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Abstract 

The world is currently in an era of antimicrobial resistance (AMR), where pathogenic 

microbes are developing resistance to our treatments. Lipopeptides have been touted as a 

potential solution of the rise of AMR due to their non-specific mechanisms of action. This 

is exemplified by the clinically-approved Cubicin and polymyxin B, where they act as the 

last-line defence agents against “superbugs” that are resistant against multiple drugs. 

However, their toxic side effects have limited their use. Hence, there is a need for the 

synthesis of new generation lipopeptides free of toxic properties. 

The lipid moiety of lipopeptides has been the main obstacle in accessing this class of 

compounds, due to the challenging synthetic routes towards lipoamino acid building blocks 

needed for the peptide sequence. This step can be replaced with a convergent approach, 

where the lipid moiety is conjugated onto a peptide. As a replacement, our group developed 

a one-step method for introducing lipids onto peptides: Cysteine Lipidation on a Peptide 

or Amino acid (CLipPA). CLipPA is a one-step reaction between a vinyl ester bearing a 

lipid and a thiol on a peptide or amino acid. 

Through the CLipPA reaction, we synthesized a library of novel analogues based on the 

naturally occurring AMPs battacin, teixobactin and iturin A. The hydrophobic regions of 

these AMPs are replaced with a thiol containing amino acid, and an array of vinyl esters 

are introduced to generate a series of compounds based on battacin, teixobactin and iturin 

A. 

12 novel analogues of battacin were synthesized, and the most active compound was able 

to inhibit and kill Gram-positive and Gram-negative bacteria at low micromolar 

concentrations (MBC = 8 – 32 μM). 

Six novel analogues of teixobactin were synthesized. The hydrophobic region of residues 

were replaced with lipids introduced by CLipPA. The analogues were unable to replicate 

the antibacterial properties of teixobactin. However, it further showcased the versatility 

CLipPA by applying CLipPA onto a structurally different peptide precursor. 

Six novel analogues of antifungal peptide iturin A were synthesised. The lipid tail stems 

directly from a residue embedded within the macrocycle of iturin A. By exploiting this 

structural feature, we synthesized the cyclic scaffold using native chemical ligation (NCL), 
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whereupon the regenerated thiol vinyl esters were conjugated with the CLipPA reaction 

and constructed a series of cyclic lipopeptides. 

The work in this thesis has further showcased the versatility of the CLipPA reaction where 

it was applied onto three distinct peptide scaffolds. The chemoselective reaction could be 

applied onto other mimetics of lipopeptides in the screening for new effective antimicrobial 

peptides. Lastly, the biological results of battacin CLipPA analogues reveal that this 

synthetic linkage can imitate pore-forming abilities commonly exhibited by antimicrobial 

peptides. 
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1 Antimicrobial Resistance 

Over the last century, the world saw a rapid population increase from 1.65 billion people 

in 1900, to 3 billion in 1960, and to the current estimate of 7.7 billion today.1 The population 

boom coincided with improvements in food production, medical knowledge and general 

increased quality of life, which altogether had enabled the average person to reach older 

age in better health.2 Unfortunately, antimicrobial resistance (AMR) has also been 

concurrently growing against widely-used older medicines and rendering them ineffective. 

At the same time, the supply of new-generation medication is unable to keep pace and make 

amends. Moreover, the situation is exacerbated by the lack of stringent management of the 

demand for these antimicrobials - in particular, the demand for antibiotics. Critically, there 

is a large inequality to drug access where low- and middle-income countries continue to 

suffer from high rates of infectious and pathogenic deaths.3 

The world is currently in an era of antimicrobial resistance. It is a growing global threat 

where pathogenic microbes are developing resistance to our treatments; the ability to cure 

infections that were once considered benign is no longer the status quo, rendering the risks 

of infection associated with medical and surgical procedures increasing dramatically. After 

the serendipitous discovery of penicillin by Alexander Fleming in 1928, antibiotics 

gradually gained high public demand which lead to an “era of abuse”.4 The overuse of 

penicillin created a selective pressure on the pathogens eventually giving rise to penicillin-

resistant Staphylococcus aureus.5 Since then, the majority of new antibiotics have followed 

a similar fate. That is, once an antibiotic is introduced, strains of bacteria that have evolved 

resistance, followed shortly after (Figure 1-1).6 Furthermore, there are strains that have 

evolved multi-drug resistance (MDR), exemplified by the ESKAPE pathogens 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter species).7,8 In the timeline shown 

in Figure 1-1, there is a trend of shorter periods of time between the introduction of 

antibiotic and the identification of a drug-resistant strain as the timeline tends toward 

present day. Globally, approximately 700,000 lives are lost due to AMR pathogens every 

year. By 2050, that number is projected to rise to 10 million every year.9 
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Figure 1-1. A timeline of antibiotic introduction into the market (right) and the discovery of resistant strains (left).6 

Briefly, antimicrobial agents act by interfering or inhibiting the syntheses of cell walls, 

important proteins, and nucleic acids; other mechanisms include the inhibition of metabolic 

pathways and disruption of bacterial membranes.10 Resistance to these mechanisms are 

generalised into three categories:11  

 drug inactivation by irreversible enzymatic cleavage, 

 modification of the drug binding site, 

 reduced drug accumulation as a result of reduced permeability or increased efflux 

of the drug. 
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These traits of drug resistance in bacteria can be imparted onto other bacteria through 

horizontal gene transfer. Additionally, these traits can be accumulated to confer MDR 

bacterial strains.12 

The agricultural industry is an enormous contributor to increasing instances of AMR.6 

Animal factory farms have industrial practices engineered for efficiency: for example, beef 

cattle are put in confined pens that maximize weight gain from immobility. In order to 

prevent the spread of diseases, antibiotics are used in the feed — not for the sake of curing 

infections, but for pre-emptive prevention and growth inhibition of such pathogens.6 The 

amount of medically important antibiotics used purely for food-producing animals 

accounted for over 70% of the total volume of antibiotics sold worldwide in 2012.9 The 

short-term gain in their use is offset by the development of resistance against these 

antibiotics. Making matters worse, this resistance can be spread to humans and other 

animals upon ingestion of meat harbouring AMR microbes. Thankfully, the amount of 

antibiotics consumed by food-producing animals has since declined from 8.9 million kg to 

5.6 million kg, indicative of the increased awareness of AMR, and the efforts to tackle it.13 

For humans, antibiotics are often inappropriately prescribed for conditions where they have 

no effect. For example, antibiotics are used to treat the influenza virus, which would instead 

be effectively by use of antiviral drugs, or prevented by vaccines.9 Such misuse has 

contributed to more resistance development. In light of this, combatting AMR has been 

prioritised and it has encouraged some companies to return to this research space. There 

have been 11 new antibiotics approved by the US Food and Drug Administration (FDA) 

and the European Medicines Agency (EMA) in this decade (2010 – 2019).14 There are 28 

currently in the late stages of development, but only two have accompanying plans that will 

ensure accessibility and good usage. For example, the provision of test strips to check the 

susceptibility of an infection to the drug.15 

Despite ongoing developments, doctors have exhausted the current arsenal of treatments 

available, and have resorted to antibiotics that were once avoided due to unwanted side 

effects. This is exemplified by colistin from the polymyxins family: where its use was once 

abandoned in the 1970s due to its toxic effects on the kidney and the nervous system, it has 

now become the last-resort drug for treating Gram-negative bacterial infections.16 

Terrifyingly, resistant traits to colistin have been emerging in the Enterobacteriaceae 

species of bacteria.17,18 Moreover, some alternative first-line treatment options have 
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questionable efficacy. For example, vancomycin, the first-line antibiotic for treating 

methicillin-resistant Staphylococcus aureus (MRSA), exhibits poor pharmacokinetic and 

pharmacodynamic properties.19,20 The optimal method of infusing vancomycin has been 

poorly implemented and a gradual decrease of its potency has been observed. 

Currently, there are no effective drugs to fight these ‘superbugs’, and without rapid and 

coordinated action, the dawn of a post-antibiotic reality is imminent. As mentioned earlier, 

there are new drugs currently in the pipeline, but the number of MDR pathogens continue 

to rise. Overall, there is an urgent need for new antimicrobials with unique chemical 

structures that act on novel targets.21 

2 Antimicrobial Peptides 

As the number of novel antibiotics dwindled, antimicrobial peptides (AMPs) garnered the 

interest of researchers in the search for new therapies against AMR.22 The increase in 

clinical interest can be quantified with the number of annual publications on AMPs, from 

virtually zero in the 1980s to over 1500 today.23 In light of this, the antimicrobial peptide 

database, a regularly updated database on the basic information on AMPs is available to 

help further this field of research.24 

AMPs are found in all living organisms, forming part of the innate immune system in the 

first line of defence against pathogenic organisms.25,26 AMPs can be classified by their 

biosynthetic origins, their structural properties and their activity spectrum.27 

2.1 Natural sources of AMPs 

Along the evolutionary timeline, the constant exposure to pathogens has resulted in the 

development of sophisticated defence mechanisms seen in living organisms today.28 In a 

similar vein, pathogens have also coevolved along with their hosts. As mentioned 

previously, AMPs form the first line of defence in the innate immune system of all living 

organisms.25,26 The evolution of immunity has been recently reviewed by Buchmann.29 

Herein, the focus is on naturally occurring AMPs that have been discovered and their origin 

in the search for novel agents to fight against AMR. 

Natural edible sources contain AMPs, for example, lactoferrin and lysozyme are both found 

in ruminant milk.28 Briefly, lactoferrin modulates the immune system by regulating 

immune cell activity while lysozyme cleaves the covalent bonds between peptidoglycan 
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layers in Gram-positive bacterial cell walls and interferes with respiration at Gram-negative 

bacterial membranes.30–32 Furthermore, microorganisms responsible for fermenting foods 

are common producers of antimicrobial compounds.33,34 

Examples of mammalian AMPs are the cationic cathelicidins found inside white blood 

cells, and defensins found on the surface of intestines. Their positive charge attracts them 

towards negatively charged components on the microbial cell surfaces — a review on 

cathelicidin by Xhindoli et al.35 and on the defensins by Shafee et al.36 

AMPs can be found on frog skin,37 in fish liver,38 in secretions by mosquito immune 

cells,39,40 as plant variants of defensins41 and as lantibiotics secreted by bacteria.42 The 

sources for naturally occurring AMPs are from organisms or areas of an organism that are 

exposed the most to pathogenic threats. As such, ‘battlegrounds’ where microbes compete 

against each other for nutrients is a treasure chest of AMPs. 

2.1.1 Peptides biosynthesized from the soil 

The rhizosphere is the space the soil encompasses immediately around a plant root in which 

there are complex chemical, physical and biological interactions.43 This dynamic network 

of relationships exists between the roots with insects, and between microbes with the roots 

of other plants. The progenitors of these interactions are the root-derived compounds that 

elicit a spectrum of responses in the recipients, ranging from beneficial to detrimental 

impacts. Plant roots exude a large range of compounds, among which are ions, free oxygen, 

water, enzymes, mucilage and an assortment of metabolites. Bacteria metabolize a selection 

of these exudates and, in return, fight off pathogenic microbes that compete for the 

exudates. Overall, plant growth is promoted. This synergistic relationship between plants 

and plant growth-promoting bacteria (PGPB) has been exploited for crop protection with 

the use of bacteria from the Bacillus genus. PGPB compete with other organisms by 

producing AMPs. 

AMP biosynthesis can be both ribosomal and non-ribosomal dependent. For the former, 

gene-encoded AMPs are biosynthesized through translating mRNA in ribosomal 

machinery exemplified by the bacteriocins family of compounds.44–46 Aside from post-

translational modification, the possible variations in structures are limited by the 

proteinogenic amino acid building blocks. These are derived from the DNA codons where 

the mRNA templates are formed for ribosomal translation. In contrast, non-ribosomally 
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synthesized peptides (NRPs) are assembled by enzyme clusters known as non-ribosomal 

peptide synthetases (NRPS, not to be confused with NRPs, mentioned earlier in the same 

sentence).47–52 They contain modules and catalytic domains that are unique to each amino 

acid building block in the backbone of the NRPs. Each module consists of a conserved 

mode of synthesis that sets a template for the final peptidyl sequence; each module 

elongates the peptide iteratively with the next amino acid in the direction of C- to N-

terminus (Figure 1-2).52 The description on NRPS within is only the general example, and 

an excellent recent review by Süssmuth and Mainz covers this in more detail.53 

 

Figure 1-2. Simplified schematic of the NRPS machinery (top) and the transfer of the next residue from a PPan cofactor.52 

The elongation modules are further subdivided into domains that perform specific steps 

during peptide synthesis: selection and activation of substrates, and covalent binding to 

cofactor 4’-phosphopantetheine (PPan) facilitates peptide bond formation step.54 The 

adenylation domain (A-domain) selects the specific amino acid and activates the C-

terminus by forming aminoacyl adenosine monophosphate-mixed anhydrides via 

adenosine triphosphate (ATP) hydrolysis.55 The adenylate-leaving group is subsequently 

transferred from the PPan cofactor to form a thioester intermediate attached to the first 

peptidyl carrier protein (PCP) domain,54 downstream of the A-domain within the same 

module. Next, the nucleophilic attack of the PCP2-thioester occurs by the amine of the next 

amino acid in the sequence held in the module downstream attached via PCPn+1-thioester. 

The condensation domain (C-domain) catalyses the peptidyl bond formation.56 The 

nucleophile-containing PCP2-thioester is bound to the highly specific acceptor site, while 

the nucleophilic PCPn+1-thioester substrate binds to the donor site with less specificity. 
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Structurally, the acceptor and donor sites in the C-domain are placed in close proximity to 

each other in a V-shaped conformation that favours peptide bond formation.56 As a whole, 

elongation modules consist of domains in the order of C-A-PCP. The overall NRPS cluster 

starts with an initiation module comprised of A-PCP domains.53 Downstream of the 

initiation module is the series of elongation modules and finally, in most cases, a 

termination module consisting of an elongation module and a thioesterase domain (TE) 

(Figure 1-2). TE catalyses the transfer of completed peptide sequence from the final PCP 

domain to the serine residue in its active site, followed by the release of the peptide chain.57 

This is achieved by hydrolyzing the final PCP-thioester, or by using an intramolecular 

nucleophile for macrocyclization, which generates macrolactams or macrolactones.58 

Together, C, A, PCP and TE make up the essential domains of NRPS. 

Further structural diversity beyond their monomeric composition can be introduced through 

cyclization, oxidative cross-linking, or incorporating a lipid moiety (e.g. Surfactin, Figure 

1-3).59,60 In some NRPS, the TE domain can be substituted to introduce more diversity at 

the C-terminus of the peptide. In one case, the carboxylic acid can be reduced to generate 

C-terminal aldehydes or alcohols upon release.53 

Extra domains can be integrated within the NRPS modules. This is in addition to the 

domains that modify the monomeric building blocks, thereby, resulting in the specific 

tailoring of the NRP structure towards the desired biological activities in the face of 

selection pressure.61,62 The following are examples of tailoring domains: epimerization 

domains that transforms amino acids into their D-configured counterparts;63,64 

methyltransferase domains for N-methylated residues, prominently seen in cyclosporine 

(Figure 1-3);65,66 cyclization domains that generate heterocycles such as the thiazoline in 

bacitracin A (Figure 1-3) and many other specialized domains that are characteristic to 

certain families of NRP families which can be found in the Norine database.59 

Some NRPs are further modified post NRPS-assembly by independent enzymes.67,68 For 

example, the cross-linking of the phenolic side chains in vancomycin provides its peptide 

scaffold that is vital to its antimicrobial activity Gram-positive pathogenic bacteria (Figure 

1-3).69,70 Investigating the novel motifs in NRPs can shed light on novel mechanism of 

actions (MOA) against MDR pathogens in the pipeline for discovering novel AMPs. 
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Figure 1-3. Examples of non‐ribosomally synthesized bioactive macrocyclic peptides that are comprised of unusual 

structures (D-isomers (green bonds) and N-methylated amino acids (pink atoms and bonds), heterocyclic rings (circled in 

green), fatty acids (circled in blue), sugars (circled in red) and non-proteinogenic amino acids (coloured in red)). 

2.2 Structures of AMPs 

Structurally, AMPs are categorized as cationic amphipathic peptides, calcium-dependent 

peptides and macrocyclic peptides. These categories exemplify the current AMPs used for 

treatment, or that are currently under clinical trials.23 AMPs are typically short peptides 

consisting of 2 – 50 amino acid residues with varying sequences.22,71–73 Despite their length, 

AMPs can adopt a diverse amount of conformations facilitated by amino acid side chains 

forming secondary and tertiary structural elements.74 These structures correspond to a local 

organization of intra-/intermolecular hydrogen bonds (H-bonds), electrostatic interactions 

and hydrophobic interactions between amino acids along the peptide backbone and the side 

chains. Multiple conformations for each amino acid residue are energetically possible. The 

free rotation around the N–Cα (Φ) and Cα–C=O (Ψ) bonds at physiological temperatures 

gives rise to conformations mapped by Ramachandran plots.75 However, predictions cannot 

be made from this plot alone. In a polypeptide chain, the number of possible conformers 

increases exponentially, which therefore increases the structural flexibility and the number 

of possible conformations of the peptide.75,76 Among the diverse structural possibilities, 
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there exists the potential for undesired interactions or premature enzymatic breakdown 

(Figure 1-4). 

 

Figure 1-4. Conformational flexibility of bioactive peptides.77 

However, the structural flexibility provide AMPs with the following advantages over 

conventional antibiotics:74 

i) the ability to withstand degradation by enzymes;  

ii) cationic, hydrophobic and amphipathic properties; 

iii) provision of the means for forming three-dimensional shapes. 

In addition, these structures can either be pre-formed or transformed from random 

structures. In an aqueous environment, AMPs are amphipathic and that leads to secondary 

characteristics or aggregation of monomeric AMPs by forcing the hydrophobic portions 

together. As such, the characteristics arising from specific amino acid sequences can give 

AMPs the required affinity or specificity to interact with key targets and exert antimicrobial 

activity. Specific structural elements seen in AMPs are described hereon. 

2.2.1 α-Helices and β-Sheets 

Secondary structures arise from a network of H-bonds that can be formed between a 

backbone C=O oxygen and an N–H hydrogen (Figure 1-5).74 In the case of α-helices, H-
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bonds form between residues that are four amino acids apart, which compacts the backbone 

into a rod-like structure with 3.6 amino acids per repeating unit of coiling. Depending on 

the chemical properties of the side chain, the α-helix can adopt amphipathic properties by 

way of hydrophobic residues on one ‘face’ and hydrophilic residues on the other. 

For β-sheets, linear strands of peptides are stabilized through H-bonding. Both α-helices 

and β-sheets can be enhanced by other motifs, such as the presence of β-turns, a segment 

of four consecutive residues that cause the peptide chain to fold near 180°.78 Disulfide 

bonds can also form between cysteine residues at the ends of the strands in β-sheets 

stabilizing the structure, as seen in thanatins (Figure 1-6).79 

 

Figure 1-5. Ball-and-stick model of α-helices (top) and β-sheets (bottom) motifs.74 

 

Figure 1-6. Structure of thanatin with the stabilizing disulfide bond and their parent cysteines highlighted (pink).79 

The amino acid side chains also play a role in these secondary structures. Branching at the 

β-carbon in isoleucine, valine and threonine causes steric hindrances that destabilize α-
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helices. Whereas for proline, there is no amide hydrogen to partake in H-bonding which 

results in disruptions to the conformation local to proline itself.80 Moreover, side chains 

with H-bond donors or acceptors in serine, aspartate and asparagine also cause 

destabilization as they compete for backbone N–H and C=O groups. In contrast, these 

aforementioned amino acids are better tolerated in β-strands as side chains can be projected 

away from the backbone H-bonds. 

2.2.2 Cyclic peptides 

Covalent bonds between intramolecular amino acid residues give rise to macrocyclic 

structures from (i) amide or ester bond formation between permutations of backbone and 

side chains giving lactams or lactones, respectively, or (ii) crosslinks formed using sulfur-

containing residues (i.e. cysteine) in disulfide or thioether bridges.27 Cyclization reduces 

the number of possible conformations that peptides can adopt with respect to its linear 

counterpart. Hence, the key moieties for antimicrobial activity, known as the 

pharmacophore, are more likely to adopt the correct configuration before interacting with 

its intended target.  

Naturally-occurring cyclic AMPs are very abundant and exhibit a broad spectrum of 

biological activities. Some of these have been developed into therapeutic AMPs, including 

vancomycin (antibacterial),81 daptomycin (antibacterial),82 colistin (antibacterial),83 

cyclosporin (immunosuppressant),65 and caspofungin (antifungal).84 To date, over 1000 

cyclic peptides have been discovered in nature, hence, cyclic peptides are attractive 

candidates to develop into therapeutic agents.85 Cyclic peptides have the potential to 

reproduce binding characteristics of proteins and both natural and macrocyclic peptides 

have shown antibody-like affinity and specificity towards their intended targets.86–88 

Furthermore, using the 20 proteinogenic amino acids, the number of unique cyclic peptides 

increases exponentially with respect to increasing number of residues (n) as calculated by 

20n possible structures. This signifies the enormous potential for structural diversity in 

cyclic peptides.85 It is for these reasons that a plethora of methodologies have been 

developed by chemists for the preparation of cyclic peptides; these will be reviewed in 

Section 4.4.1. 



Chapter One Introduction 

13 

2.3 Activity of AMPs 

The wide variety of AMP structures comes with the potential for specific and nonspecific 

mechanisms that allow for a broad-spectrum of antimicrobial activity. Hence, they can be 

effective even against MDR pathogens.89 Often, it is not possible to predict the activity 

based on the sequence itself. Indeed, structure-activity relationship (SAR) studies are 

necessary to understand the reason for why a particular peptide is endowed with 

antimicrobial activity. 

AMPs are intrinsically susceptible to proteolytic enzymes which heavily reduces their in 

vivo stability.90,91 This phenomenon contributes to weak correlations observed between in 

vitro experimental results and in vivo studies.22,23 The activity of AMPs can be 

compromised under physiological conditions as salts can interfere with electrostatic 

interactions, or the AMPs themselves bind to serum proteins, decreasing their availability 

for target binding.92–94 For example, the antibacterial activity of daptomycin is limited to 

Gram-positive bacterial cell membranes and the peptide is dependent on physiological 

concentrations of Ca2+ (50 mg/L, 1.25 mM) to act.95 Hence, during drug development, 

AMPs need to be tested against a diverse range of conditions in order to validate in vitro 

results through SAR studies prior to conducting in vivo studies.96 In this thesis, assays were 

conducted to quantify the minimum inhibitory concentration (MIC) of the synthetic 

compounds as the first step towards evaluating their biological activity. By definition, it is 

the minimum concentration of AMP at which microbes cannot grow. 

Table 1-1 summarizes the enormous variety of properties that AMPs can exhibit. They can 

be grouped under two categories – immunomodulatory, or direct antimicrobial activity.23 

Table 1-1. Classification of the mechanisms of actions of AMPs 

Direct antimicrobial activity Immunomodulation 

 Pore-forming or membrane disruption 

 Penetration or translocation 

 Inhibition of cell wall synthesis 

 Oxidative damage 

 Wound healing 

 Differentiation of immune cells 

 Recruitment of immune cells 

 Release of pro-inflammatory 

cytokines 

Antibacterial and antifungal AMPs will be reviewed herein. For studies outside the scope 

of this thesis, the following reviews are excellent resources; antiviral peptides by Vilas 
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Boas et al.97, anticancer peptides by Hilchie et al.98 and Yuan et al.99, antiparasitic peptides 

by Pretzel et al.100, and immunomodulatory AMPs by Hilchie et al.,25 Hancock et al.26 and 

Kang et al.101 

Many AMPs exhibit antimicrobial activity by interacting with the membrane of the target 

pathogen. Specifically, the AMPs either translocate across the hydrophobic membranes to 

interact with intracellular targets, or disrupt the membrane.22 This highlights the importance 

of amphipathicity in AMPs that allows for the initial interaction with charged constituents 

in the target membrane, followed by interactions from the hydrophobic/uncharged 

moieties. To understand the MOA of AMPs, the following discussion will relate to the 

structural targets found in microbial cells. 

