-Cys-

Asp-Tyr-Met-Tyr-Ser-His(27)-COOH confirmed that His epimerisation had not taken place due to the 

presence of a single major peak corresponding to the desired product (ESI-MS, m/z [M+H]+; 

calculated: 1077.4, observed: 1077.4). However, careful LC-MS analysis of the truncated peptide 

showed the formation of a minor coproduct (25% relative to the expected peptide) with the same 

mass, which was attributed to Cys(21) epimerisation (Figure 77B). In order to prevent epimerisation 

of Cys(21), the synthesis was repeated using 2-ClTrtCl linker and the coupling of Fmoc-Cys(Trt)-OH 

was achieved using HCTU and 2,4,6-trimethylpyridine (TMP) (weaker base than iPr2EtN) in the 

presence of HOAt in CH2Cl2/DMF (v/v; 1:1), conditions known to suppress epimerisation.459 HPLC 

analysis of the cleaved truncated fragment H2N-Gly(19)-Tyr-Cys-Asp-Tyr-Met-Tyr-Ser-His(27)-COOH 

showed an improved profile (Figure 77C), which suggested that the optimised coupling conditions 

for Cys(21) are significantly superior to the standard HATU/iPr2EtN coupling method (Figure 77B). 

Elongation of the peptide fragment was then continued and the side chain protected glycopeptide 

214 released from resin upon treatment with 20% TFE in CH2Cl2 (Scheme 92). 

 

Figure 77. LC-MS chromatograms for the synthesis of H2N-Gly-Thr-Cys-Asp-Tyr-Met-Tye-Ser-His-COOH showing 

enlargements of the major peaks. A) peptide synthesis using HMPB linker, B) peptide synthesis using 2-ClTrtCl 

linker, C) optimised synthesis to reduce Cys(21) epimerisation. Analysed by XTerra® MS C18 column (4.6 x 150 

mm; 5 µm), gradient 1-61% B over 30 mins, 1.0 mL min-1 flow rate. 
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Having prevented DMAP-catalysed epimerisation of the C-terminal His(27) and acquired a clean 

synthesis of the side chain-protected peptide 214 (Figure 78A depicts the TFA-treated peptide 214), 

we then turned to the trans-thioesterification step. Various research groups have reported 

optimised conditions that avoid epimerisation at the C-terminus, such as the use of PyBOP in 

CH2Cl2137 or HBTU in THF,460 however we decided to utilise a DIC-mediated trans-thioesterification 

with a large excess of alkylthiol at low temperature with no addition of a base. Low temperature 

coupling of alkylthiols was previously shown to successfully reduce epimerisation at the C-terminus 

of peptide sequences.461 Thus, the C-terminal carboxylic acid in 214 was coupled with benzyl 

mercaptan using DIC/6-Cl-HOBt in CH2Cl2/DMF (v/v; 2:1) at -20 οC for 1 h then at room temperature 

overnight. Following acid-mediated cleavage of the side chain protecting groups, the desired peptide 

215 was afforded in 41% crude yield. Using these optimised conditions, HPLC analysis of crude 

glycopeptide 215 showed that His(27) epimerisation was reduced to less than 20%, a major 

improvement over the previously reported procedure that resulted in approximately 50% 

epimerisation at His(27) (Figure 78B). 

 
 

Scheme 92. Optimised synthesis of the thiazolidine-thioester fragment 215. Reagents and conditions: (i) Fmoc-

His(Trt)-OH, iPr2EtN, CH2Cl2, r.t, 1 h; (ii) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, (2 x 5 min); 

coupling: Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 40 min (except Fmoc-L-Ser(18)(β-GlcNAc(OAc)3)-OH, 

HATU, HOAt, TMP, DMF, r.t, overnight and Fmoc-Cys(21)(Trt)-OH, HCTU, HOAt, TMP, CH2Cl2, DMF, r.t, 2 x 1 h); 

(iii) 20% TFE, CH2Cl2, r.t, 1 h; (iv) benzyl mercaptan, DIC, 6-Cl-HOBt, CH2Cl2, DMF, 4 οC for 1 h then r.t overnight; 

(v) TFA, EDT, H2O, iPr3SiH, r.t, 2 h. 
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Figure 78. Analytical RP-HPLC chromatograms for the synthesis of peptide 215. A) prior to activation, B) after 

activation. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL 

min-1 flow rate. 

2.2. Changing the synthetic strategy 

Following the success obtained from optimising the resin choice and the conditions of the trans-

thioesterification reaction to reduce the epimerisation of His(27), we sought to design an alternative 

strategy to reduce the number of synthetic steps for preparing glycocin F in order to increase the 

yield of the final product. 

The first successful strategy to prepare glycocin F used two ligation sites, which resulted in three 

polypeptide fragments that underwent two consecutive NCL reactions to produce the full-length 

glycocin F (Scheme 93A). An alternative strategy was devised using only two fragments, consisting of 

31 amino acids [fragment 236, H2N-Cys(12)-Ser(18)(β-GlcNAc(OAc)3)-Cys(43)(β-GlcNAc(OAc)3)-

COOH] and 11 amino acids [the N-terminal fragment 213, H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-

Met(11)-COSCH2CH2-(Lys)5)-COOH] amino acid residues in length (Scheme 93B). While the synthesis 

of fragment 236 had required the ligation of the two short peptides 215 and 234 followed by Thz(12) 

deprotection, we anticipated that 236 can be accessed through direct Fmoc-SPPS with higher yield. 

Following this approach, the native residue Cys(12) could be used as the ligation site between 236 

and 213, thereby avoiding introduction of non-native thiazolidine that would require further 

chemical manipulation after the ligation step. Furthermore, a one-ligation strategy would by-pass 

the trans-thioesterification step of His(27), the subsequent NCL reaction, and multiple intermediate 

purification steps. Therefore, this synthetic strategy will reduce the number of synthetic steps to 

access glycocin F and analogues thereof from eight to only five steps in total. 
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Scheme 93. Retrosynthesis of glycocin F (206) using (A) the previously reported method and (B) the newly 

optimised method. 

Thus, synthesis of the long fragment 236 was initiated via Fmoc-SPPS on 2-ClTrtCl resin (Scheme 94). 

To aid the synthesis, three pseudoproline dipeptides were incorporated at the optimal spacing 

within the peptide chain, namely Gly(19)-Thr(20), Tyr(25)-Ser(26), and Ser(35)-Ser(36). Following 

Fmoc-SPPS, the fully assembled peptide 248 was cleaved from the resin with simultaneous removal 
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of side chain protecting groups using the cleavage mixture TFA/EDT/H2O/iPr3SiH (v/v/v/v; 

94:2.5:2.5:1). Under the above conditions, the desired glycopeptide 236 was successfully obtained in 

30% crude yield and >73% purity (Figure 79). 

As glycocin F (206) was already synthesised in the previous sections, its preparation from 

glycopeptide 236 using this optimised synthetic strategy was not undertaken. However based on the 

promising results highlighted above for the synthesis of glycopeptide fragment 236, the synthesis 

and yield of the full-length glycocin F (206) should be improved using this optimised strategy. To 

demonstrate the efficiency of the one-ligation-based synthetic strategy, it was employed for the 

syntheses of analogues of glycocin F, which are reported in the next section. 