2.3.1 Antibacterial AMPs 

Broadly, bacteria are placed into two classes based on what is enveloping their cytoplasmic 

membrane: Gram-positive bacteria are encased by a thick peptidoglycan layer (90% of dry 

weight); Gram-negative bacteria have a thin peptidoglycan layer (10% of dry weight) 

surrounded by an outer membrane (Figure 1-7).102 

 

Figure 1-7. Cell walls of Gram-negative and Gram-positive bacteria. The peptidoglycan stains purple from the Gram 

staining technique.103 

A layer of peptidoglycan is comprised of a disaccharide unit (N-acetyl muramate and N-

acetyl glucosamine) connected to a pentapeptide stem. Each unit is cross-linked to another 

and the overall peptidoglycan thickness is determined by the number of these layers.104 The 

peptidoglycan sequence and cross-link sequence vary between species. Figure 1-8 depicts 

two such cross-linking peptidoglycan units in S. aureus. A thick peptidoglycan layer 

permits Gram-positive bacteria to survive against turgid pressure on the cytoplasmic 

membrane. Indeed, the cell wall prevents bacteria from bursting in distilled water.104 
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The antimicrobial glycopeptide vancomycin (Figure 1-3) inhibits the biosynthesis of 

peptidoglycan during cell division by binding to the D-Ala-D-Ala motif in the peptide stem 

(Figure 1-8).105 As mentioned earlier, vancomycin has been used to treat MRSA infections, 

but a vancomycin-resistant strain of S. aureus has been identified where the terminal D-Ala 

is mutated to a D-lactate residue.106 Additionally, in Gram-negative bacteria, the matured 

stem is a tetrapeptide with the terminal D-Ala truncated, which therefore renders 

vancomycin ineffective against Gram-negative bacteria. Hence, there is a need to target 

alternative structures for treatments that are more effective. 

 

Figure 1-8. Example of peptidoglycan structure from S. aureus with the disaccharides that are cross-linked (red) between 

the pentapeptide stems (boxed).107,108 

In general, the outer membrane in Gram-negative bacteria gives it greater innate resistance 

against AMPs by serving as a protective barrier.109 The outer membrane therefore confers 

Salmonella the ability to endure the harsh conditions as those in the mammalian gall 

bladder.104 The majority of the outer membrane is composed of lipopolysaccharides (LPS) 

where the core is rich in negatively-charged phosphate groups.89 The core of LPS forms 

electrostatic interactions with Ca2+ and Mg2+ cations to provide the outer membrane 
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stability.110 The binding of phosphate groups by the divalent cations are superseded by 

cationic AMPs which have a greater affinity for the LPS core. The sizeable difference 

between AMPs and the cations causes temporary cracks in the outer membrane permitting 

the peptide itself to translocate across the outer membrane and thus leading to leakage of 

cytoplasmic contents.22 

A notable example of such cationic AMP are the polymyxins, where the overall positive 

charge derives from the abundance of α,γ-diaminobutyric acid (Dab) residues (Figure 

1-9).111 Additionally, they have hydrophobic regions attributed to the N-terminal fatty acid 

tail and the amino acids Leu6 and Leu7, which have been shown to be important for their 

antimicrobial activity.112 Further to gain passage past the outer membrane, polymyxins 

have two other MOAs.111 Firstly, polymyxins have been shown to bind and neutralize LPS 

molecules111, which have been implicated to induce sepsis.109,113 Secondly, they have been 

shown to inhibit vital respiratory enzymes found in the bacterial inner membrane. 

 

Figure 1-9. Structure of colistin, a member from the polymyxin family with cationic Dab amines (blue) and lipid tails 

(pink) highlighted. 

Another constituent that attracts positively-charged AMPs are the negatively-charged 

moieties underneath the peptidoglycan layers. The peptidoglycan mesh expresses pores that 

allow molecules up to 50 kDa to pass.114 Laced among the peptidoglycan weave are 

negatively charged teichoic acids in Gram-positive bacteria. They are either anchored into 

the cytoplasmic membrane (lipoteichoic acid, LTA) or covalently bonded to the 

peptidoglycan matrix (wall teichoic acid, WTA). LTA and WTA both play a part in cell 

growth and division.107 Recently, Ling et al. reported a new AMP, teixobactin, which kills 

pathogens without detectable resistance.115 Teixobactin inhibits cell wall synthesis by 

binding to both lipid II and lipid III which are precursors to peptidoglycan and WTA, 

respectfully. As those (lipid II and lipid III) are non-protein targets, they are highly 

conserved; therefore, it is very unlikely to impart AMR.115 Many SAR studies have been 

conducted on teixobactin and synthetic analogues; as outlined in reviews by Abdel Monaim 
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et al.116 and Matheson et al.117 This thesis describes synthetic work on teixobactin, to be 

discussed in Chapter Three. 

With AMPs generally being <6 kDa, they can pass through the peptidoglycan layer to 

access the inner membrane where negatively-charged phospholipids are abundantly 

embedded. This is common in the cytoplasmic membranes of both Gram-positive and 

Gram-negative bacteria.118 Interaction with the phospholipids results in altered membrane 

properties that affect the general function of the cell, which have the potential for inhibiting 

growth or inducing death.109 Figure 1-10 summarizes the few proposed MOAs of AMPs 

on membrane surfaces.22 

 

Figure 1-10. Overview of the methods of α-helical AMPs interacting with microbial membranes and the subsequent 

results.22 

The AMP alamethicin (Figure 1-11) proceeds with the ‘barrel-stave’ model. Alamethicin 

adopts an α-helical configuration, subsequently attaching to and perpendicularly inserting 

into hydrated regions of the membrane bilayer.119 The hydrophobic and the hydrophilic 

faces of the α-helix interact with the lipid core of the bilayer and a pore forms in the space 

occupied by the hydrated regions. Magainin II (Figure 1-11), an AMP, disrupts the 

membrane through the ‘toroidal-pore’ model. The α-helical structure binds to the 

membrane disrupting the integrity and transiently exposing the hydrophobic regions of the 

phospholipid to the aqueous environment. This forces the hydrophilic heads to orientate 
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towards the gap and bends the membrane through the pore into a toroidal shape.119,120 This 

conformation leads to the membrane bending inwards, forming a toroidal hole lined by the 

peptide.  

Finally, ovispirin (Figure 1-11) does not form pores, but instead disrupts the membrane 

through the ‘carpet model’.92 As suggested by the name, the peptide lines the membrane 

outer surface in a carpet-like fashion causing a ‘hot spot’. This creates a large imbalance of 

charge and surface tension in the localized area leading to calamitous effects, such as 

membrane disintegration and micelle formation from the membrane debris.92,119 

 

Figure 1-11. Structures of alamethicin, magainin and ovispirin and their model of interaction with bacterial membranes. 

AMPs with a broad-spectrum of activity can act on undesirable targets such as mammalian 

cell membranes following the mechanisms described above. The unspecific targeting 

results in toxic effects on the host. However, prokaryotic bacterial cells are fundamentally 
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different from eukaryotic human cells; therefore, the compositions of the cell is vastly 

different. Specifically, eukaryotic cells and their membranes contain phospholipids with 

negatively-charged head groups, which would normally attract cationic AMPs. However, 

these line the intracellular face of the plasma membrane and the extracellular face is 

abundant with zwitterionic phospholipids, thereby giving eukaryotic cell surfaces a net 

neutral charge (Figure 1-12).22 Furthermore, a high amount of cholesterol molecules line 

the membrane that buffer against any disruptions. 

 

Figure 1-12. Interactions of AMP with eukaryotic and bacterial membrane.89 

2.3.2 Antifungal AMPs 

Externally, fungal cells have a cell wall encompassing the cellular membrane. This cell 

wall is comprised of the chitin and glucan polysaccharides and glycoproteins which are all 

cross-linked together in a network.121 The fungal cell wall serves a similar role to that of 

bacteria – protection against turgor.122 Though chitins endow the cell wall with structural 

rigidity, they only represent a small percentage of the cell wall components; the majority 

consists of glucans.121 Together, these can be selectively targeted by AMPs to confer 

growth inhibitory effects.123 

The MOAs of antifungal agents often require gaining passage into the cell.124 As both 

fungal and human cells are eukaryotes, they share structural similarities. For example, 

zwitterionic phospholipids and sphingolipids are present in both cell types.125 As such, 

AMPs targeting fungal membranes can be toxic to humans. Using a low concentration to 
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avoid toxicity could lead to ineffective treatment, or induce resistance. Thus, effective 

treatment requires targeting of other cellular components.124 Another factor to consider is 

that fungal infections are often the result of only one opportunistic fungal strain, rather than 

a combination of different cultures. Hence, broad-spectrum antifungal agents are generally 

unnecessary. It is therefore prudent to find a single specific unique target for effective 

treatment against fungal infections. Ergosterol is the unique fungal counterpart to 

cholesterol in mammalian cell membranes. This has been exploited by therapeutic effects 

from azoles and amphotericin B.126,127 

2.3.3 Plant protection 

Aside from fighting infections in humans, AMPs can protect plants against pathogens to 

help ensure profitable food production, as food shortages present dire consequences. In 

2017, 45% of global deaths in children under the age of five were caused by 

undernutrition.128,129 Furthermore, food insecurity is disproportionally high in Africa, 

affecting 124 million people in 51 countries.130 Climate events, economic instability and 

political turbulence are the primary drivers of this. Hence, it is in our interest to manage 

plant pathogens. 

Traditionally, the agricultural industry employs chemical-based pesticides and fertilizers 

for the maintenance of healthy crops.131 Concerns have surfaced on the harm that these 

chemical agents pose on the environment and human health, as evidenced by the fact that 

a third of the overall development costs of these agricultural chemicals go towards 

producing toxicological and environmental chemistry profiles.132 Environmental and 

human health concerns as a result of using these chemicals have transformed into strict 

laws and regulations to ensure safe usage of agricultural chemicals.  

These factors commonly contribute to a financial loss in the first decade of launching the 

product into the market — hence, this has led to interest in alternatives such as 

biopesticides.131 In one case, through genetic engineering, the gene for an insecticidal toxin 

from the bacteria Bacillus thuringiensis was added to transgenic corn, thereby endowing it 

with ‘innate’ pesticidal properties.131,133,134 Other strains from the Bacillus genus have been 

used to combat plant pathogens; they were chosen for their ability to endure adverse 

environmental conditions and their rapid rate of replication.131 B. subtilis has been shown 

to induce systemic host resistance, whereby the plant increases physical and chemical 
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barriers against invading pathogens.135–141 One such mode of action is B. subtilis forming 

a biofilm on the surface of plant roots, creating a physical barrier against pathogens. 

Another mode is the exuding of secondary metabolites displaying potency for killing fungal 

pathogens.131 These metabolites have been identified as lipopeptides, a subclass of 

AMPs.135–141 

2.3.4 Lipopeptides 

As the name suggests, lipopeptides contain both a lipid and a peptide moiety with the 

hydrophobic lipid region and the hydrophilic side chains of peptide residues confering 

amphipathicity.142 In an aqueous environment, the lipopeptide concentration in solution 

dictates the adopted conformation. While monomeric at low concentrations, they aggregate 

once the concentration increases past the critical micelle concentration (CMC) threshold, 

unique to each lipopeptide. At CMC, micelles abruptly form: hydrophilic peptide ‘heads’ 

interact with the aqueous solvent and the hydrophobic lipid ‘tails’ are forced into 

internalization, leading to the spherical structures that are characteristic of micelles. Further 

to micelle formation, the amphipathicity of lipopeptides decreases the tension on a liquid 

surface and the tension between two immiscible liquids. The properties allow the 

permeabilization of microbial membranes that lead to cell death or growth inhibition.142 

These diverse physicochemical properties of lipopeptides have been exploited for 

functional applications in many areas of interest, including waste treatment, corrosion 

prevention, water decontamination, cosmetics, food preservation, agriculture and 

pharmaceuticals.142 The physicochemical properties can be further tweaked by chemically 

altering the naturally-occurring lipopeptides; SAR studies can then be conducted from 

compound libraries generated from different combinations and permutations of peptides 

and lipid moieties. A review by Mnif and Ghribi142 and a chapter by Geissler et al.143 

expands on the applications of lipopeptides beyond the scope of antimicrobial uses herein 

described. 

3 The Peptidomimetic Strategy 

3.1 Overview 

The concept of using a peptide as a therapeutic agent began with the use of bovine insulin 

for the treatment of diabetes in 1920.144 However, the widespread use of peptides for 
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therapy was not preferred due to difficulties in synthesizing or isolating peptides with the 

desired yield and purity. Meanwhile, recombinant DNA technology along with the 

development of high-performance liquid chromatography (HPLC) by Horváth in 1966 

provided widespread availability of human insulin.145,146 Advances in those fields have 

provided the means for manufacturing human insulin at >98% purity.146 Such recombinant 

technologies have led to the use of ‘living factories’ for producing nearly 400 protein-based 

products (2015 data).147 However, the main limitation of these products is in the conserved 

set of 20 amino acids coded by DNA that make up the majority of naturally occurring 

proteins. Efforts into circumventing this limitation have produced the following solutions: 

a) site-specific reactions on proteins to add extra functionality,148,149 b) incorporation of 

unnatural amino acids into the protein via modification of the ribosomal coding system,150 

or c) the use of ‘designer tRNA’ with the desired residue attached.151 

While these methods provided meaningful tools for macromolecular scale control of 

structure and function, the control that chemical methods have at the atomic scale are still 

unrivalled. The advantage that chemists have is the in vitro environment for synthesis, 

which is far removed from the in vivo environment where a plethora of reactive functional 

groups on proteins and biomolecules exist that could result in undesired side-products. Thus, 

incorporating unnatural amino acids into peptides is relatively trivial, especially with the 

advent of solid-phase peptide synthesis (SPPS) by Merrifield in 1963.152 However, the use 

of peptides for treatment of disease remained limited due to the: a) low in vivo stability by 

enzymatic degradation, b) poor absorption of orally ingested drugs, c) rapid excretion 

through the liver and kidneys, d) undesired side-effects from the lack of specificity for the 

target, and e) complex delivery methods.77,153 

Optimization of SPPS, HPLC and other chemical techniques described herein have 

provided many solutions to bypass the above limitations, and this is reflected in the 

associated economic trends. In 2010, of the combined sales of the 60 FDA-approved 

peptide drugs that amassed $USD 13 billion, four of those each had global annual sales 

exceeding $USD 1 billion.154 The total peptide drug sales are projected to exceed $USD 70 

billion in 2019.91,155 These numbers signify an economic incentive for the development 

peptide drugs; alongside the rising threat of MDR, the demand is predicted to shift towards 

AMPs. Currently, AMP therapeutics are limited by the challenges addressed earlier. 

Indeed, in the last four decades, Cubicin® (daptomycin) is the only lipopeptide to enter the 

market for use as an antimicrobial agent.23,156 As alluded to earlier about NRPs, nature is a 



Chapter One Introduction 

23 

treasure chest full of potential new AMPs that can be identified for chemical modifications 

in order to introduce new peptidomimetics into clinical settings.155 

The aim of AMP peptidomimetics is to produce synthetic counterparts of the naturally-

occurring compounds with higher in vivo stability, improved target selectivity, affinity and 

efficacy, whilst simultaneously avoiding the development of resistant traits in the target 

microbes. The ‘modular’ nature of peptides allows for high customization with diverse 

options, thereby allowing the ease of chemical manipulation for the desired biological 

effect without revisiting the drawing board. The multidisciplinary medicinal chemistry 

process development pathway leading to peptidomimetics is summarized in Figure 1-13. 

 

Figure 1-13. Flow chart summarizing the steps in optimizing a lead peptide. 

3.2 Vital positions on the peptide 

Often, a portion of the lead peptide is enough to elicit the desired biological activity. To 

identify the relevant section, a library of analogues containing single changes to the 

sequence is constructed.155 The core sequence motif for bioactivity can be identified by 

sequentially removing residues from the C- or N-termini to arrive at truncated analogues. 

Next, important individual residues are determined by iteratively substituting each residue 

with an alanine, referred to as an alanine scan. The side chains (with the exception of 

alanine and glycine) are replaced with a methyl group, the smallest substitution that causes 
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minimal disruption to the conformation of the peptide. Akin to this, positional scans can 

also be performed using other amino acids to assess other characteristics of the peptide. For 

example, proline-scans can be conducted for finding residues that are H-bond donors.157 

The biological activity of the compound library is then assessed to generate a profile on the 

importance of each amino acid within the peptide sequence.155 

3.3 Increasing resistance to degradation 

All organisms carry a host of enzymes to carry out biological processes and to break down 

pathogens. MEROPS, a regularly updated database, collates this information.158 In 

particular, peptidases hydrolyse peptide bonds and are very abundant. Hence, the low 

stability of AMPs cause the in vivo half-lives to be as short as a few minutes.153 For this 

reason, the routes of AMP administration are often limited to intravenous or intraperitoneal 

injections. Peptidases have evolved to recognize peptide bonds between the 20 

proteinogenic amino acids; incorporating non-proteinogenic amino acids should therefore 

make AMPs more resistant to enzymatic degradation. 

3.3.1 Sites of proteolysis 

The majority of peptidases can be divided into two categories: exopeptidases which cleave 

at the N- or C-terminus of a peptide chain, and endopeptidases which cleave the peptide 

bonds embedded within the chain.159 If compatible, the simplest analogue to synthesize 

involves acetylating the N-terminus and employing a C-terminal amide to prevent 

degradation by exopeptidases. Alternatively, cyclization to form a macrolactam also blocks 

exopeptidase action. Alongside the initial SAR for identifying vital positions in the 

sequence, stability assays and metabolite analysis will shed light on amide bonds that are 

labile to endopeptidases. Some predictions can be made by comparing the peptide sequence 

to known motifs from MEROPS.158 

Reviewed below are methods for modification of the peptide backbone and residues to 

resist proteolysis. 

 Altering the backbone structure 

With sites prone to breakdown by peptidases, strategic modifications to the peptide 

backbone can be made.160 The unnatural backbone interferes with the formation of the 

enzyme-substrate complex. This occurs through disrupting specific interactions (H-bonds, 
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electrostatic interactions, and so on) in the enzyme’s active site and through the change of 

the peptide solution conformation.160 

I. Peptide bond isosteres 

The peptide bond connecting the residues can be substituted for isosteres to impart desired 

biochemical properties.161 Aside from increased resistance against enzymatic degradation 

by peptidases, the electrical and structural properties must be considered when evaluating 

the SAR of the isosteres. The most common of these are esters162,163 and thioamides (Figure 

1-14).164  

 

Figure 1-14. Example of peptide-bond isosteres. 

II. N-alkylation 

N-alkylation of the amide removes a hydrogen-bond donor and introduces steric bulk, 

thereby increasing the resistance against peptidases (Figure 1-15).165 This is exemplified 

by cyclosporine, where seven of the 11 residues are N-methylated (Figure 1-3), enhancing 

its membrane permeability.65 Similarly, the α-carbon (Cα) can be methylated to resist 

peptidase action as seen in aminoisobutyric acid, but its conformation will be restricted due 

to steric hindrance of the α, α-disubstitution (Figure 1-15).155 

 

Figure 1-15. N-methylated and Cα-methylated amino acids. 

III. Peptoids 

Alternatively, the side chains of each residue can be shifted onto the amide nitrogen to 

generate peptoids (Figure 1-16).162 These synthetic analogues exhibit in vitro specificity 

towards negatively-charged lipid membranes over neutral counterparts, suggesting that 
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peptoids can selectively target bacterial membranes over human membranes (Figure 

1-12).22,162 

 

Figure 1-16. General structure of peptoid from its corresponding peptide. 

IV. Aza-peptides 

Extending the concept of peptide bond isosteres, the Cα can be substituted for a nitrogen to 

give aza-peptides with increased peptidase resistance.166 Aza-glycine is present in 

goserelin, an analogue of luteinizing-hormone releasing hormone that has been used for 

treating prostate and breast cancers (Figure 1-17).167 

 

Figure 1-17. Structure of goserelin with aza-glycine highlighted (pink). 

V. β-Amino acids 

Substituting β- for α-amino acids extends the length of the backbone by one carbon (Figure 

1-18).168 The extra methylene group introduces another set of angles of free rotation which 

results in an increased number of available conformations to adopt.169,170 Despite this, 

peptides with β-residues can still form stable secondary structures. The extra methylene 

group impedes recognition by the peptidase to impart stability against enzymatic 

degradation. Furthermore, the lack of a substituent on the Cα results in a less reactive amide 

carbonyl as there is no electronegative group in the 2-position (Figure 1-18).169,170 These 

β-amino acids can be found in nature, or synthesized starting from their corresponding α-

amino acid via Arndt-Eistert homologation (Scheme 1-1).171–173 
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Figure 1-18. Comparison between α and β variants of alanine residues with the backbone coloured (pink) and the 2-

position indicated (blue asterisk). 

 

Scheme 1-1. Arndt-Eistert homologation of an α-amino acid to prepare β-amino acids. 

β-amino acids are not limited to the side chain substituted at the β3 position (Figure 

1-19).174 Other variations should be considered for SAR studies, especially the 

functionalized cyclic examples that exhibit biological activity, namely oxetin 

(antibacterial), cispentacin (antifungal) and tilidin (opioid) (Figure 1-19).175–178 These 

moieties could be incorporated into a peptide sequence. 

 

Figure 1-19. Variants of β-amino acids and their designations and examples of cyclic β-amino acids.174,176 

VI. D-Amino acids 

Amino acids are optically active at the side chains attached to the Cα. In a similar vein to 

β-amino acids, D-amino acids exist in nature, although infrequently.153 As such, substituting 

D-amino acids into a peptide can improve its in vivo stability as the peptidases that 

hydrolyse D-amino acids are not abundant.179 However, due to the change of 3D-structure, 

switching to a D-amino acid can lead to either positive or negative changes in potency, 

toxicity and compromise target selectivity (Figure 1-20).180 
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Figure 1-20. The bioactive chiral compound selective for an active site (dotted lines) while the enantiomer is inactive 

due to structural incompatibility with the binding site (red crosses).180 

 Side chain modification 

Based on the characteristics of the key residues, the data from positional scanning can be 

used to inform rational substitution for increasing the selectivity and efficacy of the 

peptide.155 The analogues used should possess similar properties to the key residue. 

Enduracididine, a critical residue in the antibacterial activities teixobactin, can be 

substituted for arginine without loss of antibacterial activity.181 Thereafter, many studies 

expanded on the SAR by substituting arginine for closely related analogues (Figure 

1-21).117 These proteinogenic analogues were primarily synthesized by chemical methods, 

however, there exists a plethora of alternatives produced by the NRPS machinery beyond 

the 20 standard proteinogenic amino acids coded in DNA.53 Unusual amino acids are 

indispensable tools for constructing extensive compound libraries for SAR studies. 

Malacidin A, recently isolated from soil bacteria S. albus, is an 11-mer anti-Gram positive 

lipopeptide possessing six non-proteinogenic residues (Figure 1-22)182 and unusual amino 

acids in medicinal chemistry have been covered in a recent review by Blaskovich.183 

 

Figure 1-21. Enduracididine and positional analogues used in elucidating the SAR for teixobactin. 
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Figure 1-22. Structure of Malacidin A with non-proteinogenic residues highlighted (pink).182 

Installing residues that are vital for bioactivity for one peptide in place of non-essential 

residues of another peptide could confer synergistic biological effects. Recently, the three 

active portions of the hormones glucagon-like peptide 1, glucose-dependent insulinotropic 

polypeptide, and glucagon were combined, giving rise to a single peptide triagonist that 

corrects obesity and diabetes in rodents.184 Furthermore, positions of expendable residues 

can be sites for conjugating moieties, such as a 68Ga radiolabel to image the biodistribution 

of the peptide,185 or an acyl group for a lipid moiety to synthesize vaccine adjuvants.186 

 Global restrictions 

A common strategy employed by medicinal chemists to improve a molecule’s affinity and 

selectivity for a target is to restrict its conformational flexibility and reduce the system’s 

entropy to favour target binding.187 This can be achieved through macrocyclization 

strategies. Cyclic peptides have the ability to mimic protein-protein interactions through 

selective binding. For example, inclusion of the RGD tripeptide motif in the sequence 

allows binding to integrin cell receptors; this has been used in preventing angiogenesis in 

cancer treatment.188–191 The concept has also been applied in the manufacture of antibody-

drug conjugates.192,193 In recent times, peptide cyclization has become a prominent strategy 

for optimizing lead compounds to adjust biochemical properties; this is reflected in the 

rising numbers of publications and citations (Figure 1-23).192 
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Figure 1-23. The increase in the number publications and citations on macrocyclic peptides from 1990 to 2017. Reprinted 

(adapted) with permission from “Macrocyclic Peptides as Drug Candidates: Recent Progress and Remaining Challenges”, 

J. Am. Chem. Soc. 2019, 141 (10) 4167-4181. Copyright 2019 American Chemical Society 192 

As alluded to earlier, cyclization improves the stability of peptides, as the C- and N-termini 

that are recognized by exopeptidases are no longer exposed. Cyclization also has the added 

effect of occluding endopeptidases, as they often bind substrates in linear peptides. 

Macrocycles in peptides are not limited to head-to-tail linkages between the C- and N-

termini; covalent bonds can be formed between a side chain functional group with the C- 

and N-terminus to respectively give head-to-side chain and tail-to-side chain methods of 

cyclization. Commonly, these are lactams and lactones. The logical extension is a 

macrocycle formed between two side chains, giving rise to the four categories of peptide 

ring-closure (Figure 1-24). A prominent example of side chain-to-side chain bonds are 

disulfide bridges between thiol containing residues, for example, Cys). 
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Figure 1-24. The four possible approaches to forming cyclic peptides.194 

Cyclization is a useful tool to aid in adoption of the desired bioactive conformation. The 

placement of the ring closing bond elements on the peptide chain can be altered to scan for 

the optimum position. As proof of concept, Hoang et al.195 reported the optimization of a 

receptor agonist through a lactam scan by systematically changing the positions of lysine 

and glutamic acids throughout the peptide seqeunce.  

I. Ring-closing metathesis 

The covalent bonds used to effect cyclization (i.e. amides for lactams and esters for 

lactones) mentioned thus far are susceptible to enzymatic degradation. Ring-closing 

metathesis (RCM) is an alternate technique for introducing unnatural structural elements to 

peptides while effecting cyclization. This strategy was first reported by Blackwell and 

Grubbs for stabilizing α-helical structures in a peptide with a Ru(II) complex, commonly 

known as Grubbs’ catalyst.196 RCM proceeds by metathesizing olefins to form an alkene 

linkage. In the case of peptides, the olefins are introduced into the sequence via O-allyl 

ethers derivatized from serine or homoserine side chains. The residues are strategically 

placed at the i and i+4 positions in the sequence to ensure the side chains are orientated on 
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the same face of the α-helical conformation (Scheme 1-2, A). The resultant “stapling” 

stabilizes the α-helix.  

 

Scheme 1-2. (A) RCM between side chains of serine bearing allyl groups to stabilize the α-helix; the structure of the first-

generation Grubbs’ catalyst is shown above the reaction arrow.196,197 (B) RCM of two α-methyl, α-pentenyl amino 

acids.198,199 

Following the work by Blackwell and Grubbs, the Verdine group carried out RCM using 

amino acids bearing olefinic side chains of varying lengths and stereochemistry.200 The 

Verdine group later developed disubstituted α-methyl, α-pentenyl amino acids that yielded 

more rigid crosslinks and are more chemically stable than amide or disulfide bonds 

(Scheme 1-2, B).198,199 Through RCM, the hydrocarbon cross-link stabled α-helix has 

shown to improve the cell penetrating abilities of peptides.201,202 Recently, a cell-

penetrating stapled α-helical peptide ALRN-6924 has entered clinical trials for disrupting 

protein-protein interactions that are implicated for tumour growth.203 

II. Huisgen cycloaddition 

The copper-catalysed azide alkyne ‘Huisgen’ cycloaddition (CuAAC) has gained 

popularity amongst peptide chemists as an efficient macrocyclization tool to form 1,4-

disubstituted 1,2,3-triazoles.204 The CuAAC is also referred to as a ‘click’ reaction since it 

generates products quickly and reliably by joining small units together. The term ‘click’, 

coined by Sharpless et al.,205 arises due to the reactions being “spring-loaded”. Indeed, they 

exhibit high thermodynamic driving forces towards bond formation. ‘Click’ chemistry aims 

to emulate nature by using simple reaction conditions, readily available starting materials, 

green solvents or no solvent at all, to generate stereospecific products in high yields. This 

cycloaddition reaction can be performed on solid-phase, making it a fast and easy way to 

cyclize peptides.194 Furthermore, 1,4-disubstituted 1,2,3-triazoles are considered to be very 

attractive isosteres of a trans-amide bond because of their similar size, planarity, H-bond 
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capabilities and dipole moment (Figure 1-25).206 Additionally, the replacement of the 

natural amide bond by a triazole mimetic increases the peptidomimetic protease stability. 

Turner et al.207 demonstrated the utility of ‘click’ chemistry as a macrocyclization tool for 

cyclic tetra-, penta-, hexa-, and heptapeptides lacking turn-promoting residues such as 

proline or glycine (Scheme 1-3).208 

          

Figure 1-25. Superimposed conformations of trans-amide (yellow) and 1,4-disubstituted 1,2,3-triazole (cyan) moieties 

(left), and positions where H-bonds can form (right).206 

 

Scheme 1-3. On resin cycloaddition of an azide to an alkyne on a peptide scaffold.207 

3.3.2 Conjugation 

The optimization of a peptide drug can be achieved by conjugating moieties onto the 

peptide to rationally improve specific properties.155 Bioactive peptides make attractive lead 

compounds as drug candidates, as they usually have accessible synthetic routes, high target 

selectivity and affinity but are hampered by poor stability and absorption.  

A lipid moiety can be conjugated to improve the cell penetrating properties of an AMP by 

inducing micelle formation. Reports on improving the potency of AMPs by incorporating 

an acyl chain have been published.209–219 Here, three studies are highlighted: 

i) The polyamine norspermidine has reported anti-biofilm properties, but lacks 

antibacterial activity.220 Incorporation of natural membrane-active components, 

such as lysine and conjugating lipids, generated a lipophile with antimicrobial 

activity (Figure 1-26).215 The parent compounds were inactive, but after 

incorporating the lipid chains, the new compounds gained broad-spectrum activity, 
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including against bacteria with AMR - MRSA, VRE and β-lactam-resistant K. 

pneumonia.215 

 

Figure 1-26. Lysine-norspermidine derived lipophile with the lipid chain (pink) and lysine residues (blue) highlighted. 

ii) The Jerala group investigated the effect of acylating a C12 alkyl chain onto LF11 

(Figure 1-27), a peptide based on the antimicrobial protein lactoferrin.209 The 

resultant lipopeptide showed (i) increased hydrophobicity without significant 

changes to the overall peptide structure, and, more importantly, (ii) an 8-fold 

increase antimicrobial activity against S. Minnesota. 

 

Figure 1-27. Structure of LF11, the conjugated C12 alkyl chain is highlighted (blue) 

iii) Using a screening software developed by the Cabassi group,221 the Benincasa 

group de novo designed a bactericidal tetrapeptide (H2N-Arg-Phe-Trp-Arg-

CONH2) and used it as a template for conjugating lipids to synthesize a library of 

antimicrobial lipopeptides.222 The acyl chain lengths conjugated were 6, 8, 10, 12 

and 14-carbons long. They found a strong correlation between an increasing chain 

length and antibacterial activity, with the MIC decreasing from >400 to 6.25 μg/mL 

against S. aureus, and from >400 to 25 μg/mL against P. aeruginosa.222 

Among these studies, the common theme emerged: that conjugation of a lipid moiety to a 

short positively-charged peptide generates novel lipopeptides. Some examples have shown 
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that acylation on short peptides enhanced AMP activity.210,223,224 In light of this, the active 

fragments of long and naturally-occurring AMPs are generally two to ten amino acids in 

length, rendering the synthesis more facile.73 Hence, attaching a lipid onto these short active 

peptides can provide a synergistic effect for antimicrobial activity.212,222,223 

Alternatively, the high selectivity and affinity of a peptide can be used as a targeting agent 

for a conjugated drug. The aforementioned triagonist of GLP-1 (glucaon-like peptide-1), 

GIP (gastric inhibitory polypeptide) and glucagon receptors that successfully improved 

obesity and diabetes in rodents shows that multiple drugs can be combined to give 

synergistic therapeutic effects.184,225 Although relatively unexplored, the two examples 

described below highlight the possibility of conjugating AMPs with other AMPs or 

bioactive agents for synergistic effects. 

The combined administration of antimicrobial peptides and antibiotics have demonstrated 

synergy. The structurally distinct AMPs secreted on the skin of the toad Bombina variegata, 

BHL-bombinin and bombinin HL (Figure 1-28), exhibited synergistic effects.226 BHL-

bombinin inhibits growth and kills S. aureus, whereas bombinin HL only inhibits growth. 

When tested together by Xiang et al.,226 the AMPs exhibited an additive effect resulting in 

both MIC values decreasing by 5-fold. 

 

Peptides MIC/MBC (mg/L) 

BHL-bombinin 4/16 

Bombinin HL 256/N/A 

BHL-bombinin + bombinin HL 0.75 and 48* 

Figure 1-28. Sequences of BHL-bombinin and bombinin HL (above). Table of the MIC against S. aureus (below)  

* = only MICs were measured for combined testing.226 

Akbari et al. tested the antimicrobial bee venom peptide melittin with conventional 

antibiotics against MDR strains of A. baumannii and P. aeruginosa isolated from burn-

induced infections.227 Testing melittin alongside antibiotics doripenem and ceftazidime 

resulted in a significant reduction of MIC values for both drugs (Table 1-2). Melittin is 

cytotoxic to human endothelial cells, but the decreased dose required due to the synergistic 

effects lead to a 104-fold decrease in in vitro cytotoxicity.228 
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Table 1-2. Mean MIC values of melittin, doripenem, ceftazidime and combinations against MDR strains of A. baumannii 

and P. aeruginosa show synergistic effects. 

Peptides A. baumannii P. aeruginosa 

 Mean MIC (μg/mL) 

melittin 0.37 3.8 

doripenem 42.6 27.2 

melittin + doripenem 0.006 and 0.83 0.06 and 0.47 

ceftazidime Not tested 24.8 

melittin + ceftazidime Not tested 0.24 and 2.2 

3.3.3 Solubility 

The primary physical characteristic for AMPs to elicit their effect is their solubility. The 

factors contributing to the solution conformation of a given peptide lie in the balance 

between hydrophilic, hydrophobic and charged residues as well as their respective positions 

along the peptide sequence. The isoelectric point of the peptide at the pH of target 

interaction should also be considered to ensure the correct charge. Attachment of polylysine 

and polyarginine segments have been used to enhance peptide solubility.229 

3.4 Developing peptide therapeutics 

The diverse range of functional groups in AMPs contribute to their multifaceted properties, 

such as hydrophobic regions and specific residues that are vital for activity. Therefore, it is 

difficult to predict their biological activity from the sequence alone. The route to 

developing a successful peptide drug is an iterative process that requires collaborative 

efforts from multiple disciplines. Often, careful planning is only the tip of the iceberg in 

the process of developing an AMP. The time required for a peptide drug being identified 

as promising to being introduced for therapy is very long with a low rate of attrition. 

Nevertheless, the number of peptide drugs being approved to enter clinical trials are 

trending upwards over the period between 1980 and 2018 (Figure 1-29).230  
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Figure 1-29. Cumulative number of peptides approved in major pharmaceutical markets and the number of peptides 

entering clinical development. Entry into clinical development is defined as the year of the first Phase One or pilot human 

study.230 

Improvements in the peptidomimetic synthetic process has contributed to the increase of 

approvals for peptide drugs entering clinical trials and those synthetic techniques are 

reviewed in the next section. 

4 The synthesis of peptidomimetics 

The synthetic and analytical techniques, as well as commonly used reagents for developing 

AMPs, are reviewed in this section. 

4.1 Solution-phase peptide synthesis 

The synthesis of the first polypeptide was achieved by Emil Fischer at the beginning of the 

20th century.231 It took another half century before the first bioactive peptide, oxytocin, was 

successfully synthesized by Du Vigneaud et al.232 Peptide synthesis during those times was 

carried in solution-phase, much like that of standard organic synthesis. 

In general, peptide bonds are formed between the free amine and free carboxylic acid of 

two amino acids with temporary protecting groups attached (Scheme 1-4). The coupling of 

two amino acids is followed by workup and purification steps. The solubility of the peptide 

decreased as caused by the increasing number of protecting groups on the compound with 
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each added residue. This promoted aggregation of the peptide fragments, thus increasing 

reaction times that favour racemization, thereby heavily reducing the yields from each 

coupling reaction. Convergent strategies of peptide fragments can ameliorate these 

problems to an extent (Scheme 1-4). Nevertheless, the length of peptides that could be 

assembled in solution-phase was severely limited.233 Hence, solution-phase synthetic steps 

are currently only incorporated into the overall peptidomimetic methodology when 

necessary. 

 

Scheme 1-4. General synthetic scheme for peptides prepared in solution-phase, showing conventional route and 

convergent routes. 

4.2 Solid-phase peptide synthesis (SPPS) 

4.2.1 Overview 

Ever since Merrifield pioneered SPPS in 1963, it has become the method of choice for 

peptide chain preparation due to the aforementioned drawbacks in solution-phase peptide 

synthesis are vastly minimized or even eliminated.152 This revolutionary methodology 

paved the way for the adoption of peptide chemistry in the pharmaceutical world. 
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In SPPS, the solvation of the peptide is much higher than in solution-phase synthesis, due 

to the localized environment for reaction provided by solid support’s mesh network; thus, 

the aggregation phenomena is greatly reduced.152 The added advantage of SPPS is the 

ability for adding reagents in excess for fast and complete reactions, which reduces the 

likelihood of epimerization. Moreover, the removal of excess reagents and side products is 

achieved by simple filtration and resin washing. 

The initial step of SPPS is installing a bifunctional linker moiety onto the resin which 

bridges the first residue and the solid support, as well as protecting the C-terminus from 

side reactions. The peptide is then grown in the direction of C- to N-termini. In order to 

yield the desired peptide, the synthesis depends on an appropriate combination of protecting 

groups and methods of carboxyl group activation to efficiently couple on each residue. The 

protecting groups include an Nα-amino protecting group and side chain protecting groups, 

added where necessary (Figure 1-30).234 The temporary Nα-amino protecting group of each 

residue is removed upon peptide bond formation to expose the amine for the next amino 

acid. The cycle of deprotection and coupling is repeated iteratively to generate the desired 

sequence, upon which the peptide is cleaved from the resin with conditions that also remove 

the semi-permanent side chain protecting groups (Scheme 1-5). 

 

Figure 1-30. Protecting groups used in SPPS. 
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Scheme 1-5. General scheme of SPPS. 

The two prevailing protecting group strategies are Boc/Bzl and Fmoc/tBu, or simply Boc 

and Fmoc, respectively.235 As the Nα-amino protecting groups are subjected to removal 

after each residue is coupled, it is required to be easily removed by conditions where the 

side chain protection and the linker are inert. Boc/Bzl describes tert-butyloxycarbonyl 

(Boc) for Nα-amino protection and benzyl (Bzl) or Bzl-based side chain protection. 

Similarly, Fmoc/tBu refers to 9-fluorenylmethyloxycarbonyl (Fmoc) protection and the 

side chains protected by tert-butyl (tBu) or tBu-based groups.236 

4.2.2 Boc-SPPS 

Merrifield’s original technique was Boc-SPPS, but its use has been relegated to special 

cases. The main drawback is the requirement for hydrogen fluoride (HF) to effect cleavage 

from the resin. HF is extremely hazardous and requires specialized apparatus and training 

to use,237,238 thereby restricting Boc-SPPS to few laboratories. Trifluoroacetic acid (TFA) 
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is used for deprotecting Boc from Nα-amines, but it is not completely selective as a small 

amount of side chain protecting group is cleaved after each cycle.229  

In spite of the inherent drawbacks of Boc-SPPS, there remains a number of advantages over 

Fmoc-SPPS. Boc amino acids have higher solubility than their Fmoc counterparts, thereby 

promoting faster couplings with less epimerization observed.233 During Boc-deprotection, 

TFA fully solvates the peptide-resin and reduces overall aggregation, which permits the 

synthesis of longer peptides when compared to Fmoc-SPPS.239 Aggregation is suppressed 

due to charge repulsion from the protonated α-ammonium species after Boc-deprotection 

(Scheme 1-6). The charge is neutralized in situ by an excess of the coupling base used for 

the next amino acid. The lack of aggregation promotes better diffusion to the reactive sites, 

thereby leading to complete coupling steps. Hence, preparing a peptide with Boc-SPPS 

generates peptides with higher purity than with Fmoc-SPPS.240–242 

 

Scheme 1-6. Nα-Boc deprotection by TFA generates α-ammonium species that is neutralized in situ by coupling base. 

Another advantage is preparing C-terminal thioesters, implicated for chemical syntheses of 

proteins via native chemical ligation (NCL). Thioesters are not viable for Fmoc-SPPS due 

to its lability to the bases used for Nα-Fmoc deprotection.243 This was a motivation that led 

the Offer lab to the develop an HF-free Boc-SPPS methodology.244 HF was replaced by 

TFA/TMSBr (trimethylsilyl bromide) to effect cleavage. With this development, Boc-

SPPS has become much more accessible. This is further expanded in Section 4.4.1.3. 

4.2.3 Fmoc-SPPS 

The conditions for synthesizing peptides in Fmoc-SPPS is much milder than that of Boc-

SPPS and the protecting groups used for Nα-amino and side chains are deprotected with 

different conditions. TFA is only required for the final cleavage and global deprotection in 
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Fmoc-SPPS, making it suitable for modified peptides, such as phosphorylated and 

glycosylated residues that contain acid-labile bonds.229 Instead, the Fmoc group is removed 

under mild basic conditions, piperidine/DMF (1:4 v/v). The by product from Fmoc-

deprotection, dibenzofulvene, is UV-active which allows for quantitative measurement of 

the process with a spectrophotometer (Scheme 1-7).245 This feature, along with avoiding 

repeated corrosive TFA treatments during elongation, permits Fmoc-SPPS to be automated 

where plastic tubing is involved. With regards to aggregation in Fmoc-SPPS, bulky groups 

can be incorporated into the sequence to suppress the phenomenon and is discussed later 

Section 4.2.6 on amino acid protecting groups. The accessibility of Fmoc-SPPS has led to 

some biologists adopting the method for antibody synthesis.246 

 

Scheme 1-7. Fmoc-deprotection. 

Overall, Boc-SPPS is recommended for base labile and aggregation-prone peptides, 

whereas Fmoc-SPPS is suitable for acid sensitive and side chain protected peptides. 

4.2.4 Solid support 

As mentioned, the solid support is provided by a resin that is insoluble in common organic 

solvents used in SPPS, e.g. dimethylformamide (DMF), dichloromethane (CH2Cl2), N-

methylpyrrolidone (NMP) and tetrahydrofuran (THF). Furthermore, the support must stay 

chemically inert to the conditions used for coupling and deprotection during the elongation 

process. An effective resin swells successfully in solvents to allow for better diffusion to 

the microenvironment in which all reactions take place.247 Similarly, good swelling 

promotes better washing steps between each reaction. The swelling properties of a resin are 
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thus crucial. Resins are polymers functionalized for the attachment of linkers and their 

peptides; upon swelling, they possess a porous gel structure for the diffusion of reagents.152 

Some sequences may form insoluble secondary structures that occlude the coupling of the 

next residue; a resin that swell poorly will exacerbate the problem.248 Moreover, the 

swelling properties of the resin are dependent on the stage of the synthesis. Indeed, the resin 

initially swells best in CH2Cl2 than in DMF, while the opposite is true when there are many 

amino acids attached to the resin.249 Several resin options are available and they differ in 

their stability, loading capacity and swelling properties. Hence, it is crucial to choose the 

one best suited for the desired synthetic conditions.250 

Also developed by Merrifield are 1% divinylbenzene (DVB) cross-linked polystyrene (PS) 

resins (Figure 1-31) bearing functional handles. PS resins have remained the stalwart as 

the solid support of choice, as they are readily available at a low cost, swell very well in 

the solvents mentioned earlier, and offer high loading capacities. The peptides synthesized 

in this work were performed on PS-resins. Despite the popularity of PS resins, there are 

other improved options that are not widely adopted due to their price and have been 

reserved for synthesising “difficult sequences”. These include polyethyleneglycol (PEG)-

based resins,251 TentaGel – a combination of PEG and PS,252 and the PEG-based 

ChemMatrix® resin (Figure 1-31).253 

 

Figure 1-31. Structures of DVB cross-linked PS resin (left), TentaGel (middle) and ChemMatrix® (right). 

Under identical conditions, performing reactions using resins with higher PEG content saw 

faster reactions due inducing solvation, H-bonding and dielectric properties.254 

ChemMatrix® resins have high PEG content and contain highly cross-linked primary ether 
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bonds which confers chemical and mechanical stability. The arrangement of the matrix 

endows it with superior swelling properties compared to PS-resins.253 

Before peptides can be attached to the solid support, the resin needs to be functionalized 

with molecular handles. The aminomethyl group is commonly functionalized onto the PS 

resins, which can be achieved by direct aminomethylation (Scheme 1-8).255,256 Specifically, 

N-(hydroxymethyl)phthalimide is added onto polystyrene resin, catalysed by 

trifluoromethanesulfonic acid (TfOH) in TFA/CH2Cl2 (1:1 v/v) to give phthalimidomethyl-

resin 1.1. The functionalized resin is then heated under reflux for seven hours in 2-

aminoethanol in ethanol (1:4 v/v) to generate aminomethyl resin 1.2 and by-product N-

(hydroxyethyl)phthalimide 1.3 that is easily removed by washing and filtration. Through 

the aminomethyl functional group, linkers can be attached through a stable amide bond. 

 

Scheme 1-8. Functionalizing PS resin with aminomethyl handle. 

To cater for other synthetic needs, other chemical moieties are available (Figure 1-32). 

These include hydroxymethyl originally developed by Merrifield, 4-

(hydroxymethyl)phenylacetamidomethyl (PAM) a more acid-resistant support commonly 

used in Boc-SPPS,257 2-chlorotrityl chloride for increased sensitivity towards acid cleavage 

when there are highly acid-labile protecting groups,258 and p-methylbenzhydrylamine 

(MBHA) that yields a C-terminal amide upon cleavage.259 The latter two handles also serve 

as linkers, whereby the peptide can be directly attached. Despite these options, the majority 

of the synthetic diversity lie in the choice of linkers. 