 

Scheme 94. Optimised synthesis of glycocin F (206). Reagents and conditions: (i) Fmoc-L-Cys(β-GlcNAc(OAc)3)-

OH, iPr2EtN, CH2Cl2, r.t, 1 h; (ii) Fmoc-SPPS (Fmoc deprotection: 20% piperidine, DMF, r.t, (2 x 5 min); coupling: 

Fmoc-amino acid, HATU, iPr2EtN, DMF, r.t, 40 min (except Fmoc-L-Ser(18)(β-GlcNAc(OAc)3)-OH, HATU, HOAt, 

TMP, DMF, r.t, overnight and Fmoc-Cys(21)(Trt)-OH, HATU, HOAt, TMP, CH2Cl2, DMF, r.t, 2 x 1 h); (iii) TFA, EDT, 

H2O, iPr3SiH, r.t, 2 h. 
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Figure 79. LC-MS chromatogram for the optimised synthesis of peptide 236. Analysed by XTerra® MS C18 

column (4.6 x 150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

3. Synthesis of glycocin F analogues 219-221 

At this point of researching into the structure-activity of glycocin F, the precise role of the S-

glycoside residue remains unknown. We propose that this glycoside residue plays a role in the 

stability of the native peptide. In order to prove this hypothesis and provide more information on 

the structure-activity relationships of glycocin F, related glycopeptide structures need to be 

prepared. 

Having established a reliable and easy method for the synthesis of glycocin F using only one ligation, 

we next turned to the synthesis of three glycocin F analogues (219-221), each bearing a single 

modification at one of the sugar positions (Table 10). Thus, analogue 219 was designed to contain O-

linked GlcNAc moieties at both Ser(18) and Cys(43). This analogue can help to elucidate the 

biological rationale for using an S-glycosidic linkage in glycocin F. In addition, analogue 220 was 

designed to have S-linked GlcNAc moieties at both Ser(18) and Cys(43). Testing this analogue is 

necessary to provide further evidence to substantiate a proposed inhibitory mechanism for glycocin 

F. Analogue 221 was designed to have only O-linked GlcNAc Ser(18) with the substitution of 

Cys(43)(β-GlcNAc(OAc)3) with an unmodified serine. Testing this analogue is necessary to provide 

further direct evidence as to whether the presence of a C-terminal GlcNAc moiety is really needed 

for antibacterial activity. 
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Table 10. Chemical structures of the J and X groups in the analogues 219-221 compared to the native glycocin 

F (206). 

 

Compound number J X 

 

Native glycocin F (206) 

 
 

 

219 

  

 

220 

  

 

221 

 

 

 

The general synthetic route used to prepare glycocin F analogues 219, 220, and 221 is shown in 

Scheme 95, where J and X represent the modifications on the peptide sequences. The longer 

fragments 249, 250, and 251 were synthesised separately on 2-ClTrtCl resin via Fmoc-SPPS using 

HATU/iPr2EtN for the amino acid coupling steps and 20% piperidine for Fmoc group deprotection 

(Figures 80, 84, and 88 for LC-MS analyses of the purified peptides). The purified peptides were then 

reacted with the fragment H2N-Lys(1)-Met(11)-COSCH2CH2-(Lys)5-OH (peptide 213) under NCL 

conditions for 4 h to yield the desired glycopeptides 252, 253, and 254 in 40%, 44%, and 38% yield, 

respectively (Figures 81, 85, and 89 for LC-MS analyses of the NCL reactions). Following NCL, the 

formyl protecting groups of Trp residues and the acetate groups of GlcNAc moieties were removed 
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by treatment with a mixture of hydrazine/2-mercaptoethanol (25:37.5; v/v) in NMP/Gn.HCl/HEPES 

(22.5:5.6:9.4; v/v/v) for 30 min to yield the glycopeptides 255, 256, and 257 in 31%, 52%, and 39% 

yield, respectively (Figures 82, 86, and 90 for LC-MS analyses of the deprotection reactions). 

Following solid phase extraction, the glycopeptides were individually subjected to oxidative folding 

by treatment with 2 mM cysteine, 0.25 mM cystine, and 0.1 mM EDTA in 1.5 M Gn.HCl (pH 8.2) at 4 

°C. Pleasingly, glycocin F analogues 219, 220, and 221 were produced as single folded species within 

16 h and there was no significant differences observed among the folding reactions, as determined 

by LC-MS (Figures 83, 89, and 91 for LC-MS analyses of the folding reactions). 

RP-HPLC purification afforded glycocin F analogues 219, 220, and 221 in >95% purity and 29%, 31%, 

and 19% yield, respectively. The presence of two disulfide bonds in all analogues was confirmed by 

HRESI-MS and the masses were consistent with the calculated mass of the desired glycopeptides 

(See Experimental data). 

 

Scheme 95. The one-ligation strategy for the synthesis of glycocin F analogues 219-221. Reagents and 

conditions: (i) 6 M Gn.HCl, 0.2 M Na2HPO4, 100 mM MPAA, 20 mM TCEP, pH 6.8, r.t, 4 h; (ii) 6 M Gn.HCl, 1 M 

HEPES, hydrazine, 2-mercaptoethanol, 0 ⁰C, 30 min; (iii) 1.5 M Gn·HCl, 50 mM Na2HPO4, 2 mM cysteine, 0.25 

mM cystine, 0.025 mM EDTA, pH 8.2, 0.25 mM peptide, 4 ⁰C, 16h. 



262 

 

Figure 80. LC-MS chromatogram for the synthesis of peptide 249. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

 

Figure 81. LC-MS chromatograms for synthesis of glycopeptide 252. (A) NCL of peptides 213 and 249 at t=0 

min; (B) Generation of the desired glycopeptide at t = 4 h. Analysed by Vydac TP Diphenyl column (4.6 x 250 

mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 
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Figure 82. LC-MS chromatograms for the synthesis of glycopeptide 255. (A) The deprotection reaction after 30 

min; (B) The purified glycopeptide 255. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-

75% B over 35 mins, 1.0 mL min-1 flow rate. 

 

Figure 83. LC-MS chromatograms for the folding reaction of glycocin F analogue 219. (A) crude profile of the 

overnight folding reaction; (B) the purified glycocin F analogue 219. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 
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Figure 84. LC-MS chromatogram for the synthesis of peptide 250. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-65% B over 30 mins, 1.0 mL min-1 flow rate. 

 

Figure 85. LC-MS chromatograms for synthesis of glycopeptide 253. (A) NCL of peptides 213 and 250 at t=0 

min; (B) Generation of the desired glycopeptide at t = 4 h. Analysed by Grace Vydac 219TP Diphenyl column 

(4.6 x 250 mm; 5 µm); gradient 5-65% B over 30 mins, 1.0 mL min-1 flow rate. 
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Figure 86. LC-MS chromatograms for the synthesis of glycopeptide 256. (A) The deprotection reaction after 30 

min; (B) The purified glycopeptide 256. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-

75% B over 35 mins, 1.0 mL min-1 flow rate. 

 

Figure 87. LC-MS chromatograms for the folding reaction of glycocin F analogue 220. (A) crude profile of the 

overnight folding reaction; (B) the purified glycocin F analogue 220. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 
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Figure 88. LC-MS chromatogram for the synthesis of peptide 251. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate 

 

Figure 89. LC-MS chromatograms for synthesis of glycopeptide 254. (A) NCL of peptides 213 and 251 at t=0 

min; (B) Generation of the desired glycopeptide at t = 4 h. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 

5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 
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Figure 90. LC-MS chromatograms for the synthesis of glycopeptide 257. (A) The deprotection reaction after 30 

min; (B) The purified glycopeptide 257. Analysed by XTerra® MS C18 column (4.6 x 150 mm; 5 µm), gradient 5-

75% B over 35 mins, 1.0 mL min-1 flow rate. 