Chapter One Introduction 

45 

 

Figure 1-32. Examples of handles functionalized onto PS resin. 

4.2.5 Linkers 

Linkers connect the peptide to the resin, and can be cleaved from the resin when desired 

without generating by-products. Therefore, it must remain inert to the conditions employed 

during elongation to avoid premature cleavage.234 In essence, the linker serves as a semi-

permanent protection (Figure 1-30) on the C-terminal carbonyl group. 

The linkers highlighted herein are not extensive; in-depth reviews by Songster and Barany 

explore this subject.260 Furthermore, a recent evaluation of linkers is described for Fmoc-

SPPS by Góngora-Benítez et al.234 

The primary requirement for Boc-SPPS linkers (Table 1-3) is to remain inert from repeated 

treatments of TFA for Nα-Boc deprotection until treatment by HF. Examples of such linker 

are the PAM linker and 4-(hydroxymethyl)phenoxyacetic acid (HMPA) which yields C-

terminal acids,261 and the C-terminal amide generating MBHA moiety.259 In another, the 

mercaptopropionicacidleucine (MPAL) linker attached onto hydroxymethylated PS resin 

(Figure 1-32), generates a C-terminal thioesters for NCL.244,262 Together, the MPAL linker 

with suitable side chain protecting groups, can be deprotected without HF. 

Meanwhile, linkers for Fmoc-SPPS need to be resistant to repeated treatments of piperidine 

used to effect Nα-Fmoc removal, yet remain labile to acid for release of the peptide. Such 

acid cleavable linkers include those that are susceptible at 0.1 – 5% TFA, rather than those 

that require >90% TFA.234 The acid lability correlates to the stability of the carbocation 

generated under acidic treatment, which can be tweaked by changing the substituents on 

the aromatic rings. 
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Table 1-3 illustrates the common acid-labile linkers used in SPPS with their cleavage 

conditions and C-terminal product generated. Non acidic-conditions where other linkers 

are susceptible to cleavage include palladium, fluoride, UV light, or requiring a 

preactivation step in safety catch linkers.234 

The linkers that are cleavable under dilute acidic conditions are suitable for generating 

protected peptide fragments for further modification in solution, for example cleaving a 

peptide immobilized via 4-(4-hydroxymethyl-3-methoxyphenoxy) butyric acid (HMPB) 

generates a side chain protected fragment that can undergo macrocyclization, or in situ 

generation of thioesters.263 In a similar vein, C-terminal acids are appropriate for 

convergent strategies. Some residues are more prone to epimerization upon coupling and a 

linker with steric bulk, such as 2CTC, can maintain the stereochemistry of the amino 

acid.264 As an aside, C-terminal amides will confer resistance to exopeptidases. 
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Table 1-3. Examples of linker resins used in SPPS. 

SPPS 

strategy 

Linker-resins Cleavage 

conditions 

Product Ref 

Fmoc 

 

Dilute TFA 
C-terminal 

acid 
265,266 

 

Dilute TFA 
C-terminal 

acid 
267,268 

 

Rink acid: 

dilute TFA 

Rink amide: 

TFA 

Rink acid:  

C-terminal 

acid 

Rink amide:  

C-terminal 

amide 

269 

 

TFA 
C-terminal 

acid 
270 

Boc 

 

HF 
C-terminal 

acid 
261 

 

HF 
C-terminal 

amide 
259 

 

TFA/TMSBr 
C-terminal 

thioester 
262 
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4.2.6 Side chain protecting groups 

These are the semi-permanent protecting groups that mask the functional groups on the 

amino acid side chains (Figure 1-30). The protection can be either compatible, or 

orthogonal.234 Compatible protecting groups can be cleaved under the same conditions, but 

at different reaction rates, such as concomitant removal of side chain protection and 

liberating the peptide from the resin. Meanwhile, different mechanisms are required to 

remove orthogonal protecting groups, thereby granting the flexibility of choosing the order 

of removal in the presence of others.271 The strategic use of protecting groups allows for 

combining standard SPPS with chemical modifications to form the unusual structures, such 

as those from NRPs, e.g. on-resin cyclization, step-wise deprotection for protein synthesis, 

phosphorylation, glycosylation, and lipidation. The protecting groups described in this text 

only refers to most commonly used ones, an in-depth resource can be found in the review 

by Isidro-Llobet et al.235 

The following residues lack reactive side chain functional groups that would otherwise pose 

danger towards side reactions under Fmoc- and Boc-SPPS conditions (Figure 1-33); thus, 

side chain protection is unnecessary in most cases for: alanine (Ala), glycine (Gly), 

isoleucine (Ile), leucine (Leu), phenylalanine (Phe), proline (Pro) and valine (Val).  

 

Figure 1-33. Structures of L-amino acids that do not require side chain protection. 

However, these side chains are hydrophobic, and the less steric chains (namely Gly and 

Ala) can promote the formation of insoluble secondary structures that promote aggregation. 

This problem that marred solution-phase peptide synthesis may also be observed at a lesser 

extent in Fmoc-SPPS.272 Hence, having a large number of hydrophobic residues in the 

sequence will inherently be difficult to synthesize.235 

The most common anti-aggregation strategy is incorporating pseudoprolines into the 

sequence, a residue with an oxazolidine ring that resembles the pyrrolidine ring in proline 

(Figure 1-34).273 The oxazolidine is acid labile and is readily cleaved by TFA within 

minutes and it has been incorporated in the synthesis of peptides with sequences that are 
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prone to aggregation.273,274 Despite its success, its cleavage product after ring opening is 

limited to only three residues: serine, threonine and cysteine. 

 

Figure 1-34. Structures of pseudoprolines. 

To combat the aggregation phenomenon, protecting groups can be installed onto the 

backbone nitrogen to introduce steric hindrance and prevent H-bond formation. The 

Sheppard group developed the 2-hydroxy-4-methoxybenzyl (Hmb) group that can be used 

with any amino acids (Figure 1-35).275 Hmb is preinstalled on the amino acid before 

coupling onto the sequence in SPPS. 

 

Figure 1-35. Structure of Hmb protecting group (blue) on an Fmoc amino acid. 

A well-known side reaction involving the backbone nitrogen is the formation of 

diketopiperazines (DKP) during Nα-Fmoc deprotection of the second residue from the C-

terminus (Figure 1-36). The result is a truncated peptide and the regeneration of the linker. 

 

Figure 1-36. Formation of DKP. 

 Racemization 

A subtle by-product that can be generated during coupling is racemization of the Cα-chiral 

centres that results in the incorrect epimer.276 This is especially detrimental for the chemical 

synthesis of bioactive peptides whose activity is strongly correlated with spatial 

arrangement of the side chains, as the interaction with the biological target is compromised 

from epimerization. This process was illustrated in Figure 1-20 (page 27). 
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Of the twenty amino acids, cysteine and histidine exhibit a high tendency for racemization; 

the specific mechanisms and protection to suppress this phenomenon is described in 

Sections 4.2.6.2V and 4.2.6.2VII, respectively.235 

 Specific amino acids 

Hereon, the expected by-products related to unprotected side chains during SPPS will be 

described, followed by common compatible protecting groups used to prevent such side 

reactions. If applicable, orthogonal strategies are also discussed. All protecting groups 

discussed in this section are depicted in Table 1-4 on pages 59 – 61. 

I. Lysine (Lys) 

 

Figure 1-37. Structures of Dab, Dab, Orn and Lys (left to right). 

The protection groups for Lys can also be used for its homologues (diaminopropionic acid 

(Dap), diaminobutyric acid (Dap) and ornithine (Orn)) (Figure 1-37). The primary amines 

are prone to acylation that leads to unwanted branching. The ω-amines are more basic, such 

that removal of protecting groups is more difficult than that of backbone α-amines. 

Therefore, more electron-rich protecting groups are preferred. In a similar vein, the Lys ω-

amine is more basic than the backbone α-amine, therefore it can prematurely remove the 

Nα-amino protecting group.277 Compatible protecting groups are 2-

chlorobenzyloxycarbonyl (2Cl-Z, Boc-SPPS) and Boc (Fmoc-SPPS) (Table 1-4).278,279 An 

orthogonal protecting group is 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-ethyl 

(Dde, Table 1-4), which can be selectively removed with hydrazine, on the solid-phase, 

thus generating an amine for conjugating desired moieties.280 
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II. Aspartic (Asp) and Glutamic (Glu) acids 

 

Figure 1-38. Structures of Asp (left) and Glu (right). 

The carboxyl side chains are protected to prevent competition with the backbone carboxyl 

during coupling (Figure 1-38). Particularly for Asp in Fmoc-SPPS, it is necessary for 

minimize aspartimide formation, the result of undesired intramolecular cyclization 

(Scheme 1-9).281 The succinimide in the aspartimide can then undergo ring opening from 

hydrolysis or piperidine attack to give eight products, only one of which is the desired α-

peptide enantiomer. The residue following Asp effects the extent of aspartimide formation 

as well as the conformation of the peptide; a high frequency of the undesired product is 

observed in the Gly–Asp pairing.282,283 On the contrary, Glu does not readily undergo this 

side reaction, in part due to the greater distance of the carboxyl from the amide nitrogen.284  

 

Scheme 1-9. Aspartimide formation and the resulting by-products from hydrolysis or attack from piperidine. 

Compatible protecting groups are cyclohexyl (cHx, Boc-SPPS) and tBu (Fmoc-SPPS) 

(Table 1-4). Both provide steric hindrance which supresses aspartimide and DKP 

formation.235,282 Allyl protection is often preferred when the carboxyl side chains are used 

for immobilizing the peptide to the linker for on-resin cyclization strategies (Scheme 

1-10).285,286 However, using the unsaturated C=C bond in the allyl protecting group could 

lead to side reactions. The allyl can be selectively removed with Pd(0) to regenerate the 

carboxyl needed to effect cyclization.287 
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Scheme 1-10. Example of on-resin cyclization. 

III. Asparagine (Asn) and Glutamine (Gln) 

 

Figure 1-39. Structures of Asn (left) and Gln (right). 

The primary amide in Asn can undergo dehydration in the presence of the base used to 

abstract an Nα-amide proton for carboxyl activation (Figure 1-40).288 After Nα-amino Boc 

deprotection, DMF is used to wash the TFA from the resin. The heat generated from the 

DMF-TFA mixture causes Gln to undergo acid-catalysed intramolecular cyclization, 

leading to pyroglutamyl formation which results in truncation of the peptide chain (Figure 

1-41).289 This can be eliminated by washing the resin with CH2Cl2 before and after TFA is 

introduced. Compatible protecting groups are 9-xanthenyl (Xan, Boc-SPPS) and trityl (Trt, 

Fmoc-SPPS) (Table 1-4).290,291 Unlike other protecting groups used in Boc-SPPS, Xan is 

removed by TFA, leaving the amide unprotected. Nonetheless, dehydration is only 

observed during coupling of the Asn residue, meaning Xan removal during sequence 

elongation is not a concern.235 Both Xan and Trt groups can be used for either Boc- or 

Fmoc-SPPS. As the unprotected amide is not prone to side reactions, no orthogonal strategy 

is described for Asn/Gln here. 
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Figure 1-40. Dehydration of Asn from activating base. 

 

Figure 1-41. Acid-catalysed pyroglutamyl formation. 

IV. Arginine (Arg) 

 

Figure 1-42. Structure of Arg. 

Arginine side chains contain a guanidine group which has three nitrogen (Nδ,ω,ω’) 

functionalities that could implicate side reactions (Figure 1-42). Under basic conditions, 

the Nδ-deprotonation leads to nucleophilic δ-lactam formation with the carboxyl when 

activated before coupling (Scheme 1-11).235,292 The result is a severe decrease in coupling 

success. During amino acid coupling, the next residue can acylate on ω’ amine and undergo 

base-catalysed degaunidination to Orn (Scheme 1-12).293 Compatible protecting groups are 

tosyl (Tos, Boc-SPPS) and 2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-6-sulfonyl (Pbf, 

Fmoc-SPPS) (Table 1-4).294,295 Protecting the ω-amine with bulky and electron-

withdrawing groups (EWG) will minimize the nucleophilicity of Nδ,ω’-amines. Orthogonal 

double protection of Nω’,ω-amines with benzyloxycarbonyl (Cbz) can be slowly removed 

by catalytic hydrogenation.296 
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Scheme 1-11. δ-lactam formation. 

 

Scheme 1-12. Deguanidination of Arg gives an Orn byproduct. 

V. Cysteine (Cys) 

 

Figure 1-43. Structure of Cys. 

The higher reactivity of the thiol on the sulfhydryl (Figure 1-43) relative to other side 

chains makes Cys prone to side reactions including acylation, akylation, and oxidation to 

disulfide or sulfoxide. During Nα-amino Fmoc deprotection, piperidine can catalyse β-

elimination of the sulfhydryl to yield dehydroalanine, which in turn facilitates addition of 

piperidine (Scheme 1-13). Masking the thiol only reduces the problem as side reactions 

still persist, as seen in β-elimination; some protecting groups prevent side reactions more 

effectively than others.235 

 

Scheme 1-13. Base catalysed β-elimination followed by addition to give piperidyl alanine. 
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Cys has a high tendency to racemize due to abstraction of the Hα in the presence of base 

during coupling, again persisting even with the thiol protected (Scheme 1-14).276 In fact, 

the S-protecting group affects the magnitude of the racemization. Coupling Cys onto a 

hydroxyl-linker escalates this phenomenon.297 Compatible protecting groups are p-

methylbenzyl (Meb, Boc-SPPS) and Trt (Fmoc-SPPS) (Table 1-4).298,299 Choosing 

different conditions can yield the thiol or a disulfide that can be reduced separately to the 

thiol. Acetamidomethyl (Acm) is a commonly used orthogonal protecting group to 

selectively unmask the desired thiol for convergent synthesis of long peptides or proteins 

using NCL.300,301 

 

Scheme 1-14. Racemization of Cys from Hα-abstraction. 

VI. Methionine (Met) 

 

Figure 1-44. Structure of Met. 

The Met thioether can oxidize readily to the sulfoxide (Figure 1-44). For C-terminal Met 

peptides on an acid-generating linker, S-alkylation from cleavage products can lead to 

homoserine lactone formation during HF cleavage (Scheme 1-15).302 To circumvent this, 

the oxidized Met(O) building block is commercially available and used in Boc-SPPS 

(Table 1-4).235 Reduction to the thioether is achieved under strongly acidic condition, i.e. 

HF. Oxidation is not expected under Fmoc-SPPS, but using thioanisole during global 

deprotection can ensure oxidation is prevented.235 

 

Scheme 1-15. Formation of homoserine lactone after S-alkylation during HF cleavage. 
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VII. Histidine (His) 

 

Figure 1-45. Structure of His tautomers. 

Histidine is also highly prone to racemization as the imidazole nitrogens (Nπ and Nτ) can 

act as base catalysts (Figure 1-45).276 During coupling, Nπ abstracts the Hα leading to 

Nπ→Nα-amino migration (Scheme 1-16),303 and acylated Nτ will lead to Nτ→Nα-amino 

migration which truncates the peptide (Scheme 1-17).304 Compatible protecting groups are 

available for both Nπ and Nτ: a bulky or EWG on Nτ reduces the basicity of Nπ
 which 

suppresses racemization (Table 1-4). Compatible groups for Nπ
 are benzyloxymethyl 

(Bom, Boc-SPPS) and tert-butoxymethyl (Bum, Fmoc-SPPS),235,305,306 whereas the more 

commonly used Nτ-protecting groups are Tos (Boc-SPPS) and Trt (Fmoc-SPPS).307–309 

Finally, the orthogonal protection, 2,4-dinitrophenyl (Dnp) can be removed by thiolysis 

and is stable to HF.310 

 

Scheme 1-16. Proposed racemization mechanism during coupling. 

 

Scheme 1-17. Peptide truncation from Nτ→Nα-amino migration. 

 



Chapter One Introduction 

57 

VIII. Serine (Ser) and Threonine (Thr) 

 

Figure 1-46. Structures of Ser (left) and Thr (right). 

Ser/Thr residues possess nucleophilic β-hydroxyl groups (Figure 1-46). The secondary 

alcohol in Thr is not very reactive, therefore it can be used without protection in Fmoc-

SPPS.311 Under acidic conditions, the hydroxyl groups can undergo dehydration 

elimination to yield alkenes. During coupling, an ester can form on the hydroxyl which 

undergoes O→Nα-amino migration after Nα-amino deprotection, the latter terminating the 

sequence (Scheme 1-18). Compatible protecting groups are benzyl (Bzl, Boc-SPPS) and 

tBu (Fmoc-SPPS) (Table 1-4).312,313 Two orthogonal strategies are mentioned: 

propargyloxycarbonyl (Poc) can be selectively removed with (PhCH2NEt3)2MoS4 salts;314 

and 4,5-dimethoxy-2-nitrobenzyloxycarbonyl (Dmnb) is photolysed under visible blue 

light.315 

 

Scheme 1-18. Truncation from O→Nα-amino migration. 

IX. Tyrosine (Tyr) 

 

Figure 1-47. Structure of Tyr. 

As the Tyr phenol group is acidic (Figure 1-47), a phenolate ion can form under basic 

conditions. The electron-rich aromatic ring can then undergo alkylation at the ortho 

position (Scheme 1-19). Compatible protecting groups are 2-bromobenzyloxycarbonyl 

(2Br-Z, Boc-SPPS) and tBu (Fmoc-SPPS) (Table 1-4).313,316 Unlike Ser/Thr, the acidity of 



Chapter One Introduction 

58 

the phenolate renders the benzyl unstable with repeated treatments of TFA and the ring can 

undergo benzylation during HF cleavage.317 As with Ser/Thr, a propargyloxycaronyl (Poc) 

can be removed with (PhCH2NEt3)2MoS4 salts.314 Allyl protection can be orthogonally 

removed with Pd(0) and can be applied to both SPPS strategies.318 

 

Scheme 1-19. Ortho alkylation under basic conditions. 

X. Tryptophan (Trp) 

 

Figure 1-48. Structure of Trp. 

The electron-rich indole of Trp (Figure 1-48) can oxidize into oxindoles following 

protonation of the pyrrole under acidic conditions.235 Carbocations generated during global 

deprotection can alkylate the indole, including another Trp with a protonated indole, giving 

Trp dimers (Scheme 1-20).319 Compatible protecting groups are formyl (For, Boc-SPPS) 

and Boc (Fmoc-SPPS) (Table 1-4).235,320,321 An allyloxycarbonyl (Alloc) group can be 

installed that is stable to Boc removal and Fmoc removal when 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) is used instead of the usual piperidine. The 

orthogonal protecting group, allyoxylcarbonyl can be selectively removed with Pd(0).322 

 

Scheme 1-20. Alkylation of Trp indole from carbocations, including protonated Trp to give Trp dimers. 
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Table 1-4. Examples of compatible and orthogonal protecting groups used in SPPS with cleavage conditions. 

Amino acid Compatible    Orthogonal  

 For Boc-SPPS Cleavage 

conditions 

For Fmoc-SPPS Cleavage 

conditions 

 Cleavage conditions 

  

HF,  

scavengers278 

 

25-50% (v/v) 

TFA279 

 

2% hydrazine in 

DMF, solid280 

 

 
 

HF323 

 

TFA324 

 

Pd(Ph3)4 (0.1 eq.) 

and  

PhSiH3 (10 eq.)  

in CH2Cl2
287 

  

90% TFA, 

scavengers290 

 

TFA/H2O/EDT 

(90:5:5 v/v)291 
  

 
 

HF295 

 

TFA/H2O/TIPS 

(90:5:5 v/v)  

1 h294 

 

H2 cat. 

Slow, >12 h296 
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Amino acid Compatible    Orthogonal  

 For Boc-SPPS Cleavage 

conditions 

For Fmoc-SPPS Cleavage 

conditions 

 Cleavage conditions 

  

HF,  

scavengers (SH) 

MeSiCl3 or 

SiCl4, TFA, 

Ph2SO (S-S) 

Tl(TFA)3  
(S-S)299 

 

≥ 95% (v/v) 

TFA, 

scavengers 

(SH) 

Tl(TFA)3  
(S-S)298 

 

I2 (S-S) 

Tl(TFA)3 (S-S) 

Ag(TFMSO) 

(SH) 

Hg (II) (SH)300 

 

 
 

Reduction 

during HF235 

Unprotected,  

not oxidized in  

Fmoc-SPPS 

Thioanisole 

during cleavage 
  

 

 

 

HF, 

scavengers235,306 

 

TFA, 

scavengers305 

 

thiolysis310 

 

HF,  

scavengers309 

 

TFA307,308   
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Amino acid Compatible    Orthogonal  

 For Boc-SPPS Cleavage 

conditions 

For Fmoc-SPPS Cleavage 

conditions 

 Cleavage conditions 

  

HF,  

scavengers312 
 

TFA313 

 

Poc: 

[(PhCH2NEt3)2 

MoS4] in MeCN, 

1 h (soln)314 

Dmnb: 

Photolysis 

(visible blue 

light)315 

  

HF,  

scavengers316 
 

TFA313 

 

Poc: 

[(PhCH2NEt3)2 

MoS4] in MeCN, 

1 h (soln)314 

All: Pd(Ph3)4, 

scavengers318 

 
 

HF, 

scavengers235,320 

 

TFA, 

scavengers321 
 

Pd(Ph3)4, 

methylanyline 

in DMSO/0.5 M 

THF/HCl  

(1:1:0.5 v/v),  

8 h322 
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4.2.7 Liberating the peptide from the resin 

Upon the completion of peptide assembly, it is liberated from the resin by HF in Boc-SPPS 

or TFA in Fmoc-SPPS with concomitant side chain deprotection. The acidolysis of these 

protecting groups release highly reactive carbocations that lead to undesired addition onto 

the deprotected side chains. Reports on these include: the alkylation on nucleophilic side 

chains of Cys,325 Met,326 Trp,327 and Tyr299 during HF cleavage; and the rearrangement of 

Asp residues into a β-backbone via aspartimide formation (Scheme 1-9).328 Therefore, 

chemical scavengers are added alongside HF/TFA in a cocktail to prevent these side 

products by irreversibly trapping these reactive species. Upon the completion of the 

cleavage, the peptide triturated in diethyl ether; the scavengers and side chain protecting 

group remain soluble and the deprotected peptide is recovered by centrifugation. 

p-Cresol and p-thiocresol are commonly used with HF.238 They form corresponding esters 

with the reactive carbocations that are subsequently hydrolysed to free carboxylic acids and 

regeneration of the scavengers (Figure 1-49).329,330 p-Cresol prevents aspartimide 

formation and Tyr benzylation, while p-thiocresol improves the deprotection of Cys, Arg 

and Trp residues. This demonstrates that care should be taken for the choice of scavengers 

based on the sequence of the peptide.238 

 

Figure 1-49. Scavengers used with HF. 

Scavengers are used to trap reactive species from Fmoc-amino acid side chains, namely 

tBu, trityl cations and arylsulfonyl cations (Figure 1-50). Ethanedithiol (EDT) has been the 

most effective scavenger of tBu cations, as well as preventing sulfonation of unprotected 

Trp residues.331 Despite its effectiveness, EDT carries a pungent odour which has led to the 

use of 3,6-dioxa-1,8-octanedithiol (DODT).332 However, DODT is incompatible with Met-

containing peptides due to substantial quantities of alkylation by products that would 

require an extra treatment of dilute aqueous acid to remove.333 These reagents are also 

effective at trapping stabilized cations of Trt groups and Rink amides.334 Other commonly 

used scavengers include triisopropylsilane (TIPS),335 another substitute for EDT, water331 

and thioanisole.336 The latter accelerates the removal of arylsulfonyl groups from Arg 

residues, but it has also caused partial cleavage of Acm or tBu protection on Cys residues.336 
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Based on these findings, a cocktail of TFA/TIPS/H2O (95:2.5:2.5 v/v/v) is effective and 

avoids the use of toxic and malodourous scavengers. The one exception is sulfur-containing 

peptides, where EDT is necessary in the mixture of TFA/TIPS/H2O/EDT (94:1:2.5:2.5 

v/v/v/v). 