 

Figure 91. LC-MS chromatograms for the folding reaction of glycocin F analogue 221. (A) crude profile of the 

overnight folding reaction; (B) the purified glycocin F analogue 221. Analysed by XTerra® MS C18 column (4.6 x 

150 mm; 5 µm), gradient 5-75% B over 35 mins, 1.0 mL min-1 flow rate. 

  



268 

4. Secondary Structure Analysis 

We investigated the secondary structure of the natural and synthetic glycocin F and compared it to 

the secondary structures of the analogues 219-221 to assess any conformational changes resulting 

from chemical modifications. CD spectra were recorded between 180 and 260 nm in milliQ Water 

and the units were converted to molar ellipticity [Ɵ]. 

Similar to the isolated glycocin F, the synthetic derivative 206b exhibit the features expected for α-

helical proteins, namely standard double negative elipticity maxima at 210 and 221 nm, and a 

positive maximum near 194 nm (Figure 92A). In addition, all glycocin F analogues (206a and 219-

221) exhibit an α-helical structure that is comparable to the native peptide (Figure 92B and C). The 

observed high intensity for analogue 221 compared to the other glycopeptides could be due the 

absence of the GlcNAc moiety at position 43 which could influence the secondary structure of the 

glycopeptide. 

 

Figure 92. Circular dichroism spectroscopy data acquired at 1 mg mL-1 peptide in MilliQ Water of (A) Natural 

glycocin F and the synthetic derivative 206b; (B) Glycocin F analogues 206a and 219; (C) analogues 220 and 

221. 
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5. Biological Evaluation of the Synthetic Glycopeptides 

The laboratory of Prof. Gillian Norris has previously determined that glycocin F targets a GlcNAc-

specific PhosphoTransferase System (PTS) transporter PTS18CBA in the cell membrane of a 

susceptible Gram positive bacterium, and almost certainly uses a novel mechanism to shut down its 

growth.389 Generally, PTS transporters not only transport sugars across the cell membrane, they are 

intimately involved in a signalling system that orchestrates carbohydrate utilisation and coordinates 

it with other cellular processes including transcription.397 It is thought that glycocin F binds to the 

transmembrane domain (EIICGlcNAc) of its receptor through its tethered GlcNAcs which cannot be 

processed and act as monosaccharide imposters to hijack regulatory networks and disrupt essential 

cellular processes (Unpublished results). Although the exact details remain unknown, a full 

understanding of glycocin F’s mechanism of action is needed, as it will afford a unique opportunity 

to develop an entirely new suite of PTS-targeted glycoconjugate antimicrobials to combat the rising 

tide of antibiotic resistant bacteria. 

In this section, we aimed to evaluate the antibacterial activity of the synthetic glycocin F 206b and its 

analogues 206a, 219, 220, and 221 in order to unravel some questions related to the mechanism of 

action of the native glycopeptide. 

Thus, the IC50 values of synthetic glycocin F (206b) and analogues 206a and 219-221 were measured 

using liquid culture assays against Lactobacillus plantarum ATCC 8014, and the results were 

compared with the antibacterial activity of the bacterially-produced glycocin F (Table 11). 

The IC50 of the bacterially-produced glycocin F was found to be approximately 1-2 nM (data not 

shown). The synthetic glycocin F (206b) exhibited an identical antibacterial activity to its ‘natural’ 

counterpart (IC50 = ~1 nM) (Figure 93A). Considering that the C-terminally amidated glycocin F 

exhibited reduced bacteriostatic activity when tested previously (IC50 = 1.6 nM),139a our result 

provides insight into the glycopeptide relationship with its target receptor: amidation of the C-

terminus was in fact responsible for the reduced effect, implying that a positively charged residue 

within the receptor may be interacting with the carboxylate C-terminus. 

As previously mentioned, the D-His(27) epimer of the C-terminally amidated glycocin F (212) 

exhibited a significant reduction in activity (IC50 = 4.8 nM) compared to both the native 206b (IC50 = 

1.13 nM) and the synthetic L-epimer of the C-terminally amidated glycocin F (IC50 = 1.6 nM). 

Interestingly, glycocin F analogue 206a which contains the D-His(27) epimer and the C-terminal 

carboxylate was found to exhibit a similar antibacterial effect to the bacterially-produced glycocin F 
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(IC50 = ~1 nM), showing no significant reduction in activity when compared to the bacterially-

produced glycocin F (Figure 93B). This result provides further evidence into the consequence of the 

C-terminal amidation, and the role that terminus plays in interacting with the receptor. 

The activity of glycocin F analogue 219, which contains two O-linked GlcNAc moieties, was decreased 

by approximately 10-fold (IC50 = 12 nM) compared to the native glycocin F (IC50 = 1.13 nM) (Figure 

93C), while the activity of analogue 220 which contains two S-linked GlcNAc moieties increased by 

approximately 2-fold (IC50 = 0.6 nM) (Figure 93D). The reason for these observed effects is predicted 

to be due to increased resistance of the more stable S-glycosidic linkages to proteolytic cleavage 

compared to O-glycosidic linkages when these essential linkages are exposed to enzymes in the cell 

envelope of glycocin F-sensitive bacteria. In addition, our results provides potential insight into a 

mechanism of action regarding the ‘overcoming’ of inhibition by cells to glycocin F: native glycocin F, 

which contains an O-linked GlcNAc, may possess machinery capable of cleaving the sugar from that 

position, freeing up the target receptors over time. The S-linked derivative, however, would have 

been immune to such processing, and as such would have remained bound in the receptors for 

longer. 

A further interesting result was revealed upon testing glycocin F analogue 221 where the C-terminal 

Cys(43)(β-GlcNAc) was replaced by an unmodified Ser. This analogue showed a remarkable loss of 

antibacterial activity, with an IC50 value of 107 nM (Figure 93E). Based on this result, we conclude 

that the presence of Cys(β-GlcNAc) at the C-terminus of glycocin F is required to produce the full 

antibacterial effect. 
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Table 11. Activity of synthetic glycocin F derivatives against Lactobacillus plantarum ATCC 8014. 

Compound 

number 

Modification IC50 

Native Naturally isolated product ~1 nM 

 

206b 

 

Synthetic glycocin F 

 

1.13 ± 0.20 nM 

 

206a 

 

D-His(27) 

 

0.98 ± 0.17 nM 
 

219 

 

Cys(43)(β-GlcNAc) to Ser(β-GlcNAc) 

 

~ 12 nM 

 

220 

 

 

Ser(18)(β-GlcNAc) to Cys(β-GlcNAc) 

 

0.60 ± 0.10 nM 

221 Cys(43)(β-GlcNAc) to Ser 107 ± 21 nM 

 

 

 

Figure 93. The results from testing the synthetic glycocin F compounds 206a, 206b, and 219-221, plotted as 

percentage inhibition of Lactobacillus plantarum ATCC 8014 growth vs concentration of the glycopeptide. 
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In addition to the glycocin F peptides presented previously in this thesis, further analogues have 

since been prepared by Dr. Sung Yang in the Brimble Peptide Laboratory/The University of Auckland, 

and these are depicted in Figure 94. 

 

Figure 94. Schematic diagrams of glycocin F analogues that were synthesised by Dr. Sung Yang in the Brimble 

Peptide Laboratory. 
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Previous results have demonstrated that His(34) deletion (loss of +ve charge) from the sequence of 

ASM-1 (orthologue of glycocin F) resulted in a slightly less active analogue (Gillian Norris, Personal 

Communication 2016). We were therefore interested in investigating whether adding an extra +ve 

charge would increase or decrease the activity of glycocin F. Analogue 258 was therefore designed 

to contain a lysine residue in place of the native serine at position 38, introducing an extra positive 

charge approximately half way along the disordered tail region. The measured IC50 of this derivative 

was 1.71 nM, suggesting it to be mildly less active than native glycocin F, but not to a significant 

degree. 

Analogue 259 possesses a shortened tail region where Ser(38), Ser(39), and Ser(40) were removed. 

The measured IC50 of this derivative was 50 nM, suggesting it to be less active than the native 

glycocin F. This finding indicates that the length and/or flexibility of this tail are important for 

activity. We hypothesise that these “small” residues in the flexible ‘tail’ bind directly to glycocin F 

receptors and that this binding is important for activity. However, evidence against this hypothesis is 

the roughly similar activity of glycocin F (Ser(39), Ser(40)) and its homologue ASM1 (Gly(39), Gly(40)), 

although it may be that only the backbone atoms are important for binding interactions.389  Another 

more likely hypothesis is that the linear tail has to have a certain minimum length for the S-linked 

GlcNAc to reach its binding site in the target GlcNAc PTS18CBA transporter, and then still have 

sufficient distance between the S-linked GlcNAc and the critical Ser(18)(β-GlcNAc) to allow efficient 

binding of the O-linked GlcNAc to its receptor(s).  It is not easy to test this hypothesis until the 

binding sites for the two GlcNAc moieties have been identified; at the moment how these sites are 

arranged in space is unclear, e.g. are the two GlcNAc-binding sites part of the same protein 

(PTS18CBA, etc.) or different proteins? 

Analogue 260 contains no significant amino acid changes to the glycocin F structure, apart from the 

addition of a methyl group to the α-carbon of the GlcNAc-containing Ser(18). Surprisingly, this 

analogue exhibited a decrease in bioactivity of approximately 1000-fold, with an IC50 value of 1.51 

µM. We hypothesise that introducing a methyl group on Ser(18) alters the position of the O-linked 

GlcNAc moiety, which sits close to the end of the loop connecting the α-helices. As it is presently 

unknown how the position of this GlcNAc molecule affects antimicrobial activity, obtaining an NMR 

structure of this analogue would be the simplest method to determine the validity of this 

hypothesis, through direct comparison to the recorded NMR structure of native glycocin F. However, 

due to lack of material this was not undertaken in the present work. 
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Table 12. Activity of glycocin F derivatives previously synthesised by other members of the Brimble Peptide 

Laboratory. 

Compound 

number 

Modification IC50 

258 Ser(38) to Lys 1.71 ± 0.19 nM 

259 des Ser(38), Ser(39), Ser(40) 50 ± 8.40 nM 

260 Ser(18)(β-GlcNAc) to α-MeSer(β-GlcNAc) 1.51 ± 0.25 µM 
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5. Conclusions of Part 3 

The first total synthesis of native glycocin F (206b), containing both S- and O-linked β-GlcNAc 

moieties, was accomplished using a three-fragment NCL strategy (sequences H2N-Lys(1)-Met(11)-

COOH, H2N-Cys(12)-Ser(18)(β-GlcNAc)-His(27)-COOH, and H2N-Cys(28)-Cys(43)(β-GlcNAc)-COOH) 

followed by oxidative folding. Structural similarity to the naturally isolated glycocin F was confirmed 

by analytical RP-HPLC and CD spectroscopy. 

In addition to obtaining synthetic glycocin F (206b), the reported synthetic strategy also resulted in 

the formation of analogue 206a which contains the non-proteinogenic D-His at position 27, a result 

of an epimerisation side reaction during the installation of a thioester moiety on the C-terminus of 

the glycopeptide fragment Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-His(27). Significant attenuation of 

His(27) epimerisation was observed by modifying the resin choice for Fmoc-SPPS and the 

thioesterification reaction conditions. 

To avoid the epimerisation of His(27) and reduce the total number of steps to make glycocin F, an 

alternative synthetic strategy was successfully developed using a two-fragment NCL strategy 

(sequences H2N-Lys(1)-Met(11)-COOH and H2N-Cys(12)-Ser(18)(β-GlcNAc)-Cys(43)(β-GlcNAc)-COOH). 

This strategy was then employed for the synthesis of three analogues of glycocin F (219-221), each 

bearing a single modification at one of the residues bearing a sugar moiety. It was shown that 

replacing the S-GlcNAc moiety at position 43 with O-GlcNAc (in peptide 219) resulted in a 10-fold 

decrease in the antibacterial activity compared to native glycocin F. However, the bioactivity 

increased significantly when the sequence incorporated two S-GlcNAc moieties at positions 18 and 

43 (in peptide 220). In addition, while the O-GlcNAc moiety at position 18 was previously found to be 

essential for the bacteriostatic effect of glycocin F, the S-linked GlcNAc at position 43 was shown to 

be required for full biological potency, as analogue 221, which contains an unmodified Ser at 

position 43, was significantly less active than native glycocin F. 

The results reported herein highlight the potential of glycocin F analogue 220 as a promising new 

compound for the treatment of different microbial pathogens that pose an increasing threat to 

human health. 
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Figure 95. Chemical structures of synthetic glycocin F (206b) and analogues 206a and 219-221 synthesised. 

Structural modifications are highlighted in blue. 
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6. Future Work for Part 3 

In order to probe the reason behind the variable antibacterial activity observed when introducing 

two Cys(β-GlcNAc) or two Ser(β-GlcNAc) building blocks, mass spectrometry analysis will be 

performed on the supernatant of cells treated separately with these derivatives, compared to that of 

cells treated with native glycocin F. This will give some indication as to the nature of glycocin F 

processing by cells - either the O-linked GlcNAc is cleaved off in native glycocin F, or phosphorylation 

of these GlcNAc molecules is causing the bacteriocin to be removed from the receptor. 

To provide more information about the role of structure on the function of glycocin F, the size of the 

loop between Cys(12)-Cys(21) will be changed. This can be achieved by removing two glycine 

residues, Gly(18)and Gly(25). These residues do not contain any functional side chains thus it is likely 

that they simply act as chemical spacers to appropriately present the O-linked GlcNAc. Deletion of 

these residues will decrease flexibility in the loop and may attenuate or enhance the antibacterial 

activity. 

We will also investigate whether the sugar component can be changed from N-acetyl glucosamine to 

other sugars such as mannose or glucose. Bacteria utilise the phosphotransferase system (PTS) as a 

method to sense and import sugars, and the PTS repertoire of different bacteria is highly variable.  

Thus it may be possible that glycocin F can be engineered to target other bacteria.  
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7. Experimental 

7.1. General Information 

All reagents were acquired as reagent grade from commercial sources and used without further 

purification. Solvents for RP-HPLC were purchased as RP-HPLC grade and used without further 

purification. 6-Chloro-1-hydroxybenzotriazole (6-Cl-HOBt), Fmoc-Gly-Thr(ψMe,Mepro)-OH, Fmoc-

Tyr(tBu)-Ser(ψMe,Mepro)-OH, and Fmoc-Ser(tBu)-Ser(ψMe,Mepro)-OH were purchased from Aapptec 

(Louisville, Kentucky). 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HATU), O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N”-tetramethyluronium 

hexafluorophosphate (HCTU), 1-hydroxy-7-azabenzotriazole (HOAt), 2-chlorotrityl chloride resin, and 

S-trityl-3-mercaptopropionic acid were purchased from GL Biochem (Shanghai, China). N,N-

dimethylformamide (DMF) (AR grade), and acetonitrile (CH3CN) [high-performance liquid 

chromatography (HPLC) grade] were purchased from Scharlau (Barcelona, Spain). N,N’-

diisopropylethylamine (iPr2EtN), triisopropylsilane (iPr3SiH), 2,2′-(ethylenedioxy)-diethanethiol 

(DODT), N,N’-diisopropylcarbodiimide (DIC), N,N-dimethylaminopyridine (DMAP), 2,2,2-

trifluoroethanol (TFE), 1,2-ethanedithiol (EDT), formic acid, 2,2,6,6-tetramethylpyridine (TMP), 4-

mercaptophenylacetic acid (MPAA), tris(2-carboxyethyl)hydrochloride (TCEP.HCl), guanidine 

hydrochloride (Gn.HCl), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 

tetrabutylammonium iodide (TBAI), methoxyamine.HCl, p-cresol, dimethyl sulfide (Me2S), 

(ethylenedinitrilo)tetraacetic acid (EDTA), benzyl mercaptan, hydrazine hydrate, 2-mercaptoethanol, 

L-cysteine, L-cystine, and Fmoc-Ser-OH were purchased from Sigma–Aldrich (Sydney, Australia). 