 

Figure 1-50. Scavengers used with TFA. 

4.3 Coupling reagents 

Forming amide bonds between amino acids is central to the synthesis of peptides. However, 

this coupling, between an amine and a carboxylic acid would require heating the reagents 

at 160 – 180 °C, which is highly detrimental to the structural integrity of peptides.337 In 

contrast, cells are able to synthesize proteins under much milder conditions using enzymes 

within the ribosomal machinery.338,339 During biosynthetic chain elongation, in the 

direction of N→C, a tRNA molecule is acylated onto the C-terminal carbonyl to form an 

ester which is intrinsically reactive towards amines. The carbonyl on the ester is then 

attacked by an amine to form the peptide bond. Other mechanisms within the ribosome that 

facilitate this process has been reviewed by Beringer et al.339 

A similar approach has been adopted by chemists in the attempt to form peptide bonds at 

room temperature.340 Here, amino acid coupling is achieved by forming carboxyl moieties 

with an EWG in situ of the preceding residue. The resulting activated carbonyl undergoes 

nucleophilic attack from an amine to generate the desired peptide bond (Scheme 1-21).340 

Hence, peptide synthesis goes in the reverse direction to nature, C→N. 
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Scheme 1-21. Peptide bond formation. Y = α-amino protecting group. The species enclose in the square brackets are 

intermediates that are neither isolable nor detectable.Reprinted (adapted) with permission from Peptide Coupling 

Reagents, More than a Letter Soup. Chem. Rev. 2011, 111 (11), 6557-6602. Copyright 2011 American Chemical 

Society.340 

There is an array of coupling reagents available for carbonyl activation. Those that effect 

amide and ester bond formations are briefly reviewed here, with attention on carbodiimides, 

phosphonium salts and uronium salts. While these reagents significantly lower the energy 

barrier for amide formation, other difficult couplings can be further assisted with 

microwave irradiation: the extra energy makes the reaction more prone to side reactions 

and accelerates coupling reagent degradation. Reagents which are not reviewed in this 

report include carboxylic anhydrides,341 boronic acids,342 Mukaiyama’s reagent,343 

fluoroformamidinium coupling reagents,344 and pentafluorophenol.345 These have been 

reviewed by El-Faham and Albericio,340 and by Valeur and Bradley.346 

4.3.1 Carbodiimides 

Introduced by Sheehan and Hess in 1955, N,N’-dicyclohexylcarbodiimide (DCC) was the 

first in the class of carbodiimide reagents and was used in solution-phase synthesis.347 The 

mechanisms by which it facilitates amide bond formation is shown in Scheme 1-22. First, 

the carboxylic acid 1.4 is deprotonated by the weakly basic carbodiimide 1.5 and induces 

attack by the carboxyl anion 1.6 to give the highly reactive O-acylisourea 1.7.348,349 The 

intermediate 1.7 can undergo one of three paths to yield an amide 1.8 and a urea derivative 

of the carbodiimide 1.9. In path A, the nucleophilic amine coupling partner attacks the 

activated acyl in 1.7 to afford amide 1.8. In path B, excess carboxyl anions 1.6 compete 

with the substitution of the amine to form symmetrical anhydride 1.10, whilst another 

molecule of amine can attack on either acyl to generate amide 1.8. In path C, 1.7 can 

undergo intramolecular cyclization to form an oxazolone 1.11 and can lead to a racemized 

product (Scheme 1-22).350 Lastly, in path D, O-acylisourea can rearrange into side product 

N-acylurea 1.12, thereby consuming 1.6 without generating amide 1.8. This undesired 
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rearrangement proceeds quickly in dimethylformamide (DMF), while it can be slowed in 

dichloromethane (CH2Cl2) and at 0 °C.351,352 

The urea derivative 1.9 of DCC is dicyclohexylurea (DCU). Though poorly soluble in 

organic solvents, it is soluble in TFA, restricting it for use in Boc-SPPS.353 As a result, new 

carbodiimide derivatives, such as N,N’-diisopropylcarbodiimide (DIC), were developed 

(Scheme 1-22).354 Compared to DCU, the urea by-product, diisopropylurea, is soluble in 

CH2Cl2, making it easily washed away and suitable for Fmoc-SPPS. 

 

Scheme 1-22. Mechanisms of the amide coupling mediated by carbodiimide reagents with structures of DCC and DIC 

(boxed, top right). 

The -proton of the O-acylisourea intermediate 1.7 is more acidic than the acyl carbon. 

Under mild basic conditions, -proton abstraction is faster than nucleophilic amine attack 

on the acyl, which leads to the loss of chiral integrity in 1.13.355 Subsequent attack from 

the amine results in racemer 1.14, which can be detrimental to bioactivity. Nα-protection 

with EWG, such as Boc and Fmoc, can control potential epimerization by reducing 

oxazolone formation.340 
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Scheme 1-23. Racemization via oxazolone formation 

Another method of suppressing oxazolone formation is to subdue the highly reactive O-

acylisourea by forming less reactive esters with benzotriazole, a protic additive. The 

benzotriazole protonates the imino nitrogen that prevents oxazolone formation, as well as 

inhibiting the O→N shift that would otherwise give N-acylurea 1.12 (Scheme 1-24). The 

most commonly used of these include 1H-hydroxybenzotriazole (HOBt),356,357 1-hydroxy-

7-azabenzotriazole (HOAt),358 and 6-chloro-1-hydroxybenzotriazole (6-Cl-HOBt)359; their 

structures are also shown in Scheme 1-24. 

 

Scheme 1-24. O-acylisourea 1.7 reacts with HOBt to form benzotriazole ester 1.16 that suppresses oxazolone 1.11 and 

N-acylurea 1.12 formation. The ester 1.16 ensures quick condensation with amine to generate the desired amide 1.8. 

Structures of benzotriazoles HOBt, HOAt and 6-Cl-HOBt are also depicted (boxed, top). 

In particular, faster coupling is achieved with HOAt, which also results in less 

racemization.358,360,361 The nitrogen at position-7 of the HOAt aromatic rings provides more 
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electron-withdrawing abilities to the rings giving a better leaving group. Moreover, the 

placement of the nitrogen atom at position-7 can lead to a “neighbouring group” effect that 

further accelerates the coupling, whilst reducing racemization. (Figure 1-51).360,361 The 

effectiveness of HOAt use has allowed for the coupling of sterically hindered amino acids, 

such as α-aminoisobutyric acid (Aib). 

 

Figure 1-51. –OAt leaving group interacts with the amine coupling partner via neighbouring group effect (blue dotted 

lines) to facilitate faster coupling of Aib residue.360,361 

Both HOBt and HOAt have since been reclassified as desensitized explosives, owing to 

their low molecular weight and presence of consecutive nitrogen atoms.362 This has led to 

the development of analogues, including 6-Cl-HOBt (Scheme 1-24). While it possesses 

similar reactivity to HOBt, the additional chlorine atom stabilizes the structure, making 6-

Cl-HOBt a less dangerous reagent.359 Another analogue includes ethyl 2-cyano-2-

(hydroxyimino) acetate (Oxyma), developed in the Albericio lab as a replacement for the 

benzotriazole category of additives (Figure 1-52).363 Oxyma has excelled in reducing 

racemization whilst increasing coupling rates that are comparable to that of HOAt. It also 

possesses higher stability, making it a safer reagent.364 Nonetheless, an improved analogue 

of Oxyma was developed: 5-(hydroxyimino)-1,3-dimethylpyrimidine-2,4,6 (1H,3H,5H)-

trione (Oxyma-B) has shown even more remarkable results in suppressing racemization 

(Figure 1-52).365 

 

Figure 1-52. Structures of new coupling reagents developed in the Albericio lab. 
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4.3.2 Phosphonium and Uronium Salts 

This category comprizes coupling reagents that are widely used in modern peptide 

synthesis. Of note is the racemization-suppressing benzotriazole moiety embedded within 

the structures of phosphonium and uronium salts (Figure 1-53).  

 

Figure 1-53. Structures of phosphonium (top row) and uronium (bottom row) coupling reagents. 

Introduced in 1975 by Castro et al., benzotriazol-1-yloxytris(dimethylamino)phosphonium 

hexafluorophosphate (BOP, Figure 1-53)366 is the first HOBt-based phosphonium salt. 

Though BOP is an excellent coupling reagent, a carcinogenic hexamethylphosphoramide 

by-product 1.17 is generated during coupling (Scheme 1-25).367 Thus, to avoid generating 

this by-product, benzotriazolyl-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 

(PyBOP)368 and the aza-analogue 7-azabenzotriazolyl-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate (PyAOP)369 were developed (Figure 1-53). The 1,1’,1”-

phosphoryltripyrrolidine 1.18 by-product from using PyBOP and PyAOP is much less 

toxic. Moreover, the 1,1,3,3-tetramethylurea 1.19 by-product from the uronium also has 

low toxicity.370 While the weakly basic carbodiimides can abstract protons from the 

carboxyl, phosphonium and uroniuim salts require a tertiary amine base, such as N,N-

diisopropylethylamine (DIPEA) to facilitate the formation of the activated ester.340 

Furthermore, the phosphonium/uronium cations react with the carboxyl to form an 

acyloxyphosphonium ester 1.20, therefore another equivalent of base is added to generate 

the –OBt anion 1.21 in order to generate ester 1.16. Following nucleophilic amine attack on 

1.16, amide 1.8 is generated. Thus, two equivalents of base is required for use with 

phosphonium/uronium reagents.340 
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Scheme 1-25. Mechanism of phosphonium- and uronium-mediated coupling with BOP. The by-products from PyBOP, 

PyAOP and uronium salts 1.18 and 1.19, respectively (boxed). 

The benzotriazole-based uronium coupling reagents depicted in Figure 1-53 are O-

(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),371 2-(6-

chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate 

(HCTU)372 and O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HATU).373 These salts are found in either the uronium (O-form) or the 

guanidinium (N-form) form. It has been demonstrated that the uronium reagents adopt the 

N-form in their crystalline state, but in solution, it exists in the more reactive O-form 

(Scheme 1-26).374 This O-form can react with amines and form truncated guanidinylated 

peptides 1.22, often from slow pre-activation of the carboxyl.375 This problem can be 

suppressed by pre-mixing the uronium salt with the carboxylic acid 1.4 before addition to 

the amine. Therefore, coupling protocols recommend using an excess of carboxylic acid 

with respect to the uronium salt to avoid reaction with the amine functionality of the 

preceding residue. On the contrary, phosphonium salts are inactive towards amines and 

more soluble than uronium salts. This makes them suitable for use in solution-phase 

cyclizations or fragment condensation as the phosphonium salts can be added in excess to 

promote more efficient coupling.340 Despite the above-mentioned drawbacks of uronium 

salts, they are exceptionally stable in DMF under nitrogen. Thus, pre-mixed uronium-

amino acid solutions are ideal for automation purposes.340 
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Scheme 1-26. Equilibrium between uronium and guanidinium forms. 

Much like HOAt (Scheme 1-24), the aza analogues PyAOP and HATU (Figure 1-53) are 

effective for coupling sterically demanding amino acids with efficiency enough to suppress 

racemization.373,376 

Based on Oxyma, the Albericio lab developed the new-generation uronium reagent, 1-[(1-

(cyano-2-ethoxy-2-oxoethylideneaminooxy)-dimethylamino-morpholinomethylene)] 

methanaminium hexafluorophosphate (COMU, Scheme 1-27).377 COMU has shown 

higher coupling efficiency than HATU/HBTU, and has excellent racemization suppression 

as smaller amounts or weaker bases can be used. Moreover, its stability makes it compatible 

with microwave-assisted peptide synthesis.378 A unique characteristic of COMU is that a 

colour change can be used to monitor the progress of the coupling.377 The proposed 

mechanism for amino acid coupling with COMU is depicted in Scheme 1-27.379 In this 

scheme, the carboxyl is activated by COMU to form the ester 1.23 with an Oxyma side 

product. The Oxyma can then displace the N,N’-dimethylmorpholine leaving group to give 

a second activated acyl species 1.24. Both 1.23 and 1.24 can undergo aminolysis to generate 

the desired amide 1.8.379 
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Scheme 1-27. Structure of COMU and its proposed mechanism for amide formation.379 

4.3.1 Confirming amide coupling on-resin 

The success of peptide couplings can be monitored by the ninhydrin test, introduced by 

Kaiser et al. in 1970.380,381 A positive test shows an intense blue colour in the presence of 

free amino groups. The reaction between the ninhydrin 1.25 and a sample of the free amine 

1.26 on resin yields the formation of Ruhemann’s purple 1.27, the chomophore responsible 

for the intense blue colour (Scheme 1-28).382 Alternatively, in the absence of a free amino 

group, the solution remains yellow (negative test). Should the ninhydrin test be positive 

after a coupling step, the coupling can be repeated to reaction completion, as indicated by 

a negative ninhydrin test. However, due to the high sensitivity of the test, a false positive 

test can be given from partially Fmoc deprotected peptides. In some cases, a portion of the 

resin is cleaved off the resin and analysed with liquid chromatography and mass 

spectrometry. 
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Scheme 1-28. Ninhydrin reaction with free primary amine. 

4.3.2 Esterification 

For peptides with C-terminal acids, attachment of the first amino acid onto hydroxymethyl 

linkers such as HMPB requires the formation of an ester bond between the C-terminus and 

the hydroxyl group. It is crucial to have an efficient esterification, as they serve as the 

handles for peptide elongation. The hydroxyl functionality is less nucleophilic than amines, 

so the strategy used for amide bond formation needs to be adapted. The Steglich 

esterification has been used for forming ester linkages on resin. The reaction is catalysed 

by DMAP (4-(dimethylamino)pyridine) and is detailed in Scheme 1-29.383 In this scheme, 

O-acylisoruea 1.7 is formed after activation of carboxyl 1.4 with carbodiimide 1.5. 

Substitution with DMAP makes the acyl carbon susceptible to nucleophilic hydroxyl attack 

to yield peptidyl resin 1.28, urea derivative 1.9 and regenerated DMAP. The restored 

aromaticity of DMAP provides the driving force for the reaction.383 Esterification requires 

prolonged reaction time, thus racemization can occur. It is therefore recommended to repeat 

the esterification with short reaction times with fresh reagents for each iteration. 
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Scheme 1-29. Mechanism of the attachment of the first amino acid onto the HMPB linker resin by DMAP-catalysed 

Steglich esterification. 

4.4 Chemical modifications 

4.4.1 Macrocyclization 

The benefits that macrocyclization imparts on a peptide’s bioactivity and stability against 

proteases have been discussed in Section 3.3.1.3. The strategy has gained significant 

popularity for synthetic drug candidates over the past two decades (Figure 1-23).192 

Naturally, this has led to the development of a plethora of strategies to achieve peptide 

cyclization; examples of RCM and cycloaddition are briefly explored in Section 3.3.1.3. 

Specifically, this section discusses components that effect peptide macrocyclization, with 

a focus on using NCL. A thematic issue from the journal ‘Chemical Reviews’ includes 

comprehensive reviews on the many aspects of macrocycles.384 Relevant to this work are 

reviews on macrocycle libraries,385 cell penetration,85 SAR studies of natural 

macrocycles,386 and ligation technologies.387 

 Synthetic considerations 

Construction of a macrocycle involves the formation of intramolecular bonds where there 

are inherently competing kinetically-controlled reactions that lead to undesired side 
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products such as oligomers and cyclic dimers.194 Cyclization can be favoured under high 

dilution conditions for solution-phase reactions,388 while using diffusely substituted solid 

supports achieve a similar result with a ‘pseudo-dilution effect’.389,390 The rationale of 

dilution is to isolate each peptide molecule in order to promote cyclization over 

oligomerization. Other factors to consider are the constituents of the peptide chain: the 

target ring size, the presence of turn-inducing residues, the spatial conformation of the 

linear peptide, the bulkiness of the reactive ends, and the susceptibility to C-terminal 

epimerization. Hence, the order of residues of the linear precursor is critical, and calls for 

a retrosynthetic analysis to discern the optimal cyclization point. 

Generally, the target ring size is indirectly proportional to the ease of cyclization. That is, 

a longer linear precursor is more likely to adopt ring-like conformations where the reactive 

ends are pre-organized in close proximity.391 For shorter precursors of six or less residues, 

it is entropically unfavourable to effect cyclization, largely due to close proximity between 

backbone atoms.392,393 Thus, the challenging task of forming small cyclic peptides often 

leads to undesired oligomerization and C-terminal epimerization.394,395 On the contrary, the 

range of conformations that precursors of seven residues or longer can adopt make the 

peptide much more accommodating to intramolecular interactions without compromizing 

the integrity of cyclization.194,388 

I.  Turn-inducing elements 

Certain structures, when incorporated into a peptide, confer turn-inducing properties that 

facilitate cyclization. For example, glycine and proline promote the formation of cis-amide 

bonds (Figure 1-54).194 The groups (or lack thereof for Gly) stemming from the Cα makes 

it energetically favourable to form cis-amides, as demonstrated in the cyclization of a 

triproline.396 Moreover, using a pseudoproline (Figure 1-34) where possible achieves a 

similar effect.397 In a similar vein, having a mix of D- and L-amino acids at the reactive ends 

reduces steric hindrance and therefore favours the entropy for cyclization.398 When 

substitutions cannot be made with the aforementioned residues, backbone amide protecting 

groups (such as Hmb (Figure 1-35)) and N-methylation act as cis-amide bond promoters 

by inducing a β-turn-like backbone conformation.399 
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Figure 1-54. Cis- and trans-amide bond isomerism on proline. 

 Conventional cyclization techniques 

The linear precursors prior to macrolactamization and macrolactonization can be prepared 

using similar methods. A linear sequence is assembled on SPPS with orthogonal protection 

strategies, from which the desired reactive ends are deprotected and cyclization is 

facilitated by coupling reagents, either in solution or solid phase. The difference in forming 

macrolactams and macrolactones is the weaker nucleophilicity of hydroxyls compared to 

amines. Therefore, during retrosynthetic analysis, it is recommended to make the 

disconnection for cyclization at an amide linkage and form the ester linkage during solid-

phase synthesis where reagents can be added in excess for efficient coupling.194 

 Scheme 1-30 shows a comparison between head-to-tail macrolactamization in solution 

conditions (path A) or on solid support (path B). 
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Scheme 1-30. Side-by-side comparison of head-to-tail cyclization in solution (path A) and on-resin (path B) with Asp at 

the C-terminus. 

In path A of Scheme 1-30, a peptide is elongated on Fmoc-Asp(tBu)-OH attached to the 

highly acid-labile HMPB linker-resin (Table 1-3, Section 4.2.5) via its C-terminal 

carboxyl. The Asp-linker resin 1.29 is elongated to generate peptidyl resin 1.30. Upon 

treatment with dilute TFA, a side chain-protected linear precursor 1.31 is liberated. Crude 

1.31 is dissolved in a solvent mixture such as DMF/CH2Cl2 (1:9 v/v) with a low 

concentration ranging from 10-4 to 10-3 M.400 Macrolactam is generated using coupling 

reagents that effect amide bond formation (Section 4.3). However, with the prolonged 

reaction time in solution-phase cyclization, the activated C-terminal carboxyl can 

epimerize via an oxazolone intermediate (Scheme 1-23)340,355,401 Oxazolone formation can 

be suppressed using azide-based coupling reagents, such as diphenylphosphoryl azide 

(DPPA) due to its higher regioselectivity toward nucleophilic attack by the amine (Scheme 
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1-31).340,402 Following cyclization, the side chains are deprotected with TFA to give cyclic 

peptide 1.32. 

 

Scheme 1-31. Mechanism of lactam formation using DPPA with the regioselective nucleophilic attack from the amine 

highlighted (red arrow).402,403 

The biggest drawback to solution-phase cyclization is the large volume of solvent required 

for optimal conditions. Thus, scaling-up becomes an inconvenience requiring specialized 

and sizeable apparatus. Furthermore, removal of DMF becomes exponentially harder as the 

volume increases due to its high boiling point. Performing the reaction on solid-phase 

avoids the cumbersome tasks of solvent removal with simple washing and filtration 

steps.194 Akin to esterification, the same applies to on-resin lactam formation which is more 

efficient as an excess of coupling reagents result in shorter reaction times, therefore 

suppressing C-terminal epimerization better than solution-phase cyclization. As previously 

described, peptide cyclization on-resin is most efficient when there is a ‘pseudo-dilution 

effect’.194 

In path B of Scheme 1-30, HMPA, a more acid-stable linker is used (Table 1-3, Section 

4.2.5). Fmoc-Asp-OAll is immobilized through the β-carboxyl to give side chain anchored 

Asp-linker resin 1.33 and subsequently elongated to yield peptidyl resin 1.34. The 

orthogonal allyl protection on the α-carboxyl is deprotected using Pd(0) (Table 1-4, 

Section 4.2.6) to expose the C-terminal carboxyl, giving 1.35. Cyclization can be effected 

with widely used reagents such as uronium salt HBTU with coupling base DIPEA (Scheme 

1-25).404 Subsequent treatment with TFA for global deprotection yields cyclic peptide 1.32. 

Cyclic peptide assembly can also be achieved by anchoring other compatible residues, 

including Lys, Glu, Asn/Gln, Arg, His, Ser/Thr and Tyr.399 
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 Native Chemical Ligation (NCL) 

In the synthesis of peptidomimetics of cyclic lipopeptide iturin A (Chapter Four), the 

cyclic scaffold was generated using NCL. The ligation method was inspired by the 

generation of energy-rich thioester intermediates that S-acetyl coenzyme A use as acyl 

donors in lipid biosynthesis under physiological conditions.405,406 Wieland et al. imitated 

this reaction in aqueous conditions ex vivo using a Val-thioester to efficiently form a 

dipeptide with Cys.407 In 1994, following decades of investigations, Kent et al. developed 

NCL.243 This method allowed the concatenation of amino acids or peptide fragments for 

protein synthesis. The water-compatible method is selective and obviates the need to handle 

large protected peptides and avoided the associated solubility problems. 

NCL proceeds through a chemoselective thiol-thioester exchange between C-terminal 

thioester 1.36 and N-terminal Cys 1.37 to give a transient thioester intermediate 1.38. 