Aminomethyl polystyrene resin (AM-PS) was purchased from Rapp Polymere (Tuebingen,  Germany). 

Dichloromethane (CH2Cl2) was purchased from ECP Limited (Auckland, New Zealand). Boc-Lys(2-Cl-

Z)-PAM (Z = benzyloxycarbonyl; PAM = phenylacetamidomethyl) was purchased from PolyPeptide 

Laboratories Group (Strasbourg, France). Diethyl ether (Et2O) was purchased from Avantor 

Performance Materials. Trifluoroacetic acid (TFA) was purchased from Halocarbon (River Edge, USA). 

4-(4-Hydroxymethyl-3-methoxyphenoxy)-butyric acid (HMPB linker) was purchased from 

NovaBioChem (Läufelfingen, Switzerland). Anhydrous hydrogen fluoride (HF) was purchased from 

Matheson Trigas (Basking Ridge, New Jersey). 

The following Fmoc-amino acids were purchased from GL Biochem: Fmoc-Gly-OH, Fmoc-Ala-OH, 

Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc-Ile-OH, and Fmoc protected amino acids with the following side 

chain protection: Fmoc-Tyr(tBu)-OH (tBu = tert-butyl), Fmoc-Asp(tBu)-OH, Fmoc-Ser(tBu)-OH, Fmoc-

Thr(tBu)-OH, Fmoc-Cys(Trt)-OH (Trt = triphenylmethyl), Fmoc-His(Trt)-OH, Fmoc-Lys(Boc)-OH. 
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The following Boc-amino acids were purchased from PolyPeptide laboratories: Boc-Pro-OH, Boc-Ala-

OH, Boc-Leu-OH.H2O, Boc-Met(O)-OH, Boc-Thz-OH (Thz = thiazolidine), and Boc protected amino 

acids with the following side chain protection: Boc-Lys(2-CL-Z)-OH, Boc-Tyr(2-Br-Z)-OH, Boc-

Trp(CHO)-OH (CHO = formyl), Boc-Cys(4-MeBn)-OH (Bn = benzyl), Boc-Thr(Bn)-OH. 

RP-HPLC and LC-MS 

Analytical RP-HPLC spectra were performed on a Dionex (California, USA) Ultimate 3000 System 

equipped with a two-channel UV detector using the analytical column XTerra® MS C18, 4.6 mm x 150 

mm, 5 µm or Grace Vydac 219TP Diphenyl 4.6 x 250 mm, 5 µm and a linear gradient of either 5% to 

75%B over 35 min or 5% to 65% over 30 min (ca. 2%B per minute) at a flow rate of 1 mL min-1. The 

solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in CH3CN). The ratio of products was 

determined by integration of spectra recorded at 210 nm or 214 nm. 

Peptides were purified using a Waters (Massachusetts, USA) S600E system using a semi-preparative 

column (Waters XTerra® C18, 300 mm x 19 mm, 10 µm) at a flow rate of 10 mL min-1 and eluted using 

a one-step slow gradient protocol with detection at 210 nm.339 Fractions were collected, analysed by 

analytical RP-HPLC or ESI-MS, pooled and lyophilised. 

Peptide masses were confirmed by a Bruker micrOTOF-Q II mass spectrometer (Bremen, Germany) 

or a Hewlett Packard (HP) 1100 series mass spectrometer (California, USA) using direct flow injection 

at 0.3 mL min-1 into an ESI source in the positive mode. 

7.2. Peptide Synthesis 

7.2.1. Synthesis of Peptide 213 

 

A mixture of Boc-Lys(2-Cl-Z)-PAM linker (166 mg, 0.4 mmol) and DIC (62 µL, 0.4 mmol) in 

CH2Cl2/DMF (v/v; 3 mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) aminomethyl polystyrene 

resin (220.0 mg, 0.2 mmol, loading of 0.91 mmol g-1). The reaction mixture was gently agitated at 

room temperature for 5 h, drained and washed with DMF (4 x 3 mL). A negative Kaiser test341 

confirmed the coupling. The Boc group was then removed by 1 x 2 min treatment with TFA (6 mL) 

and thoroughly washed with DMF. To this H2N-Lys(2-Cl-Z)-PAM linker resin was coupled Boc-Lys(2-

Cl-Z)-OH four times as part of a penta-lysine tag by Boc in situ neutralisation procedure,34 using 100% 

TFA as a deblocking reagent and HATU/iPr2EtN as coupling reagents. To the deprotected H2N-(Lys)5-
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PAM linker resin was added a mixture of S-trityl-3-mercaptopropionic acid (139.4 mg, 0.4 mmol), 

HATU (140.7 mg, 0.37 mmol), and iPr2EtN (139.4 µL, 0.8 mmol) in DMF (3 mL) and the reaction 

mixture was shaken at room temperature for 30 min.104 The resulting trityl-3-mercaptopropionic 

acid-(Lys)5-PAM resin was used as a starting resin for polypeptide chain assembly. Trityl-protecting 

group was removed by treatment with TFA/iPr3SiH/H2O (v/v/v; 95:2.5:2.5) (2 x 5 min). Elongation of 

peptide was then performed via the Boc in situ neutralisation procedure, as previously described. 

Upon completion of the peptide assembly, the peptidyl resin was treated with 30 mM Me2S and 30 

mM TBAI in TFA for 2 min to effect a one-step reduction of methionine sulfoxide and Boc 

deprotection. The resin was then washed with DMF (4 x 8 mL), CH2Cl2 (4 x 5 mL), and dried under 

vacuum. The resulting peptidyl resin was cleaved, with simultaneous removal of side chain 

protecting groups using anhydrous HF/p-cresol (v/v; 20:1, 10 mL) for 1 h at 0 °C. Following 

evaporation of HF, the peptide was precipitated with cold Et2O and isolated by centrifugation (4000 

rpm, 6 min). The precipitated product was dissolved in 50% aq CH3CN and lyophilised to affod the 

crude peptide. Purification by RP-HPLC afforded peptide 213, H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-

Met(11)-COSCH2CH2CO-(Lys)5-COOH, as an amorphous solid. 

Peptide 213 (142 mg, 33% yield, 99% purity); Rt 15.7 min; m/z (ESI-MS) 1078.0 ([M+2H]2+ calculated: 

1078.1). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per minute). 
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7.2.2. Synthesis of Peptide 215 

 
Procedure A  

A solution of HMPB linker (72.1 mg, 0.3 mmol) and DIC (47 µL, 0.3 mmol) in CH2Cl2/DMF (v/v; 2:1, 3 

mL) was added to pre-swollen (CH2Cl2, 3 mL, 20 min) aminomethyl polystyrene resin (110.0 mg, 0.1 

mmol, loading 0.91 mmol g-1) and the mixture was shaken for 4 h at room temperature, filtered, and 

washed with DMF (4 x 3 mL). A negative Kaiser test341 confirmed the coupling. A mixture of Fmoc-

His(Trt)-OH (185.9 mg, 0.3 mmol), DIC (47 µL, 0.3 mmol) and DMAP (1.2 mg, 0.01 mmol) in DMF (3 

mL) was then added to the resin and the reaction mixture was shaken for 1 h at room temperature. 

This procedure was repeated once with fresh reagents. Solid phase peptide synthesis was performed 

on the resulting resin at room temperature using a PS3TM Peptide Synthesizer (Protein technologies 

Inc., Arizona, USA). Deprotection of the Fmoc group was accomplished using 20% v/v 

piperidine/DMF (3 mL) for 5 min twice with consecutive DMF washes after each addition. Amino acid 

couplings were performed using a mixture of Fmoc-amino acid (0.4 mmol), HATU (136.9 mg, 0.36 

mmol), iPr2EtN (139.4 µL, 0.8 mmol) in DMF at room temperature for 35 min, except Fmoc-L-Ser(β-

GlcNAc(OAc)3)-OH which was coupled using a mixture of Fmoc-amino acid (131.3 mg, 0.2 mmol), 

HATU (74.1 mg, 0.195 mmol), HOAt (26.5, 0.195 mmol), and 2,4,6-trimethylpyridine (25.8 µL, 0.195 

mmol) in DMF at room temperature overnight. The complete side chain-protected peptide was 

released from the resin by the treatment of 1% (v/v) TFA in CH2Cl2 (4 mL) (4 x 5 min) followed by 

removing the resin by filtration. Solvent from the combined filtrates was evaporated under reduced 

pressure and the residue was re-suspended in 70% aq CH3CN and lyophilised to yield the protected 

precursor, which was used without further purification. 

The crude peptidyl solution in CH2Cl2 (20 mL) was reacted with benzyl mercaptan (469.6 µL, 4.0 

mmol), DIC (626.3 µL, 4.0 mmol), 6-Cl-HOBt (678.3 mg, 4.0 mmol) and iPr2EtN (231.7 µL, 1.33 mmol) 

at room temperature overnight. Solvent was removed by evaporation using a flow of N2 and the 

crude product treated with TFA/iPr3SiH/H2O/EDT (v/v/v/v; 94:1:2.5:2.5, 10 mL) for 2 h. Following 

evaporation of TFA, the peptide was precipitated with cold Et2O and isolated by centrifugation (4000 

rpm, 6 min). The precipitated product was dissolved in 50% aq CH3CN and lyophilised to affod the 

crude peptide. Purification by RP-HPLC afforded peptide 215, H2N-Thz(12)-Ser(18)(β-GlcNAc(OAc)3)-

His(27)-COSBn, as an amorphous solid. 
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Glycopeptide 215 (50.1 mg, 23% yield based on 0.1 mmol, 98% purity); Rt 17.3 min; m/z (ESI-MS) 

1089.0 ([M+2H]2+ calculated: 1088.9). (Analysed using a linear gradient of 5%B to 75%B over 35 min, 

ca 2%B per minute). 

 

Procedure B (The Optimised Method)  

Fmoc-His(Trt)-OH (123.9 mg, 0.2 mmol) was dissolved in CH2Cl2 (2 mL) and added to 2-ClTrtCl resin 

(53 mg, 0.1 mmol, loading of 0.8-3.0 mmol g-1). iPr2EtN (35 µL, 0.2 mmol) was then added and the 

mixture was shaken at room temperature for 1 h. The resin was then filtered, washed with DMF, and 

unreacted resin beads were capped by treatment with CH2Cl2/CH3OH/iPr2EtN (v/v/v; 80:15:5) (2 x 10 

min). The resin was then washed with DMF ( 4 x 4 mL). The remaining sequence was assembled 

using Fmoc-SPPS, as described in procedure A except Fmoc-Cys(Trt)-OH which was coupled using a 

mixture of Fmoc-amino acid (234.3 mg, 0.4 mmol), HCTU (148.9 mg, 0.36 mmol), HOAt (49 mg, 0.36 

mmol), and 2,4,6-trimethylpyridine (106 µL, 0.8 mmol) in CH2Cl2/DMF (v/v; 1:1) at room 

temperature for 1 h. The peptidyl-resin was then suspended in a mixture of TFE/CH2Cl2 (v/v; 2:8, 5 

mL), shaken at room temperature for 1 h, and filtered. The residual solvents were then removed in 

vacuo under pressure and the residue was re-suspended in 70% aq CH3CN (30 mL) and lyophilised to 

afford side chain-protected precursor, which was used without further purification. 

The crude peptidyl solution in CH2Cl2DMF (v/v; 2:1, 30 mL) was reacted with benzyl mercaptan (408 

µL, 3.48 mmol), DIC (539 µL, 3.48 mmol), and 6-Cl-HOBt (590.1 mg, 3.48 mmol) at 4 ⁰C for 1 h then 

left at room temperature overnight. Solvent was removed by evaporation using a flow of N2 and the 

crude product was precipitated with H2O, isolated by centrifugation (4000 rpm, 6 min), and 

lyophilised. The crude side-chain protected peptide was then treated with TFA/iPr3SiH/H2O/EDT 

(v/v/v/v; 94:1:2.5:2.5, 10 mL) for 2 h followed by precipitation of the crude peptide using cold Et2O, 

isolation by centrifugation (4000 rpm, 6 min). The precipitated product was then dissolved in 50% aq 

CH3CN and lyophilised to afford the crude peptide (89.mg, 41% crude yield). 
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7.2.3. Synthesis of Peptide 234 

 

Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (134.5 mg, 0.2 mmol) was dissolved in CH2Cl2 (2 mL) and added to 2-

ClTrtCl resin (53 mg, 0.1 mmol, loading of 0.8-3.0 mmol g-1). iPr2EtN (35 µL, 0.2 mmol) was then 

added and the mixture was shaken at room temperature for 1 h. The resin was then filtered, washed 

with DMF, and unreacted resin beads were capped by treatment with CH2Cl2/CH3OH/iPr2EtN (v/v/v; 

80:15:5) (2 x 10 min). The remaining sequence was assembled using Fmoc-SPPS, as described in the 

synthesis of Peptide 215. The resin-bound peptide was then treated with TFA/iPr3SiH/H2O/DODT 

(v/v/v/v; 94:1:2.5:2.5, 10 mL) for 2 h. After work-up and RP-HPLC purification (as previously 

described), glycopeptide 234, H2N-Cys(28)-Cys(43)(β-GlcNAc(OAc)3)-COOH, was afforded as an 

amorphous solid. 

Glycopeptide 234 (60 mg, 29% yield, 98% purity); Rt 11.9 min; m/z (ESI-MS) 1033.8 ([M+2H]2+ 

calculated: 1033.9). (Analysed using a linear gradient of 5%B to 65%B over 30 min, ca 2%B per 

minute) 
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7.2.4. Synthesis of Peptides 236a and 236b 

 

To a degassed solution of 6 M aq. Gn·HCl containing 200 mM Na2HPO4 (18.4 mL) was added 100 mM 

MPAA and 20 mM TCEP. The pH of the resulting solution was adjusted to 6.8 by the addition of 10 M 

aq. NaOH. To this solution was added peptide 215 (40 mg, 18.4 μmol, final peptide conc. 1 mM) and 

peptide 234 (38 mg, 18.4 μmol, final peptide conc. 1 mM). The reaction mixture was left at room 

temperature under argon. Upon completion of the ligation, as judged by LC-MS of the reaction 

mixture, the pH of the reaction mixture was adjusted to 4.0 by the addition of 5 M aq. HCl. To effect 

Thz unmasking, 200 mM methoxyamine·HCl was added, and the reaction mixture left at room 

temperature for 16 h. Purification by RP-HPLC afforded peptide 236a, H2N-Cys(12)-Ser(18)(β-

GlcNAc(OAc)3)-D-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH and peptide 236b, H2N-Cys(12)-Ser(18)(β-

GlcNAc(OAc)3)-L-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH as amorphous solids. 