Following intramolecular S→N-acyl rearrangement, a native peptide bond connected to 

Cys is generated in peptide 1.39 (Scheme 1-32).243 Since its introduction in 1994, the 

widespread use of NCL has found synthetic applications in chemical biology, medicinal 

chemistry, and material science. According to the Protein Chemical Synthesis database, 

over 700 biologically relevant proteins were synthesized using NCL in their 

methodology.408 

 

Scheme 1-32. General mechanism of NCL.243 

In this section, methods for synthesizing the key building blocks, C-terminal α-thioesters 

are highlighted. The methods are classified into two categories: the thioester is generated 

on the C-terminus anchored to the resin, followed by peptide elongation; or the thioester 

functionality is introduced at a later stage on an elongated peptide.409 For further examples 
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and other syntheses involving NCL, an extensive and contemporary review was recently 

published by Agouridas et al.409 The techniques reviewed can be extended to selenocysteine 

(Sec) residues that react more readily with thioesters than Cys. However, the distinctly 

different physicochemical properties would require adaptation for Sec-based ligation.409 

Reviews on Sec-based ligation by experts in the field have been published.410–412 

I.  Factors affecting NCL 

A number of factors have a direct influence on the rate of reaction between the thioester 

and the cysteine sulfhydryl. The key is to push the equilibrium towards 

transthioesterification, where the thioester will then irreversibly undergo the S→N acyl 

shift. The chemical properties of the reactive ends are crucial for determining the viability 

of the ligation, given that the peptides are soluble and the conformation favours the 

reaction. The chemoselective and regioselective nature of NCL derives from the pKa of the 

N-terminal Cys thiol (approximately 7) participating in the initial reversible thiol-thioester 

exchange.413 At neutral pH, the thiolate ion from the cysteine sulfhydryl is the most reactive 

towards thioesters, which promotes efficient thiol-thioester exchange.414 At low pH levels, 

the sulfhydryl remains a less reactive thiol. Due to the reactivity of the thiolate, there is a 

propensity for disulfide formation induced by dissolved molecular oxygen: hence, the 

reaction is often degassed.415 Moreover, a reducing agent additive such as tris(2-

carboxyethyl)phosphine (TCEP) also suppresses the oxidation.416 

The other reactive groups that can lead to side product formation are the backbone α-amino 

(pKa = 8) and the lysine ε-amino groups (pKa = 10.4). Indeed, this reactivity has been 

exploited for amide bond formation from the aminolysis of thioesters, performed under 

basic conditions where the amines are unprotonated.417–420 As such, a neutral pH is optimal 

for NCL. To maintain the neutral pH, buffers such as an aqueous phosphate buffer are used. 

To optimize the efficiency of the reaction further, denaturants such as guanidine 

hydrochloride are added. They improve the solubility of peptides, other additives and the 

ligation product itself.421 The guanidinium cations can induce H-bonding between the 

backbone carbonyl and water to improve solubility.421,422 Alternatively, they can partake in 

direct H-bonding with the backbone carbonyl to reduce aggregation between peptide 

monomers, hence denaturing any secondary structures or conformations that can confer 

slow or no reaction.409,421,422 
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The most crucial factor affecting the rate of NCL is the nature of the thioester and structure 

of the C-terminal residue. Aryl thioesters are more reactive than their alkyl counterparts 

due to aromatic thiolates being better leaving groups. Additionally, the aromatic rings are 

electron withdrawing and renders the acyl of the thioester more susceptible to nucleophilic 

attack to form the intermediate thioester (Scheme 1-32) .414 Thus, more stable alkyl 

thioesters are first synthesized and an exogenous aryl thiol catalyst is introduced to undergo 

a thiol-thioester exchange that generates an aryl derivative in situ during NCL. 4-

Mercaptophenylacetic acid (MPAA) has been the gold standard aryl thiol catalyst due to it 

being near odourless and having high solubility at neutral pH.423 However, the 

hydrophobicity of MPAA can lead to co-elution with the target peptide during purification 

by RP-HPLC. In order to extract MPAA before purification, acidification to below pH 5 

causes precipitation of MPAA which can then be removed by centrifugation or extraction 

by water-immiscible organic solvents, but the change in pH is not suitable for all peptide 

or protein products.424 Recently, 3-mercaptobenzyl sulfonate (3-MBSA, Figure 1-55), a 

more hydrophilic analogue of MPAA has been developed. 3-MBSA elutes earlier than 

MPAA by RP-HPLC, thereby reducing complications during purification.425 

 

Figure 1-55. Structures of MPAA and 3-MBSA. 

Lastly, the side chain of the C-terminal thioester residue has a direct effect on the rate of 

NCL. Hackeng et al. investigated the relationship between NCL efficiency and the 20 

proteinogenic amino acids (X) with model peptide LYRAX on an MPAL linker.426 Their 

work resulted in categorizing the amino acids into four groups and ranking these according 

to the time required to ligate the pentapeptide CRANK (Table 1-5). A correlation of greater 

steric hindrance with slower ligation times was observed. A thioester formed from Gly was 

the quickest to ligate, but Cys and His faster than Ala, the next smallest and simplest side 

chain after Gly. This is due to the functionalities on Cys and His possibly promoting NCL 

from their hydrogen-bonding capabilities or nucleophilic properties.427–429 On the other end 

of the spectrum are β-branched amino acids Thr, Val, Ile and the cyclic amino acid Pro. 

The branched residues shield the α-carbonyl group from nucleophilic attack.426 In the case 
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of a prolyl thioester, the favoured cis-amide conformation hinders the acyl and makes it 

unfavourable for thioester formation.430 The findings by Hackeng et al. (Table 1-5) have 

been corroborated by the results from a recent statistical analysis on over 700 biologically 

relevant synthetic peptides and proteins carried out by Agouridas et al.408 

Table 1-5. The efficiency of NCL as a function of C-terminal residues.426 

LYRAX-MPAL, X = C-terminal residue  Time to ligate (h) 

Gly, Cys, His ≤ 4 

Met, Ala, Phe, Tyr, Trp ≤ 9 

Asn, Asp, Gln, Arg, Lys, Leu, Ser, Glu ≤ 24 

Thr, Val, Ile, Pro ≥ 48 

II. Boc-SPPS on a thioester linker 

The thioester bond is stable towards strong acids, such as TFA and HF, but labile to 

nucleophilic bases. Thus, peptide elongation on a thioester linker have historically been 

done using Boc-SPPS.409 Zhang and Tam used this method for assembling linear peptide 

thioesters that were cyclized using NCL.431 Owing to the chemoselectivity of NCL, the 

linear precursor was free of protecting groups, and issues associated with solubility and 

aggregation were averted. The work described the assembly of a cyclic peptide dendrimer 

of enkephalin where the monomers contain a sulfhydryl handle on the cyclic scaffold for 

ligation onto a core matrix. The linear peptide comprising an N-terminal Cys and C-

terminal thioester was synthesized using Boc-SPPS on an MBHA resin (Figure 1-32) with 

a 3-thiopropanamide (HS-CH2CH2CONH) linker. After HF treatment, the linear precursor 

1.40 was dissolved in a phosphate/citric acid buffer at pH 7.2 with additive TCEP to prevent 

disulfide formation (Scheme 1-33). Moderate to high concentrations of 1.40 could be used 

for cyclization, as the equilibrium of the transthioesterification is favoured toward 1.41. 

Following S→N shift, enkephalin analogue 1.42 was afforded. 
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Scheme 1-33. Cyclization of 1.40 proceeding the formation of thiolactone intermediate 1.41 which rearranges to 

enkephalin analogue 1.42.431 

The need for handling anhydrous HF in Boc-SPPS has stimulated chemists to develop 

alternative methods for synthesizing thioesters. Recently, Raz et al. reported the synthesis 

of a cyclic peptide from a linear thioester with an HF-free Boc-SPPS method (Scheme 

1-34).244 In place of HF, the cleavage reagents were TFA/TMSBr. The mixture can reduce 

Met(O) and deprotect Asp without aspartimide formation.432 The caveat is that 

TFA/TMSBr is not strong enough to cleave a peptide completely from MBHA and PAM 

functionalized resins and deprotect all the side chain protecting groups used in standard 

Boc-SPPS. However, when a peptide sequence 1.43 was synthesized on the less acid stable 

hydroxymethyl resin equipped with an MPAL linker, cleavage was achieved effectively 

with TFA/TMSBr to generate thioester 1.36. The modern protocol for deprotecting Nα-

amino-Boc uses 2 × 1 min treatments with TFA, which is sufficiently short enough to allow 

the peptide to stay attached to the solid support. Furthermore, complete side chain 

deprotection was achieved with more acid labile protecting groups. Overall, Raz et al. 

obtained yields of crude deprotected peptide α-thioesters up to 92%, allowing them to 

construct a synthetic mimic of a protein inhibitor that exhibited the desired binding.244 
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Scheme 1-34. HF-free Boc-SPPS of a peptide α-thioester as reported by Raz et al.244 

III. Fmoc-SPPS on a thioester linker 

Fmoc-SPPS compatible thioester linkers have also been developed. In this method, a 

peptide is elongated on a hindered thiol such as 4-mercapto-3,3-dimethylbutanoic acid 

anchored to the resin via the carboxylate and Fmoc-deprotection is performed with less 

nucleophilic reagents. Li et al. have reported the use of the bases N-methylpyrrolidine and 

hexamethyleneimine with the additive HOBt to reduce the nucleophilicity of the mixture 

(Scheme 1-35).433 However, this mild deprotection cocktail required 20 minutes to effect 

Fmoc removal. Hasegawa et al. discovered that the prolonged repeated treatments of this 

deprotection cocktail induced epimerization at the C-terminal residue.434 In the same study, 

they experimented with an alternate Nα-amino protection strategy with the same hindered 

thioester by employing Fmoc-2F (9-(2-fluoro)fluorenylmethoxycarbonyl) protection on all 

residues. The same Fmoc removal conditions were able to to deprotect the more acidic 

Fmoc-2F in three minutes, which suppressed epimerization. Raz and Rademann also 

reported the use of an hindered thiol linker for constructing peptide thioesters gave crude 

yields of up to 90%.435 
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Scheme 1-35. Synthesis of a peptide α-thioester using Fmoc-SPPS on a hindered thioester. 

IV. Late-stage introduction of thioester functionality 

There are two strategies for incorporating a thioester onto the C-terminus of an elongated 

peptide. The first is performed by coupling the thiol onto an activated carboxyl of a fully 

protected peptide; the second involves attaching a C-terminal linker that is stable 

throughout SPPS and the desired thioester is generated upon thiolysis of the linker. 

Examples of these two methods are highlighted below. 

Flemer Jr. reported a protocol for in situ cleavage and direct thioesterification on a protected 

C-terminal carboxylate synthesized using Fmoc-SPPS (Scheme 1-36).263 The linear 

peptide was constructed with Fmoc-SPPS on a 2CTC functionalized resin with N-terminal 

α-amino Boc-protection. Dilute TFA released the protected peptide that was activated with 

HOBt/DIC and thioesterified in a one-pot manner. Global deprotection generated the 

desired peptide α-thioester. A range of sequences were synthesized with moderate thioester 

yields in the range of 50 – 65%.263 
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Scheme 1-36. Thioesterification of freshly-cleaved, fully protected peptide carboxylate. Reprinted (adapted) with 

permission from “Efficient method of circumventing insolubility problems with fully protected peptide carboxylates via 

in situ direct thioesterification reactions”. J. Pept. Sci. 2009, 15 (11), 693-696.263 

In another approach, Blanco-Canosa and Dawson. developed a linker that can produce a 

thioester and then undergo NCL in situ (Scheme 1-37).436 Using the diaminobenzoyl (Dbz) 

linker 1.44, a peptide sequence 1.45 was synthesized using Fmoc-SPPS. Acylation with p-

nitrophenyl chloroformate and global deprotection yields an unprotected N-peptidyl 

benzimidazolinone (Nbz) 1.46. As thiolysis of Nbz functionalized peptide 1.47 can be 

achieved at neutral pH, NCL can proceed with a cocktail containing 1.47, an exogenous 

thiol catalyst (e.g. MPAA) with phosphate buffer and the appropriate additives to 

conveniently generate the desired ligated product.436 While being an elegant method, 

acylation of the unprotected aniline (in peptidyl resin 1.45) has been detected during 

coupling steps in SPPS. This has led to developing new and improved versions of the Dbz 

linker with the addition of a protecting group on the aniline. Dbz(Me)437 and Dbz(Alloc)438 

have been developed for Fmoc-SPPS, and Dbz(2Cl-Z)439 for Boc SPPS. Recently, an N-

terminal palmitoylated Sonic Hedgehog protein involved in embryonic development and 

the proliferation of tumours was chemically synthesized using NCL combined with the 

Dbz/Nbz system.440 

2CTC resin 
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Scheme 1-37. Fmoc-SPPS on the Dbz linker of which is acylated to become Nbz. Selective thiolysis of the Nbz in solution 

gives the desired thioester.436 

V. NCL beyond Cysteine 

The reliance on Cys is an inherent drawback of NCL. The frequency of Cys in proteins is 

very low, at 1.5% according to the protein sequence database UniRef.441 Furthermore, when 

Cys is present, it can be located at positions in the sequence that makes NCL 

inconvenient.409 For example, it can be near the sequence termini, or next to difficult 

residues that serve as inappropriate disconnection points. For these reasons, chemists have 

developed NCL methods that produce native bonds between residues other than Cys 

(Figure 1-56).409 The concepts illustrated in Figure 1-56 makes use of thiol handles to 

effect the ‘capture’ step for the thioesterification, upon ligation, with removal of the thiol 

handles yielding the cysteine-free peptide junctions. These approaches are not discussed 

here, but it is addressed extensively in a recent review by Agouridas et al.409 

For the peptidomimetics studied in the work on iturin A (Chapter Four), the occurrence 

of Cys in the naturally occurring compound was irrelevant. The interest lied in using Cys 

for constructing a cyclic scaffold, and subsequently conjugating a lipid moiety onto the 

regenerated sulfhydryl group using thiol-ene chemistry. 
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Figure 1-56. Approaches to ligation products without Cys or Sec: introduction of a thiol or selenol capture group in the 

peptide (left) or on the α-amino group (right). Reprinted (adapted) with permission from Agouridas, V.; El Mahdi, O.; 

Diemer, V.; Cargoët, M.; Monbaliu, J.-C. M.; Melnyk, O. Native Chemical Ligation and Extended Methods: Mechanisms, 

Catalysis, Scope, and Limitations. Chem. Rev. 2019, 119 (12), 7328–7443. Copyright 2019 American Chemical 

Society.409 

4.4.2 Lipid conjugation with thiol-ene 

In this section, conjugating a lipid moiety onto peptides using thiol-ene chemistry is 

described. The thiol-ene coupling was first introduced by Posner in 1905 and is a reaction 

between a thiol and an unsaturated system (Scheme 1-38).442 Polymer and materials 

chemists have benefited from this reaction since the 1930s.443,444 Applications of this 

include fabric printing, electronic coating, and strengthening rubber for tyres among many 

others. The reaction was achieved by forming a network of covalent crosslinks that 

displayed excellent mechanical properties, thus leading to commercial products.445 

However, this method was superseded by other more economical options which severely 

diminished the use of thiol-ene chemistry for several decades. Nonetheless, the 1990s saw 

its resurgence thanks to new research shedding light on its advantages. Nowadays, the thiol-

ene reaction has become the benchmark technique for forming uniform glasses, elastic 

polymers and adhesives.444 

 

Scheme 1-38. The thiol-ene coupling pathway. 
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There are two pathways for hydrothiolation onto an unsaturated -ene bond: via free radicals 

(Scheme 1-39),442,446 or via thiol-Michael addition (Scheme 1-40).447 For the former, there 

are three steps: initiation, propagation and termination. The initiation step is mediated by a 

radical initiator that possesses weak bond dissociation energies. Hence, it generates a 

radical itself under mild conditions, such as irradiation with ultraviolet (UV) light. Here, 

UV light acts as the photoinitiator. The radical then promotes the thiol to undergo homolytic 

fission to generate thiyl radicals (Scheme 1-39 a). The highly energetic thiyl radical, 

reversibly and regioselectively adds onto the less substituted end of the –ene (Scheme 1-39 

b). The resulting carbon-centred radical abstracts hydrogen from another molecule of thiol 

to generate the desired thioether along with another thiyl radical which propagates the 

formation of more radicals. The reaction terminates through the different combinations of 

carbon and thiyl radicals (Scheme 1-39 c).446 

 

Scheme 1-39. Thiol-ene via photoinitiated free radical addition: (a) initiation step, (b) propagation steps, and (c) 

termination step.446 

The Michael addition route is divided into two paths: base-catalysed, or nucleophile-

mediated (Scheme 1-40).447 Regioselectivity is enabled by an EWG substituted on the –

ene. The first route starts by the formation of a thiol anion, generated by proton abstraction 

by the base. The thiol anion adds onto the unsubstituted end giving a carbanion, which 

abstracts the proton from the base to regenerate the catalyst and yields the thioether product. 

For the other pathway, the nucleophile adds onto the –ene, generating a carbanion 

intermediate adjacent to the EWG. The carbanion abstracts a proton from the thiol to 

generate a thiol anion; this new thiol attacks the other side of the C–C bond where the 

nucleophile is substituted, resulting in the desired thioether.447 
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Scheme 1-40. Thiol-ene via catalysed thiol-Michael addition: (a) base (B)-catalysed and (b) nucleophile (Nu)-catalysed.  

EWG = electron-withdrawing group.447 

The thiol-ene reaction bears attributes of click reactions:205 

 quantitative yields, 

 small concentrations of benign catalysts, 

 rapid reaction in environmentally benign solvents over a large concentration range, 

 little to no clean up, 

 insensitivity to ambient oxygen or water, 

 yields a regioselective product, 

 orthogonality, and 

 commonly accessible starting materials.448 

When comparing methods for forming the thioether linkage, photoinitiated thiol-ene is 

particularly attractive as it endows the practitioner with added flexibility on the choice of 

time and location for activating the reaction, a particularly important factor in material 

design. 

Alongside polymer and materials chemistry, the thiol-ene reaction has been exploited in 

synthetic chemistry and bioconjugation, such as in the development of vaccines or 

biodegradable materials.186,449–454 The applications of thiol-ene in the polymer field have 

extended to installing antimicrobial properties into synthetic materials as seen in recent 

reports on the reaction’s use in design of nanoparticles,455 as hydrogels,456 as wound 

dressings,457 on medical device surface coatings,458 and as AMP-polymer conjugates.459,460 

The polymers are endowed with antimicrobial activity by tweaking the balance between 

cationic charge and hydrophobicity to mimic AMPs.461,462 

The peptide and protein field has also benefited from the thiol-ene reaction by exploiting 

the sulfhydryl on Cys to selectively conjugate onto proteins,463 synthesize antibody-drug 

conjugates,464,465 and introduce moieties onto a Cys monomer for total synthesis 

purposes.450,466 Building on these concepts, the Brimble group has developed a technique 
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for constructing lipopeptides adapted from a photoinitiated thiol-ene reaction, dubbed 

Cysteine Lipidation on a Peptide or Amino acid or “CLipPA”.186,467,468 In short, a lipid 

moiety from a vinyl ester is acylated onto cysteine building blocks or onto cysteine 

embedded within peptides through free radical addition (Scheme 1-41). 

 

Scheme 1-41. CLipPA direct conjugation of a vinyl ester onto cysteine sulfhydryl via photoinitiated thiol-ene. 

This one-pot reaction has been optimized for conjugation onto peptides, and the mechanism 

proceeds in three parts (Scheme 1-42).467 First, Fmoc-L-Cys-OH 1.48 undergoes UV 

irradiation at 365 nm in the presence of photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) to generate thiyl radical 1.49 Addition onto vinyl ester 1.50 

gives a carbon-centred β-sulfanylalkyl radical intermediate 1.51 which can generate either 

a bis adduct 1.52 or the desired mono adduct 1.53. The side product 1.52 is formed because 

of propagation by another molecule of vinyl ester. This step is suppressed by quenching 

the radical on 1.51 with tert-butylthiol (tBuSH) and triisopropylsilane (TIPS).469 Both 

tBuSH and TIPS readily donate hydrogen to 1.51 to give 1.53 without forming adducts 

themselves due to their steric bulk. When either was used as the sole quencher, formation 

of bis adduct 1.52 persisted at 24% and 33%, respectively. Used together, tBuSH and TIPS 

synergistically suppressed the formation of 1.52 to 5%.467 Furthermore, the addition of the 

vinyl ester 1.50 is further enhanced by the relative stability of the radical intermediate 1.51 

as a result of captodative effects.470 The captodative effect describes the enhanced 

stabilization of a radical centre consisting of an electron-withdrawing and an electron-

donating substituent. 



  Chapter One Introduction  

91 

 

Scheme 1-42. Mechanisms of optimized CLipPA to generate lipidated adducts on Fmoc-L-Cys-OH. (a) initiation step, 

(b) lipidated adduct pathways, and (c) radical quenching.467 

The mechanism for generating the thiyl radical is shown in Scheme 1-43. First, the energy 

from UV irradiation causes homolytic fission of DMPA into carbon-centred radicals on 

acylbenzene 1.54 and benzaldehyde dimethyl acetal 1.55. The radicals abstract a proton 

from thiol 1.48 to give cysteine thiyl radical 1.49 while giving by-products 1.56 and 1.57. 

Due to the steric hindrance of the radical in 18, it can decompose into methyl benzoate 1.58 

while benzaldehyde can oxidize into benzoic acid 1.59. Thus, less radicals are generated 

during the propagation step when DMPA is the used as the photoinitiator. 
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Scheme 1-43. (a) Generation of radicals from homolytic fission of DMPA; (b) degradation of the hindered radical 1.55 

into 1.57 and the oxidation of by-product 1.56 into 1.59. 

The CLipPA reaction served as the basis of conjugating lipid moieties onto peptides in this 

thesis. Namely, for the construction of AMPs based on the NRPs battacin (Chapter Two), 

teixobactin (Chapter Three), and iturin A (Chapter Four). 

5 Aims of the thesis 

This doctoral thesis was conceived as a medicinal chemistry project aimed at the 

development of a library of lipidated peptidomimetics, based on the naturally occurring 

antimicrobial lipopeptides battacin, teixobactin and iturin A. Our strategy was envisaged to 

replace the lipid moiety in these native structures with a thiol-containing residue, where it 

will act as the point of lipidation on a thiol effected with the CLipPA technology developed 

in our lab.186,467 S-lipidation with lipid bearing vinyl esters would generate an array of 

analogues for SAR studies. We hoped to emulate or improve on the antimicrobial activity 

of the lipopeptides mentioned above and identify structural motifs for developing other 

antimicrobial peptides in the fight against AMR microbes. 

Chapters Two, Three and Four are focused to the syntheses of the analogues of battacin, 

teixobactin and iturin A, respectively. 

In Chapter Two, we used a linear and more potent analogue than the native cyclic battacin 

as the lead compound. We aimed to replicate the membrane-active antibacterial properties 

exhibited by battacin. 
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In Chapter Three, teixobactin was the lead compound for these sets of analogues. We 

aimed to produce CLipPA analogues with the pharmacophore of teixobactin. We hoped to 

reproduce the ability of teixobactin to kill pathogens without detectable resistance. 

In Chapter Four, the syntheses of the antifungal iturin A analogues were described. The 

structure of iturin A comprises of a cyclic octapeptide of which one residue is iturinic acid, 

a β-amino acid with a long lipid side chain. Limited reports have been made on the synthesis 

of iturinic acid and of iturin A. Hence, the focus was on developing a synthetic route 

towards iturin A analogues with CLipPA for conjugating the lipid moiety as a proof of 

concept. 
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1 Background 

Naturally occurring antimicrobial peptides (AMPs) form part of the innate immune system and 

have for some time been recognized as potentially useful therapeutic agents. Due to the unique 

and non-specific bactericidal mechanism of action (MOA) of AMPs, it is believed that AMPs have 

a lower tendency to elicit antibiotic resistance than conventional antibiotics.22,471,472 Lipopeptides, 

a subclass of AMPs have emerged as a new class of antibiotics, exemplified by the clinically-

approved daptomycin (Cubicin) and polymyxin B which are used to treat Gram-positive and 

Gram-negative bacterial infections, respectively.471 The polymyxins are last-line defence agents 

against Gram-negative “superbugs”.473 However, their use has been limited by significant 

nephrotoxicity and the rise of polymyxin-resistant bacterial strains.474 

Battacin 2.1 (Figure 2-1), a member of the octapeptin family of antibiotics, isolated by Qian et 

al.,475 was found to be less toxic than polymyxin B while exhibiting potent activity against 

multidrug-resistant and extremely drug-resistant Gram-negative clinical isolates, including 

hospital strains of E. coli with minimum inhibitory concentrations (MICs) of 2 to 4 µM. 