Glycopeptide 236a (15 mg, 20% yield, 98% purity); Rt 14.7 min; m/z (ESI-MS) 1369.8 ([M+3H]3+ 

calculated: 1369.9). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 236b (16.5 mg, 22% yield, 98% purity); Rt 15.2 min; m/z (ESI-MS) 1369.8 ([M+3H]3+ 

calculated: 1369.9). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 
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7.2.5. Synthesis of Peptides 237a and 237b 

 

To a degassed solution of 6 M aq. Gn·HCl containing 200 mM Na2HPO4 (4.87 mL) was added 100 mM 

MPAA and 20 mM TCEP. The pH of the resulting solution was adjusted to 6.8 by the addition of 10 M 

aq. NaOH. To this solution was added peptide 236a or 236b (13 mg, 3.17 μmol, final peptide conc. 1 

mM) and peptide 213 (5.8 mg, 3.17 μmol, final peptide conc. 1 mM). The reaction mixture was left at 

room temperature under argon. Upon completion of the ligation, as judged by LC-MS of the reaction 

mixture, the pH of the reaction mixture was adjusted to 4.0 by the addition of 5 M aq. HCl. The 

product recovered by solid phase extraction and lyophilised to afford peptide 237a, H2N-Lys(1)-

Trp(4)(CHO)-Trp(6)(CHO)-Ser(18)(β-GlcNAc(OAc)3)-D-His(27)-Cys(43)(β-GlcNAc(OAc)3)-COOH, and 

peptide 237b, H2N-Lys(1)-Trp(4)(CHO)-Trp(6)(CHO)-Ser(18)(β-GlcNAc(OAc)3)-L-His(27)-Cys(43)(β-

GlcNAc(OAc)3)-COOH as amorphous solids, which were used in the next step without further 

purification. 
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Glycopeptide 237a (10.8 mg, 62% crude yield); Rt 17.8 min; m/z (ESI-MS) 1379.7 ([M+4H]4+ 

calculated: 1379.7). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 237b (11.4 mg, 65% crude yield), Rt 18.4 min; m/z (ESI-MS) 1379.7 ([M+4H]4+ 

calculated: 1379.7). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

 

7.2.6. Synthesis of Peptides 238a and 238b 

 

To a mixture of NMP, 6 M aq. Gn·HCl and 1.0 M aq. HEPES (v/v/v; 22.5:5.6:9.4, 0.68 mL) was added 

the crude polypeptide 237a or 237b (10 mg, 1.81 µmol). To this solution, a pre-cooled solution of 

hydrazine with 2-mercaptoethanol (v/v; 25:37.5, 1.13 mL) was added and the reaction mixture was 

left at 0 °C (final peptide conc. 1 mM). Upon completion of the reaction, as judged by LC-MS of the 

reaction mixture, the product was recovered by solid phase extraction and lyophilised. The reaction 

afforded epimeric polypeptide 238a, H2N-Lys(1)-Ser(18)(β-GlcNAc)-D-His(27)-Cys(43)(β-

GlcNAc(OAc)3)-COOH and polypeptide 238b, H2N-Lys(1)-Ser(18)(β-GlcNAc)-L-His(27)-Cys(43)(β-
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GlcNAc(OAc)3)-COOH as amorphous solids, where were used in the next step without any further 

purification. 

Glycopeptide 238a (4.9 mg, 52% crude yield); Rt 17.2 min; m/z (ESI-MS) 1301.2 ([M+4H]4+ calculated: 

1302.6). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per minute). 

Glycopeptide 238b (5.4 mg, 57% crude yield); Rt 17.5 min; m/z (ESI-MS) 1301.6 ([M+4H]4+ calculated: 

1302.6). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per minute). 

 

7.2.7. Synthesis of Peptides 206a and 206b 

 

8 mM cysteine, 1 mM cystine and 0.1 mM EDTA were dissolved in a buffer solution containing 6 M 

aq. Gn·HCl and 200 mM Na2HPO4 and the pH adjusted to 8.2 by the addition of 10 M aq. NaOH. The 

crude polypeptide 238a or 238b (4 mg, 0.77 µmol) was dissolved to a final peptide concentration of 

1 mM. Peptide was dissolved by sonication, then diluted to 0.25 mM final peptide concentration (ca. 

1.5 M aq. Gn·HCl, 50 mM Na2HPO4, 2 mM cysteine, 0.25 mM cystine, 0.025 mM EDTA) by the 
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addition of Milli-Q water. The resultant mixture was stored at 4 °C until completion of the reaction 

as judged by LC-MS. Purification by RP-HPLC afforded 206a, H2N-Lys(1)-Ser(18)(β-GlcNAc)-D-His(27)-

Cys(43)(β-GlcNAc(OAc)3)-COOH, and 206b, H2N-Lys(1)-Ser(18)(β-GlcNAc)-L-His(27)-Cys(43)(β-

GlcNAc(OAc)3)-COOH as amorphous solids.  

Glycopeptide 206a (1.1 mg, 29% yield, 99% purity); Rt 17.3 min; m/z (HRESI-MS) 1040.8203 

([M+5H]5+ requires for C226H316N57O72S7: 1041.4634). (Analysed using a linear gradient of 5%B to 

75%B over 35 min, ca 2%B per minute). 

Glycopeptide 206b (1.3 mg, 32% yield, 99% purity); Rt 17.5 min; m/z (HRESI-MS) 1040.8203 

([M+5H]5+ requires for C226H316N57O72S7: 1041.4634). (Analysed using a linear gradient of 5%B to 

75%B over 35 min, ca 2%B per minute). 
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7.2.8. Synthesis of Peptides 249-251 

 

Fmoc-L-Ser(β-GlcNAc(OAc)3)-OH (for peptide 249), Fmoc-L-Cys(β-GlcNAc(OAc)3)-OH (for peptide 

250), and Fmoc-Ser(tBu)-OH (for peptide 251) were dissolved separately in CH2Cl2 (2 mL) and added 

separately to 2-ClTrtCl resin (53 mg, 0.1 mmol, loading of 0.8-3.0 mmol g-1). iPr2EtN (35 µL, 0.2 mmol) 

was then added to the separate mixtures and the reactions were shaken at room temperature for 1 

h. The resins were then filtered, washed with DMF, and unreacted resin beads were capped by 

treatment with CH2Cl2/CH3OH/iPr2EtN (v/v/v; 80:15:5) (2 x 10 min). The remaining sequences were 

assembled using Fmoc-SPPS, as described in the synthesis of Peptide 215. The resin-bound peptides 

were then treated separately with TFA/iPr3SiH/H2O/EDT (v/v/v/v; 94:1:2.5:2.5, 10 mL) for 2 h. After 

work-up and RP-HPLC purification (as previously described), glycopeptide 249, H2N-Cys(12)-

Ser(18)(β-GlcNAc(OAc)3)-Ser(43)(β-GlcNAc(OAc)3)-COOH, 250, H2N-Cys(12)-Cys(18)(β-GlcNAc(OAc)3)-

Cys(43)(β-GlcNAc(OAc)3)-COOH, and 251, H2N-Cys(12)-Ser(18)(β-GlcNAc(OAc)3)-Ser(43)-COOH, were 

afforded as amorphous solids. 

Glycopeptide 249 (70 mg, 17% yield, 98% purity); Rt 15.9 min; m/z (ESI-MS) 1364.5 ([M+3H]3+ 

calculated: 1364.6). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 250 (57.7 mg, 14% yield, 98% purity); Rt 15.8 min; m/z (ESI-MS) 1375.3 ([M+3H]3+ 

calculated: 1375.3). (Analysed using a linear gradient of 5%B to 65%B over 30 min, ca 2%B per 

minute). 

Glycopeptide 251 (71.5 mg, 19% yield, 99% purity); Rt 14.8 min; m/z (ESI-MS) 1254.9 ([M+3H]3+ 

calculated: 1254.9). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 
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7.2.9. Synthesis of Peptides 252-254 

 

NCL reactions of peptides 249 (19.9 mg, 4.87 μmol), 250 (20.1 mg, 4.87 μmol), and 251 (18.3 mg, 

4.87 μmol) with peptide 213 (10.5 mg, 4.87 μmol) were performed as described previously in the 

synthesis of peptide 237 using the ligation buffer (6 M GnHCl, 0.2 M Na2HPO4, 20 mM TCEP, and 100 

mM MPAA) at a final peptide concentration of 1 mM. Purification by RP-HPLC afforded 252 H2N-

Lys(1)-Ser(43)(β-GlcNAc(OAc)3)-COOH, 253, H2N-Lys(1)-Cys(43)(β-GlcNAc(OAc)3)-COOH, and 254, 

H2N-Lys(1)-Ser(43)-COOH as amorphous solids.  

Glycopeptide 252 (10.7 mg, 40% yield, 97% purity); Rt 19.4 min; m/z (ESI-MS) 1375.3 ([M+4H]4+ 

calculated: 1375.3). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 253 (11.9 mg, 44% yield, 99% purity); Rt 19.2 min; m/z (ESI-MS) 1383.4 ([M+4H]4+ 

calculated: 1383.3). (Analysed using a linear gradient of 5%B to 65%B over 30 min, ca 2%B per 

minute). 

Glycopeptide 254 (9.57 mg, 38% yield, 98% purity); Rt 19.0 min; m/z (ESI-MS) 1293.5 ([M+4H]4+ 

calculated: 1293.0). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 
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7.2.10. Synthesis of Peptides 255-257 

 

Glycopeptides 252 (10.7 mg, 1.95 µmol), 253 (11.9 mg, 2.15 µmol), and 254 (9.57, 1.85 µmol) were 

deacetylated with simultaneous cleavage of the formyl groups on the side chain of Trp using the 

same conditions described previously in the synthesis of glycopeptide 238. Purification by RP-HPLC 

afforded 255 H2N-Lys(1)-Ser(18)(β-GlcNAc)-Ser(43)(β-GlcNAc)-COOH, 256, H2N-Lys(1)-Cys(18)(β-

GlcNAc)-Cys(43)(β-GlcNAc)-COOH, and 257, H2N-Lys(1)-Ser(18)(β-GlcNAc)-Ser(43)-COOH as 

amorphous solids.  

Glycopeptide 255 (3.14 mg, 31% yield, 98% purity); Rt 17.8 min; m/z (ESI-MS) 1298.1 ([M+4H]4+ 

calculated: 1298.6). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 256 (5.84 mg, 52% yield, 98% purity); Rt 18.2 min; m/z (ESI-MS) 1306.6 ([M+4H]4+ 

calculated: 1306.6). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 

Glycopeptide 257 (3.6 mg, 39% yield, 99% purity); Rt 17.8 min; m/z (ESI-MS) 1247.6 ([M+4H]4+ 

calculated: 1247.8). (Analysed using a linear gradient of 5%B to 75%B over 35 min, ca 2%B per 

minute). 
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7.2.11. Synthesis of Peptides 219-221 

 

Glycopeptides 255 (3.14 mg, 0.60 µmol), 256 (5.84 mg, 1.12 µmol), and 257 (3.6 mg, 0.72 µmol) 

were folded using the same conditions described previously in the synthesis of glycopeptide 206. 
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Purification by RP-HPLC afforded 219 H2N-Lys(1)-Ser(43)(β-GlcNAc)-COOH, 220, H2N-Lys(1)-

Cys(43)(β-GlcNAc)-COOH, and 221, H2N-Lys(1)-Ser(43)-COOH as amorphous solids.  

Glycopeptide 219 (0.9 mg, 29% yield, 99% purity); Rt 17.5 min; m/z (HRESI-MS) 1037.6191 ([M+5H]5+ 

requires for C226H316N57O73S6: 1038.2672). (Analysed using a linear gradient of 5%B to 75%B over 35 

min, ca 2%B per minute). 

Glycopeptide 220 (1.8 mg, 31% yield, 99% purity); Rt 17.4 min; m/z (HRESI-MS) 1044.0154 ([M+5H]5+ 

requires for C226H316N57O71S8: 1044.6594). (Analysed using a linear gradient of 5%B to 75%B over 35 

min, ca 2%B per minute). 

Glycopeptide 221 (0.7 mg, 19% yield, 99% purity); Rt 17.8 min; m/z (HRESI-MS) 997.0083 ([M+5H]5+ 

requires for C218H303N56O68S6: 997.6588). (Analysed using a linear gradient of 5%B to 75%B over 35 

min, ca 2%B per minute). 
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7.3. Circular Dichroism (CD) Spectroscopy 

All CD spectra were recorded using a Chirascan CD spectrometer (Applied Photophysics Ltd., UK) at 

20 °C with a cuvette of 0.1 mm path length (106-QS, Hellma Analytics, Müllheim, Germany) in the 

range from 180 and 260 nm at 0.5 nm intervals with a time-to-point of 0.5 s. Each CD spectrum 

measurement was normalised to 1 mg mL-1 concentration. The Spectra the average of ten scans 

obtained with a 1 nm optical bandwidth. The baseline scans were collected with the solvent alone 

(milliQ Water), averaged as above, and then subtracted from the sample scans. Data are expressed 

as mean residue ellipticities [Ө] in (deg cm2 dmol-1), and were calculated using Pro-Data Viewer 

(version 4.1.1, Applied Photophysics Ltd., UK). 

7.4. Antibacterial Assays 

The glycopeptides were assayed for activity against Lactobacillus plantarum strain 8014, using a 96-

well plate reader. Serial dilutions of the compound to be tested were prepared in MRS broth (Merck) 

and was added, in triplicate, to a 96-well plate containing an equal volume of L. plantarum 8014 at 

optical density 0.05. Additional positive controls (cells with no treatment) and negative controls 

(MRS media with no cells) were included, also in triplicate. Cells were grown in a Multiskan GO plate 

reader (Thermo Scientific) for 12-15 h, at 30 °C, and absorbance measured at 600 nm every 15 min. 

The growth of cells in each peptide concentration was modelled against the internal positive control, 

and the percentage inhibition derived at each time point as the difference between the optical 

density of the positive control and the optical density of cells within a given peptide concentration. 

Taking the maximum point from plots of percentage inhibition versus time for each peptide 

concentration allowed a polynomial fit to be applied, and the concentration required to reach 50% 

inhibition derived. Statistical error was taken as the maximum variance across the triplicates of each 

concentration in a given plate reader run.  
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