Structurally, battacin is a cationic lipopeptide antibiotic composed of a heptapeptide ring and a 

single amino acid exocyclic tail capped by a fatty acid. Battacin 2.1 is cationic, arising from the 

five α,γ-diaminobutyric acid (Dab) residues. The lactam ring is formed between a Dab side chain 

amine and a Leu carboxyl. Due to its similarity, battacin 2.1 is postulated to act similarly to 

polymxyin antibiotics, whereby electrostatic interactions occur with the negatively charged lipid 

A head groups of lipopolysaccharides (LPS) on the surface of the bacterial outer membrane (OM), 

leading to accumulation at the bacterial surface. Insertion of the lipid tail to the OM then leads to 

membrane destabilization, self-promoted uptake and transit to the inner membrane, whereby 

insertion and membrane disruption are again thought to elicit the antimicrobial effects.475 This 

class of lipopeptide antibiotics represents a rich source of new therapeutic agents in an otherwise 

scarce pipeline.476,477 To date, limited structure-activity relationship (SAR) studies have been 

reported despite the potential therapeutic importance of battacin.216,219,478,479 De Zoysa et al. 

synthesized battacin and a series of lipidated analogues by solid-phase peptide synthesis (SPPS) 

and conducted an SAR study of the most active lipidated battacin analogues by alanine 

scanning.216,479
 Among their findings was the linear analogue of battacin 2.2 with a shorter fatty 

acid, 4R/4S-methylhexanoic acid (MHA), was more active than the native cyclic structure.216 

Interestingly, battacin analogue 2.2 was also found to be highly potent against the Gram positive 

pathogen S. aureus, while the native cyclic structure 2.1 was not, akin to its structural analogues 

in the polymyxin family. Furthermore, like polymyxin antibiotics, battacin analogue 2.2 was also 

shown to induce damage to both the outer and inner bacterial membranes. 
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Figure 2-1. Chemical structure of battacin 2.1 and linear analogue 2.2 with improved activity. 

To further develop battacin analogues for combatting multidrug-resistant Gram-negative 

bacteria, we were particularly interested in generating a series of linear analogues that differ 

in the chemical composition of the lipid chain. We recently reported a novel lipidation 

technology, based on the thiol-ene reaction, termed “CLipPA” — Cysteine Lipidation on 

a Peptide or Amino acid that enables a lipid to be installed selectively on a peptide under 

UV irradiation.186,467,468 This strategy has been applied to the synthesis of biologically active 

self-adjuvanting antigenic peptides186 and calcitonin gene-related peptide (CGRP) receptor 

antagonists.451 We herein report the preparation of a focused library of novel linear battacin 

analogues using our thiol-ene CLipPA technology and their activity against Gram-negative 

and Gram-positive bacteria. Several of these analogues possessed broad-spectrum 

antibacterial properties. 

The CLipPA reaction is carried out by irradiating (365 nm) a NMP solution of a peptide 

with a thiol handle 2.3, a vinyl ester containing a lipid of the desired chain length and 

photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA). The generated sulfur 

radical species quickly reacts with the vinyl group of the ester to give a stabilized radical 

intermediate 2.4. Hydride transfer by tert-butylthiol (tBuSH) and triisopropylsilane (TIPS) then 

affords the desired, lipidated peptide 2.5 (Scheme 2-1). In the absence of the hydride reagent, an 

undesired bis-adduct 2.6 forms alongside 2.5. The pH of the reaction is lowered using 

trifluoroacetic acid (TFA) to protonate electron rich side chain residues, thus preventing the 
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propagation of radical species by single-electron transfer from 2.4.467,480 The reaction conditions 

are mild, generally high-yielding, atom economical, and chemoselective. Thus, fully deprotected 

peptides are amenable to CLipPA. 

 

Scheme 2-1. CLipPA thiol-ene reaction on a polypeptide with a vinyl ester yielding site selective S-linked lipopeptides. 

We envisaged the functionalization of the N-terminus of linear battacin analogue 2.2 with a 

suitable thiol handle, which would serve as the site for the chemoselective conjugation of vinyl 

esters using CLipPA technology to generate a library of lipidated linear battacin analogues. 

2 Results and Discussion 

The synthesis of the CLipPA analogues (Scheme 2-2) of linear battacin 2.2 entailed the use of 

(9H-fluoren-9-yl)methoxycarbonyl (Fmoc) based SPPS to construct two N-terminal thiol-

containing sequences with a Cys or 3-mercaptopropionate (MPA). Subsequent CLipPA-enabled 

conjugation of the lipid afforded two sets of lipidated analogues – C and M series, respectively. 

Synthesis of the linear battacin analogues began with the formation of linker-resin 2.7 by loading 

Fmoc-protected Rink amide linker onto aminomethyl-polystyrene resin using 6-chloro-1-

hydroxybenzotriazole (6-Cl-HOBt) and N,N’-diisopropylcarbodiimide (DIC) followed by Fmoc 

protecting group removal using piperidine/DMF (1:4 v/v). The peptide sequence was then 

elongated using Fmoc-SPPS under microwave irradiation. Briefly, condensation of each 

subsequent amino acid was carried out using 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HATU) as coupling reagent and N,N-

diisopropylethylamine (DIPEA) as base, in DMF (5 min, 25 W, 50 °C) and N-terminal Fmoc 
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protecting groups were removed by treating the resin with piperidine/DMF (1:4 v/v) (2 × 3min, 50 

W, 75 °C). The completion of each coupling step was confirmed by a negative result from the 

ninhydrin test.382 Following successful assembly of the resin-bound peptide 2.8, a portion was 

treated with a TFA cocktail (TFA/DODT/H2O/TIPS, 94:2.5:2.5:1 v/v/v/v) to yield linear sequence 

2.9 for use as a negative control in the antimicrobial assays. For the positive control, MHA was 

coupled onto another portion of peptidyl resin 2.8. Subsequent treatment with a TFA cocktail 

afforded the linear battacin analogue 2.2. 

The remaining peptidyl resin 2.8 was functionalized with a thiol-containing residue. Coupling of 

trityl-protected Cys and subsequent Fmoc removal yielded 2.10. While coupling trityl-protected 

MPA yielded 2.11. Following treatment with TFA cocktail described above afforded CLipPA 

precursor sequences with a Cys thiol handle 2.12 or with an MPA thiol handle 2.13, the progenitors 

of the analogues classified into C- or M-series, respectively. The two series enabled the elucidation 

on the effect on the antimicrobial activities as a result of the presence/absence of an additional 

amino group at the N-terminus upon antimicrobial activity. 

Purified linear peptides 2.12 or 2.13, photoinitiator DMPA and a series of commercially available 

vinyl esters 2.14 bearing diverse lipid moieties were dissolved in a solution of NMP with CLipPA 

additives. The reaction mixture was then irradiated under UV at 365 nm to enable S-lipidation. 

Conjugating vinyl esters 2.14 onto peptide 2.12 afforded C-series battacin analogues 2.12a – 2.12f, 

while conjugation onto peptide 2.13 afforded M-series battacin analogues 2.13a – 2.13f (Figure 

2-2). 

The antimicrobial profiles of the synthetic analogues were evaluated by examining their minimum 

inhibitory concentration (MIC) values against the Gram-negative bacteria E. coli, P. aeruginosa 

and A. calcoaceticus and against the Gram-positive bacteria S. aureus (Table 2-1). As expected, 

non-lipidated linear battacin 2.9, showed very poor activity (128 μM against E. coli) across all four 

strains of bacteria. To our surprise, linear battacin analogue 2.2 exhibited only moderate or no 

inhibition of growth and was strikingly less potent than the previous report.216 However, this can 

likely be attributed to differences in susceptibility between different strains of the bacterial species 

tested. Because a direct comparison of MICs cannot be made, tetracycline and ampicillin were 

also tested alongside as reference compounds. 
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Scheme 2-2. Synthetic strategy of lipopeptide battacin analogues 2.12a – 2.12f and 2.13a – 2.13f. 
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Figure 2-2. Structures of battacin analogues used for elucidating MICs against bacteria. 2.9 was the negative control and 2.2 was 

the lead compound. The remaining analogues were accessed through CLipPA using free thiols from cysteine 2.12 in C-series (2.12a 

– 2.12f, blue) and from MPA 2.13 in M-series (2.13a – 2.13f, red). 
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Table 2-1. MIC of battacin CLipPA analogues. 

Peptide E. coli P. aeruginosa A. calcoaceticus S. aureus 

 MIC (µM) 

2.9 128 >128  >128 >128 

2.2 8 >128 128 64 

2.12 32 64 64 128 

2.12a 32 >128 >128 >128 

2.12b 16 >128 >128 128 

2.12c 16 32 32 8 

2.12d 16 128 >128 >128 

2.12e 8 64 128 64 

2.12f 8 8 32 8 

2.13 32 32 64 64 

2.13a 16 >128 >128 >128 

2.13b 16 >128 >128 128 

2.13c 8 8 32 8 

2.13d 16 64 128 64 

2.13e 8 64 64 32 

2.13f 8 16 32 8 

Tetracycline - 8 2 - 

Ampicillin 2 - - 0.125 

Comparing analogues that are S-lipidated with the same vinyl ester, e.g. 2.12a against 2.13a, 

indicated that the M-series of analogues inhibited growth at either the same or lower 

concentrations. Hence, this suggests that the N-terminal amino group in the C-series introduced a 

positive charge that was generally unfavourable for activity. Given the proximity of the charge to 

the lipid tail, we suggest it may hinder insertion of the lipid tail upon membrane interaction. 

Moreover, it could impede the aggregation of monomers. 

Despite not having a lipid tail, 2.12 and 2.13 exhibited activity comparable to 2.2, potentially 

deriving from reactive thiols.481 

For the CLipPA analogues, the lowest MIC values (8 μM) were obtained from analogues 

containing long alkyl chains (2.12c and 2.13c) and aromatic moieties (2.12e, 2.12f, 2.13e and 

2.13f). 

The MIC values of the linear alkyl chain analogues (2.12a – 2.12c and 2.13a – 2.13c) showed that 

increasing the chain length enhanced potency. While the shortest chain analogues 2.13a and 2.13b 

(MIC >128 μM) showed no inhibition of P. aeruginosa growth, long chain analogue 2.13c was 

the most potent with an MIC of 8 μM. Peptide 2.13c was also the most potent compound against 

all four species evaluated. 
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For the analogues conjugated with the bulky pivalate ester (2.12d and 2.13d), the MIC values were 

moderate to high (16 to >128 μM). Potentially, the steric bulk of the tert-butyl group could hinder 

insertion into the membrane, as well as aggregation between monomers. The benzoate analogues 

(2.12e and 2.13e), where aggregation could be facilitated through π-stacking, also showed 

moderate or no inhibitory activity against most test species. However the tert-butyl substituted 

benzoate analogues (2.12f and 2.13f), showed significantly more potent activity, with 2.12f being 

equipotent to 2.13c across all test species and 2.13f being similarly active. The enhanced activity 

of the substituted benzoates suggests that the tert-butyl or aromatic groups alone do not confer 

sufficient hydrophobicity to the peptide and the tert-butyl bulk is actually well-tolerated. 

The minimum bactericidal concentrations (MBCs) of these compounds were all equivalent to or 

within 2-fold of the respective MICs (Table 2-2, Section 4.4).482 

3 Conclusion 

In summary, we prepared a series of novel lipopeptides based on the antimicrobial linear battacin 

analogue 2.2 by introducing lipid bearing vinyl esters onto this framework. Conjugating long alkyl 

chains or tert-butyl substituted benzoates provided the most potent antimicrobial compounds. The 

antibacterial properties exhibited by the synthetic analogues described in this work show that 

active antimicrobial lipopeptides can be synthesized by employing CLipPA technology. 
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4 Experimental 

4.1 General Information 

All reagents were purchased as reagent grade and used without further purification unless 

otherwise noted. Vinyl propionate, vinyl butyrate, vinyl decanoate, vinyl pivalate, vinyl benzoate, 

vinyl 4-tert-butylbenzoate, DMPA, tBuSH, DODT, TIPS, DIPEA, piperidine, DIC and NMP were 

purchased from Sigma-Aldrich (St. Louis, Missouri). HATU and Fmoc-Leu-OH were purchased 

from GL Biochem (Shanghai, China). 6-Cl-HOBt was purchased from AAPPTec (Louisville, 

Kentucky). Fmoc-Dab(Boc)-OH was purchased from AK Scientific (Union City, California). 

Fmoc-D-Dab(Boc) and Fmoc-D-Phe-OH) were purchased from ChemPep (Wellingon, Florida). 

DMF was purchased from Scharlau (Barcelona, Spain), MeCN was purchased from Fisher 

Scientific (Fair Lawn, New Jersey) and TFA was obtained from Oakwood Chemicals (Estill, NC). 

H2O was purified using a Sartorius arium® pro ultrapure water system. 

Microwave assisted reactions were performed in a CEM (Matthews, NC) Discover SP, Model 

908010 reactor. Analytical RP-HPLC was used to analyse final compounds and performed on a 

Dionex (Sunnyvale, CA) UltiMate 3000 system using a Waters (Milford, MA) Xterra MS C18 (5 

μm 4.6 × 150 mm) column, and Chromeleon software was used for data processing. Buffer A: 

0.1% (v/v) TFA in H2O; buffer B: 0.1% (v/v) TFA in MeCN. LC-MS was performed on an Agilent 

(Santa Clara, CA) 1260 Infinity with UV absorbance at λ = 214 nm equipped with an Agilent 6120 

Quadrupole LC-MS using an Agilent Zorbax 300SB-C3 column (3.5 μm, 3.0 × 150 mm). Data 

processing was carried out by Agilent OpenLAB software. Buffer A: 0.1% (v/v) formic acid in 

H2O; buffer B: 0.1% (v/v) formic acid in MeCN. Crude peptides was purified on Dionex UltiMate 

3000 preparative HPLC using Agilent Zorbax 300SB-C18 column (5 μm, 9.4 × 250 mm) and 

Chromeleon software was used for data processing. Ultraviolet irradiation was carried out using 

Spectroline (Westbury, NY) hand-held lamp EA-160/FA, 6 W integrally filtered tube at 50 Hz, 

0.17 A and λ = 365 nm. Equipment used for biological testing carried out in separate labs and 

details are given within the methods. 
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4.2 General Methods 

General method A: attachment of Rink-amide linker to aminomethyl-polystyrene resin 

 

Aminomethyl-polystyrene resin (880 mg, 0.8 mmol, 0.91 mmol/g) was swollen in DMF/CH2Cl2 

(8 mL, 1:1 v/v) for 15 min and the solvent was drained. Fmoc-Rink amide (1.2 g, 3.2 mmol, 4 eq.) 

was dissolved in DMF/CH2Cl2 (8 mL, 1:4 v/v), then DIC (501 μL, 3.2 mmol, 4 eq.) and 6-Cl-

HOBt (542 mg, 4.0 mmol, 4 eq.) were added. The reaction mixture was added to the resin and 

agitated for 3 h. The solution was drained and the resin was washed with DMF (3 × 8 mL) and 

dried by washing with MeOH (3 × 8 mL). A negative ninhydrin test indicated the completion of 

the reaction. The N-protecting group was removed by treatment with piperidine/DMF (1:4 v/v, 8 

mL, 2 × 5 min). The solution was drained and the resin was washed with DMF (3 × 8 mL). 

General method B: microwave coupling of amino acid 

 

Fmoc protected amino acid (2 mmol, 2.5 eq.), HATU (700 mg, 1.8 mmol, 2.3 eq.) was dissolved 

in DMF (8 mL). DIPEA (700 μL, 4.0 mmol, 5 eq.) was added to the amino acid mixture and 

allowed to activate for 30 s before adding the activated amino acid to the linker-resin. The reaction 

mixture was irradiated under microwave (25 W, 50 °C, 5 min), the solution drained and the resin 

was washed with DMF (3 × 8 mL) and dried by washing with MeOH (3 × 8 mL). The completion 

of the coupling was monitored using the ninhydrin test.382 The N-protecting group was removed 

by treatment with piperidine/DMF (1:4 v/v, 2 × 8 mL) under microwave irradiation (50 W, 75 °C, 

2 × 3 min). 
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General method C: acid cleavage of the peptide off the resin 

 

Elongated peptidyl resin was cleaved from the resin by treatment with TFA:DODT:H2O:TIPS 

(94:2.5:2.5:1 v/v/v/v, 20 mL) for 2 h. The TFA was evaporated by sparging under a stream of 

nitrogen and the peptide was triturated with diethyl ether. Centrifuging gave a peptide pellet which 

was dissolved in 0.1% (v/v) TFA in H2O:MeCN (1:1 v/v).The identity of the peptide product was 

confirmed using LC-MS (5 – 95% B, 3% B/min, 0.3 mL/min, Agilent® C3 column (Zorbax, 3.0 

× 150 mm; 3.5 μm), wherein solvent A = H2O (+ 0.1% TFA, v/v), and solvent B = MeCN (+ 0.1% 

TFA, v/v). The peptide was then lyophilized or directly purified according to General Method D. 

General method D: purification 

Crude peptide was dissolved in 0.1% (v/v) TFA in H2O:MeCN (4:1 v/v), centrifuged and filtered 

using Phenomenex (Torrance, CA) Phenex syringe filters (26 mm, 0.45 μm). The filtrate was 

injected in 2500 μL aliquots and purified using a slow gradient on RP-HPLC (1 – 95% B, 1% 

B/min, 4 mL/min).483 The fractions were collected based on UV absorbance at wavelengths of 210 

nm, 230 nm, 254 nm and 280 nm, followed mass-spectrometry analysis (ESI+ 100 V; H2O:MeCN; 

1:1 v/v, 0.2 mL/min). The fractions containing the purified peptide were combined and lyophilized. 

 General method E: direct conjugation of vinyl esters and free thiol-containing peptide using 

CLipPA 

 

NMP was sparged with argon for 15 min, to which purified linear peptide was added (10 mg/mL), 

along with the desired vinyl ester (20 eq.), DMPA (1 eq.) and TIPS (80 eq.). TFA (5% v/v) and 

tBuSH (80 eq.) were then added to the mixture under argon and the mixture irradiated under at 

365 nm, r.t., 1 h. The reaction was monitored using LC-MS (5 – 95% B, 3% B/min, 0.3 mL/min). 

Upon completion of the reaction, the mixture was triturated with diethyl ether (40 mL, 4 °C). 

Centrifuging gave a peptide pellet which was dissolved in 0.1% (v/v) TFA in H2O:MeCN (1:1 v/v). 

Purification according to General Method D gave purified peptides 2.12, 2.12a – 2.12f, 2.13, 

2.13a – 2.13f. 
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4.3 Synthesis of battacin analogues 

4.3.1 Synthesis of linear battacin analogue 2.2 

 

Peptidyl resin 2.8 was synthesized using microwave-enhanced Fmoc SPPS according to General 

Method A and B. A portion of 2.8 (0.1 mmol) was used for coupling 4R/4S-methylhexanoic acid 

(MHA) (57 μL, 0.4 mmol, 4 eq.) onto the N-terminus of D-Dab using HATU/DIPEA as detailed 

in General Method B. The peptide was cleaved from the resin according to General Method C 

and then purified according to General Method D. Lyophilization yielded purified linear battacin 

analogue 2.2 (58 mg, 57.7% yield, 99% purity) as a white solid; RP-HPLC: tR = 14.7 min, ESI-

MS: [M + H]+ found 1004.6, [C48H86N14O9 + H]+ requires 1003.7, Figure 2-3. 

 

Figure 2-3. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.2 (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.2 Synthesis of linear battacin sequence 2.9 

 

Peptidyl resin 2.8 was synthesized using microwave-enhanced Fmoc SPPS according to General 

Method A and B. The peptide was cleaved from the resin according to General Method C and 

then purified according to General Method D. Lyophilization yielded purified linear battacin 

sequence 2.9 (69 mg, 77% yield, 96% yield) as a white solid; RP-HPLC: tR = 11.3 min, ESI-MS: 

[M + H]+ found 891.5, [C41H74N14O18 + H]+ requires 891.6, Figure 2-4. 

 

Figure 2-4. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin sequence 2.9 (ca. 96% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.3 Synthesis of linear battacin analogue 2.12 

 

Peptidyl resin 2.8 was synthesized using microwave-enhanced Fmoc SPPS according to General 

Method A and B. A portion of 2.8 (0.3 mmol) was used for coupling Fmoc-Cys(Trt)-OH (703 

mg, 1.2 mmol, 4 eq.) onto the N-terminus of D-Dab using HATU (433 mg, 1.1 mmol, 3.8 eq.) and 

DIPEA (402 μL, 2.4 mmol, 8 eq.) according to General Method B. The peptide was cleaved from 

the resin according to General Method C and then purified according to General Method D. 

Lyophilization yielded purified linear battacin analogue 2.12 (88.8 mg, 29.8% yield, 98% purity) 

as a white solid; RP-HPLC: tR = 12.5 min, ESI-MS: [M + H]+ found 994.5, [C44H79N15O9S + H]+ 

requires 994.6, Figure 2-5. 

 

Figure 2-5. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12 (ca. 98% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.4 Synthesis of linear battacin CLipPA analogue 2.12a 

 

Purified peptide 2.12 (14.1 mg, 14.2 μmol), DMPA (3.6 mg, 14.2 μmol, 1 eq.), vinyl propionate 

(31 μL, 0.3 mmol, 20 eq.) and TIPS (233 μL, 1.1 mmol, 80 eq.) were dissolved in NMP (1.41 mL, 

10 mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. Volatile liquids 

tBuSH (128 μL, 1.1 mmol, 80 eq.) and TFA (71 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. Purification according to 

General Method D yielded purified linear battacin CLipPA analogue 2.12a (5.4 mg, 10.4% yield, 

97% purity) as a white solid; RP-HPLC: tR = 13.4 min, ESI-MS: [M + H]+ found 1094.6, 

[C49H87N15O11S + H]+ requires 1094.6, Figure 2-6. 

 

Figure 2-6. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12a (ca. 97% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.5 Synthesis of linear battacin CLipPA analogue 2.12b 

 

Purified peptide 2.12 (14.3 mg, 14.4 μmol), DMPA (3.7 mg, 14.4 μmol, 1 eq.), vinyl butyrate (37 

μL, 0.3 mmol, 20 eq.) and TIPS (236 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.43 mL, 10 

mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. Volatile liquids tBuSH 

(130 μL, 1.2 mmol, 80 eq.) and TFA (72 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.12b (2.7 mg, 5.0% yield, 99% purity) as a white solid; RP-HPLC: tR = 13.9 min, ESI-MS:  

[M + H]+ found 1108.6, [C50H89N15O11S + H]+ requires 1108.7, Figure 2-7. 

 

Figure 2-7. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12b (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.6 Synthesis of linear battacin CLipPA analogue 2.12c 

 

Purified peptide 2.12 (14.6 mg, 14.7 μmol), DMPA (3.8 mg, 14.7 μmol, 1 eq.), vinyl decanoate 

(66 μL, 0.3 mmol, 20 eq.) and TIPS (241 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.46 mL, 

10 mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. Volatile liquids 

tBuSH (133 μL, 1.2 mmol, 80 eq.) and TFA (73 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.12c (0.7 mg, 1.2% yield, 97% purity) as a white solid; RP-HPLC: tR = 17.7 min, ESI-MS:  

[M + H]+ found 1192.6, [C56H101N15O11S + H]+ requires 1192.8, Figure 2-8. 

 

Figure 2-8. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12c (ca. 97% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.7 Synthesis of linear battacin CLipPA analogue 2.12d 

 

Purified peptide 2.12 (14.6 mg, 14.7 μmol), DMPA (3.8 mg, 14.7 μmol, 1 eq.), vinyl pivalate (43 

μL, 0.3 mmol, 20 eq.) and TIPS (241 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.46 mL, 10 

mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. Volatile liquids tBuSH 

(133 μL, 1.2 mmol, 80 eq.) and TFA (73 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.12d (1.9 mg, 3.4% yield, 99% purity) as a white solid; RP-HPLC: tR = 14.4 min, ESI-MS:  

[M + H]+ found 1122.6, [C49H87N15O11S + H]+ requires 1122.7, Figure 2-9. 

 

Figure 2-9. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12d (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.8 Synthesis of linear battacin CLipPA analogue 2.12e 

 

Purified peptide 2.12 (15.1 mg, 15.2 μmol), DMPA (3.9 mg, 15.2 μmol, 1 eq.), vinyl benzoate (42 

μL, 0.3 mmol, 20 eq.) and TIPS (249 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.51 mL, 10 

mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. Volatile liquids tBuSH 

(137 μL, 1.2 mmol, 80 eq.) and TFA (76 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.12e (0.8 mg, 1.4% yield, 99% purity) as a white solid; RP-HPLC: tR = 17.8 min, ESI-MS:  

[M + H]+ found 1142.6, [C49H87N15O11S + H]+ requires 1142.6, Figure 2-10. 

 

Figure 2-10. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12e (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.9 Synthesis of linear battacin CLipPA analogue 2.12f 

 

Purified peptide 2.12 (15.4 mg, 15.5 μmol), DMPA (4.0 mg, 15.5 μmol, 1 eq.), vinyl 4-tert-

butylbenzoate (63 μL, 0.3 mmol, 20 eq.) and TIPS (254 μL, 1.2 mmol, 80 eq.) were dissolved in 

NMP (1.54 mL, 10 mg/mL final concentration w.r.t. 2.12) and degassed with argon for 15 min. 

Volatile liquids tBuSH (140 μL, 1.2 mmol, 80 eq.) and TFA (77 μL, 5% v/v) were added under 

argon. The mixture underwent the CLipPA reaction according to General Method E. The peptide 

was purified according to General Method D. Lyophilization yielded purified linear battacin 

CLipPA analogue 2.12f (3.9 mg, 6.3% yield, 99% purity) as a white solid; RP-HPLC: tR = 16.6 

min, ESI-MS: [M + H]+ found 1198.6, [C49H87N15O11S + H]+ requires 1198.7, Figure 2-11. 

 

Figure 2-11. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.12f (ca. 98% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.10 Synthesis of linear battacin analogue 2.13 

 

Peptidyl resin 2.8 was synthesized using microwave-enhanced Fmoc SPPS according to General 

Method A and B. A portion of 2.8 (0.3 mmol) was used for coupling (3-trityl)mercaptopropionic 

acid (418 mg, 1.2 mmol, 4 eq.) onto the N-terminus of D-Dab using HATU (433 mg, 1.1 mmol, 

3.8 eq.) and DIPEA (402 μL, 2.4 mmol, 8 eq.) according to General Method B. The peptide was 

cleaved from the resin according to General Method C and then purified according to General 

Method D. Lyophilization yielded purified linear battacin analogue 2.13 (93.8 mg, 31.9% yield, 

95% purity) as a white solid; RP-HPLC: tR = 16.8 min, ESI-MS: [M + H]+ found 979.5, 

[C44H78N14O9S + H]+ requires 979.6, Figure 2-12. 

 

Figure 2-12. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13 (ca. 95% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.11 Synthesis of linear battacin CLipPA analogue 2.13a 

 

Purified peptide 2.13 (14.5 mg, 14.8 μmol), DMPA (3.8 mg, 14.8 μmol, 1 eq.), vinyl propionate 

(32 μL, 0.3 mmol, 20 eq.) and TIPS (243 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.45 mL, 

10 mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. Volatile liquids 

tBuSH (134 μL, 1.2 mmol, 80 eq.) and TFA (73 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.13a (7.8 mg, 15.6% yield, 98% purity) as a white solid; RP-HPLC: tR = 14.3 min, ESI-MS:  

[M + H]+ found 1079.6, [C49H86N14O11S + H]+ requires 1079.6,  Figure 2-13. 

 

Figure 2-13. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13a (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.12 Synthesis of linear battacin CLipPA analogue 2.13b 

 

Purified peptide 2.13 (14.6 mg, 14.9 μmol), DMPA (3.8 mg, 14.9 μmol, 1 eq.), vinyl butyrate (38 

μL, 0.3 mmol, 20 eq.) and TIPS (245 μL, 1.2 mmol, 80 eq.) were dissolved in NMP (1.46mL, 10 

mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. Volatile liquids tBuSH 

(135 μL, 1.2 mmol, 80 eq.) and TFA (73 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.13b (8.6 mg, 16.8% yield, 99% purity) as a white solid; RP-HPLC: tR = 14.8 min, ESI-MS: [M 

+ H]+ found 1093.6, [C50H88N14O11S + H]+ requires 1093.7, Figure 2-14. 

 

Figure 2-14. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13b (ca. 99% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.13 Synthesis of linear battacin CLipPA analogue 2.13c 

 

Purified peptide 2.13 (11.6 mg, 11.9 μmol), DMPA (3.0 mg, 11.9 μmol, 1 eq.), vinyl decanoate 

(53 μL, 0.2 mmol, 20 eq.) and TIPS (194 μL, 0.9 mmol, 80 eq.) were dissolved in NMP (1.16 mL, 

10 mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. Volatile liquids 

tBuSH (107 μL, 0.9 mmol, 80 eq.) and TFA (58 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.13c (2.8 mg, 6.4% yield, 94% purity) as a white solid; RP-HPLC: tR = 18.5 min, ESI-MS: [M + 

H]+ found 1177.7, [C56H100N14O11S + H]+ requires 1177.7, Figure 2-15. 

 

Figure 2-15. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13c (ca. 94% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.14 Synthesis of linear battacin CLipPA analogue 2.13d 

 

Purified peptide 2.13 (15.3 mg, 15.6 μmol), DMPA (4.0 mg, 15.6 μmol, 1 eq.), vinyl pivalate (46 

μL, 0.3 mmol, 20 eq.) and TIPS (256 μL, 1.3 mmol, 80 eq.) were dissolved in NMP (1.53 mL, 10 

mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. Volatile liquids tBuSH 

(141 μL, 1.3 mmol, 80 eq.) and TFA (77 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.13d (7.9 mg, 14.6% yield, 95% purity) as a white solid; RP-HPLC: tR = 14.7 min, ESI-MS: [M 

+ H]+ found 1107.6, [C51H90N14O11S + H]+ requires 1107.7, Figure 2-16. 

 

Figure 2-16. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13d (ca. 95% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.15 Synthesis of linear battacin CLipPA analogue 2.13e 

 

Purified peptide 2.13 (15.7 mg, 16.0 μmol), DMPA (4.1 mg, 16.0 μmol, 1 eq.), vinyl benzoate (44 

μL, 0.3 mmol, 20 eq.) and TIPS (263 μL, 1.3 mmol, 80 eq.) were dissolved in NMP (1.57 mL, 10 

mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. Volatile liquids tBuSH 

(145 μL, 1.3 mmol, 80 eq.) and TFA (79 μL, 5% v/v) were added under argon. The mixture 

underwent the CLipPA reaction according to General Method E. The peptide was purified 

according to General Method D. Lyophilization yielded purified linear battacin CLipPA analogue 

2.13e (4.5 mg, 7.9% yield, 96% purity) as a white solid; RP-HPLC: tR = 15.6 min, ESI-MS: [M + 

H]+ found 1127.7, [C53H86N14O11S + H]+ requires 1127.7, Figure 2-17. 

 

Figure 2-17. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13e (ca. 96% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.3.16 Synthesis of linear battacin CLipPA analogue 2.13f 

 

Purified peptide 2.13 (15.5 mg, 15.8 μmol), DMPA (4.1 mg, 15.8 μmol, 1 eq.), vinyl 4-tert-

butylbenzoate (65 μL, 0.3 mmol, 20 eq.) and TIPS (260 μL, 1.3 mmol, 80 eq.) were dissolved in 

NMP (1.55 mL, 10 mg/mL final concentration w.r.t. 2.13) and degassed with argon for 15 min. 

Volatile liquids tBuSH (143 μL, 1.3 mmol, 80 eq.) and TFA (78 μL, 5% v/v) were added under 

argon. The mixture underwent the CLipPA reaction according to General Method E. The peptide 

was purified according to General Method D. Lyophilization yielded purified linear battacin 

CLipPA analogue 2.13f (3.0 mg, 5.1% yield, 96% purity) as a white solid; RP-HPLC: tR = 17.5 

min, ESI-MS: [M + H]+ found 1183.6, [C49H86N14O11S + H]+ requires 1183.7, Figure 2-18. 

 

Figure 2-18. Analytical RP-HPLC trace with inset ESI-MS spectrum of linear battacin analogue 2.13f (ca. 96% as judged by peak 

area of RP-HPLC at 210 nm); Agilent Zorbax 300SB-C3, (3.0 mm × 150 mm; 5 μm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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4.4 Antibacterial susceptibility testing 

Bacteria were routinely grown in non-cation adjusted Mueller Hinton (MH) broth at 37 C with 

shaking (200 rpm). MIC assay was performed following to a previously reported protocol.484 

Briefly, a two-fold dilution series (from 128 M to 0.0625 M, final) was prepared in 

polypropylene 96-well plates using MH media. Overnight cultures of bacteria were diluted in fresh 

MH before adding 50 L of inoculum to each well of the MIC plate, to achieve a final volume of 

100 L with a uniform CFU/mL of ~5 × 105 in each well. Plates were incubated at 37 C with 

shaking for 24 h before determining the MIC. MIC’s were determined as the lowest concentration 

at which growth did not occur. MBC’s were determined by diluting 10 L of culture from the MIC 

plate in sterile PBS down to 10-3, before spot plating 10 L onto Brain Heart Infusion (BHI) agar 

plates. Spots were left to dry before incubating at 37 C for 24 h. MBC’s were determined as the 

lowest concentration at which growth did not occur (Table 2-2). 

Table 2-2. MIC and MBC in parentheses of linear battacin CLipPA analogues in µM. 

Peptide E. coli 

ATCC 10546 

P. aeruginosa 

PA01 

A. calcoaceticus 

NZRM 150 

S. aureus 

ATCC 6538 

 MIC MBC MIC MBC MIC MBC MIC MBC 

2.9 128 128 >128  >128 >128 >128 >128 >128 

2.2 8 8 >128 >128 128 128 64 128 

2.12 32 32 64 128 64 64 128 128 

2.12a 32 32 >128 >128 >128 >128 >128 >128 

2.12b 16 16 >128 >128 >128 >128 128 >128 

2.12c 16 32 32 32 32 32 8 8 

2.12d 16 16 128 >128 >128 >128 >128 >128 

2.12e 8 8 64 128 128 >128 64 64 

2.12f 8 8 8 16 32 32 8 16 

2.13 32 32 32 >128 64 64 64 64 

2.13a 16 32 >128 >128 >128 >128 >128 >128 

2.13b 16 16 >128 >128 >128 >128 128 128 

2.13c 8 8 8 16 32 32 8 8 

2.13d 16 16 64 >128 128 128 64 128 

2.13e 8 16 64 128 64 64 32 32 

2.13f 8 8 16 16 32 32 8 8 

Tetracycline - - 8 128 2 8 - - 

Ampicillin 2 2 - - - - 0.125 0.25 
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1 Background 

Nature has historically been the primary source of medicinally important antibiotics.485 By 

screening soil microorganisms, Ling et al. discovered the novel antimicrobial peptide 

(AMP) teixobactin 3.1 (Figure 3-1), isolated from bacterium Eleftheria terrae.115 

Teixobactin exhibited potent activity against Gram-positive pathogens with antimicrobial 

resistance (AMR) such as methicillin-resistant Staphylococcus aureus (MRSA [MIC = 0.25 

μg/ml]). Crucially, resistance in S. aureus was not induced by exposure to sub-lethal doses 

of teixobactin. The lack of resistance was found to be due to teixobactin binding to highly 

conserved targets lipid II and lipid III. As both of these are non-protein precursors to the 

bacterial cell wall, they cannot be easily mutated to impart AMR. 

Structurally, teixobactin is an undecapeptide with a cyclic tetradepsipeptide and a seven-

residue exocyclic chain comprised of four d-amino acid residues and a rare l-allo-

enduracididine (End) residue.486 The total synthesis of teixobactin has been independently 

reported by the Li and Payne groups, as well as the complete solution-phase total synthesis 

by the Reddy group.487–489 Collectively, it was established that the End residue, containing 

a cyclic guanidine moiety, was the bottleneck for developing an efficient synthesis of 

teixobactin, limiting its potential as a drug candidate. This is due to the preparation of the 

End building block requiring a lengthy and low-yielding synthetic route. 

The Albericio group181 demonstrated that End can be substituted for arginine (L-Arg10-

teixobactin 3.2, Figure 3-1), leading to a much simpler and overall higher-yielding 

synthetic route. Despite this substitution, the L-Arg10-teixobactin analogue maintained 

excellent, albeit reduced potency, with MIC values ranging 1 – 4 μg/mL across a number 

of Gram-positive bacterial species.311,490 The rationale for this substitution being that the 

positive charge from the guanidinium group was the moiety responsible for eliciting 

antibacterial activity. Indeed, other positively charged isosteres have been substituted and 

demonstrated activity. These include lysine, ornithine, histidine, and homoarginine, to 

name a few.117,491 
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Figure 3-1. Structures of teixobactin 3.1 and teixobactin analogues; Arg10-teixobactin 3.2, lipobactin 3.3 and Lys10-

farnesylbactin 3.4. Examples of most relevant MICs from the literature are shown above each structure.311,490,492 The 

End10, Arg10 and Lys10 substitutions (red) and the lipid moieties of lipobactin 3.3 and farnesylbactin 3.4 (blue) are 

highlighted. 

As End is not crucial for antimicrobial activity, many ensuing reports of synthetic 

analogues used L-Arg10-teixobactin as the starting point to conduct structure-activity 

relationship (SAR) studies on teixobactin.116,311,490–504 

As End is not essential for antimicrobial activity, many ensuing reports of synthetic 

analogues used L-Arg10-teixobactin as the starting point to conduct structure-activity 

relationship (SAR) studies of teixobactin.116,311,490–504 Employing this strategy, the Nowick 

group311 demonstrated that the teixobactin macrocycle was an important pharmacophore, 

as a linear Arg10 analogue was inactive. In the same work, they examined the role of the N-

terminal tail by replacing residues 1 – 5 with a 12-carbon linear alkyl lipid. The resultant 

analogue retained potent antimicrobial activity (MIC 4 – 8 μg/mL), albeit with an MIC two- 

or four-fold higher than L-Arg10-teixobactin (MIC 1 – 4 μg/mL) across a range of Gram-

positive bacterial species. This lipophilic analogue was coined ‘lipobactin’ 3.3 (Figure 

3-1). It is understood that the N-terminal tail interacts with the plasma membrane to deliver 
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teixobactin into the vicinity of the binding targets, lipid II and lipid III, in order to confer 

antibacterial activity.311 Lipobactin later inspired the work of the Jamieson group,492 who 

undertook synthesis of farnesyl- and geranyl-derived lipopeptidomimetics of teixobactin 

with residues 1 to 7 truncated. The most potent of the analogues, Lys10-farnesylbactin 3.4, 

elicited activity against both Gram-positive and Gram-negative bacteria with moderate 

potency. 

The work reported herein showcases a technique developed in our group for the facile 

synthesis of an array of lipopeptidomimetics: Cysteine Lipidation on a Peptide and Amino 

acid (CLipPA) (Scheme 3-1).467,468 CLipPA comprises a one-pot thiol-ene reaction 

between a vinyl ester bearing a lipid 3.5 and a peptide containing a free thiol handle 3.6 in 

which irradiation at 365 nm in the presence of photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) forms a thioether-linked lipopeptide 3.7. 

 

Scheme 3-1. Vinyl ester 3.5 and peptide 3.6 with a free thiol is irradiated under UV at 365 nm with a photoinitiator 

(DMPA) to generate S-lipidated peptide 3.7. 

We envisaged that the dodecanoyl chain from lipobactin 3.3 could be replaced with S-

lipidated derivatives of 3-mercaptopropionic acid (MPA) to afford CLipPAbactin 

analogues 3.8 (Figure 3-2). MPA is a structural analogue of cysteine lacking the amine 

group. Previously, we synthesized two concurrent series of S-lipidated analogues of the 

AMP battacin using either cysteine or MPA as the thiol handle to which the lipid was 

attached (0). The MPA series were more active than their cysteine counterparts, established 

by MIC assays against E. coli and S. aureus. Compared to MPA, use of cysteine results in 

an extra charge by protonation of its Nα-amino group at physiological pH. Hence, MPA 

(lacking an additional amino group) was used as the thiol handle for the CLipPAbactin 

analogues. 
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Figure 3-2. General structure CLipPAbactin 3.8 with the S-lipidated moiety (blue). The R group denotes the 

CLipPAbactin derivatives 3.8a – 3.8f (boxed) prepared in the current work. 

2 Results and Discussion 

The three key steps for the synthesis of 3.8 are ester-bond formation, macrolactamization, 

and finally attachment of the lipid moiety (Scheme 3-2). We based our synthesis on that 

described by the Nowick group,311 who performed the key cyclization between Arg and Ile 

in solution. In order to prepare a fully protected peptide suitable for cyclization in solution, 

a linker that is sensitive to weakly acid conditions was required. (4-Hydroxymethyl-3-

methoxyphenoxy)butyric acid (HMPB) linker allows peptide detachment from the resin 

using 0.5 % trifluoroacetic acid (TFA),234,268 thereby allowing for a precursor to be liberated 

from the resin with side chain protecting groups intact and the C-terminus free for 

lactamization with the Nα-amine of the branched Ile residue. HMPB was coupled onto 

aminomethyl-polystyrene resin using N,N’-diisopropylcarbodiimide (DIC) to give linker-

resin 3.9. Following the method reported by the Nowick group,311 3.10 was formed by 

attaching Fmoc-L-Arg(Pbf)-OH to HMPB using DIC with catalysis by 4-

dimethylaminopyridine (DMAP). Through iterative deprotections using piperidine/DMF 

(1:4 v/v) and subsequent coupling steps using commercially-available amino acid building 

blocks activated by 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HATU) and N,N-diisopropylethylamine (DIPEA) under microwave 

irradiation, resin 3.10 was elongated to afford peptidyl resin 3.11. A ninhydrin test showed 

that all couplings were complete.382 D-Thr without side chain protection could be used to 

facilitate the subsequent side chain esterification step as we observed no O-acylation during 

sequence elongation. Initially, for Ser7, we employed tert-butyl (tBu) side chain protection. 

Upon final global deprotection, LC-MS analysis of 3.14 revealed an S-tBu adduct of the 
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MPA group 3.15 (ca. 33%, Figure 3-3, Section 4.3) that could not be reversed. Hence, we 

switched to trityl (Trt) protection for the hydroxyl group of serine, alleviating the problem. 

Resin bound peptide 3.11 was then O-acylated on D-Thr with two treatments of Fmoc-Ile-

OH (10 eq.) activated with DIC (5 eq.) and DMAP (0.5 eq.), giving branched depsipeptidyl 

resin 3.12. LC-MS analysis showed the esterification was efficient with a conversion of ca. 

93% after two coupling cycles. A final Nα-Fmoc deprotection was achieved with one 

treatment of piperidine/DMF (1:4 v/v). The branched depsipeptide was then released from 

the solid support with repeated 15-minute treatments of TFA/CH2Cl2 (0.5:99.5 v/v) until a 

pink colouration on the resin was observed, (ca. 5 iterations) to afford the side chain 

protected cyclization precursor 3.13 in 37% crude yield. 

 

Scheme 3-2. Synthesis of 3.8a – 3.8f. The linear sequence was assembled using Fmoc-SPPS under microwave irradiation: 

i) Fmoc-deprotection: piperidine/DMF (1:4 v/v), 50 W, 75 °C, 2 × 3 min; ii) coupling of amino acids: Fmoc-AA-OH (4 

eq.), HATU (3.8 eq.), DIPEA (8 eq.), 25 W, 50 °C, 5 min in DMF. * D-Thr-OH was coupled without side chain protection. 
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Cyclization of crude 3.13 was effected using HBTU/6-Cl-HOBt/DIPEA (6:6:6 eq.) in a 

mixture of MeCN/THF/CH2Cl2 (6:2:2 v/v/v) for 2 h. The solvent mixture could be readily 

evaporated, conveniently permitting the subsequent addition of the cleavage cocktail to 

remove side chain protecting groups directly. HPLC purification of the fully unprotected 

cyclic depsipeptide afforded crude 3.14, ready for S-lipidation, in 51% crude yield and 80% 

purity. Depsipeptide 3.14 was dissolved in NMP/TFA (95:5 v/v) along with radical initiator 

DMPA, vinyl ester and the scavengers, TIPS and tNonylSH (1:70:80:80 eq. based on 3.14) 

under argon.I The cocktail was irradiated with a UV lamp at 365 nm and stirred for 1 h at 

room temperature. Employing different vinyl esters, we were able to construct a series of 

seven CLipPAbactin analogues 3.8a – 3.8f (Figure 3-2) from the common precursor 3.14, 

yielding 10% to 13% after purification. 

We evaluated the antibiotic activity of the analogues 3.8a – 3.8f against S. aureus using 

lipobactin 3.3 as a reference compound. Lipobactin was prepared according to Scheme 3-3 

and purified to 95%.311 Lipobactin demonstrated an MIC of 8 μM against S. aureus ATCC 

29213 (ca. 6.5 μg/mL, Table 3-2, Section 4.5), which was within two-fold of the reported 

MIC S. epidermidis ATCC 14990 (4 μg/mL)311. Despite the distinct similarity to lipobactin, 

in which hydrophobic residues 1 to 5 of teixobatcin are also replaced with a lipid moiety, 

the CLipPAbactin analogues (3.8a – 3.8f) failed to demonstrate antibacterial activity 

against S. aureus (MIC > 128 μM, Table 3-2). 

I. Tert-nonylthiol (tNonSH) was preferred over the malodorous tert-butylmercaptan as the radical 

scavenger and alkyl transfer agent, originally reported.467 
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Scheme 3-3. Synthesis of Lipobactin 3.3. The linear sequence was assembled using Fmoc-SPPS under microwave 

irradiation: i) Fmoc-deprotection: piperidine/DMF (1:4 v/v), 50 W, 75 °C, 2 × 3 min; ii) coupling of amino acids: Fmoc-

AA-OH (4 eq.), HATU (3.8 eq.), DIPEA (8 eq.), 25 W, 50 °C, 5 min in DMF. *D-Thr-OH was coupled without side chain 

protection. Trt protection of Ser was not required for synthesis of 3.3 and the standard tBu protection was employed. 

To examine the reasons for the lack of bioactivity, the hydrophobicity of the CLipPAbactin 

analogues as a function of lipid tail length were examined by analyses of their RP-HPLC 

retention times and compared to that of lipobactin 3.3 (Table 3-1). 

Table 3-1. RP-HPLC column retention times (tR) of the synthesized compounds and the comparison to lipobactin 3 as a 

function of lipid tail length. 

Peptide tR (min) ∆t (min) ∆ atoms 

3.3 20.38 0 0 

3.8a 14.98 -5.4 -1 

3.8b 16.88 -3.5 +1 

3.8f 15.93 -4.5 +2 

3.8c 18.89 -1.5 +3 

3.8d 23.21 +2.8 +7 

3.8e 27.98 +7.6 +11 

Analogues 3.8a and 3.8b are most similar in atom length with respect to lipobactin 3.3, 

with a difference of one carbon shorter and longer, respectively. Both analogues are 

however, more hydrophilic than 3.3 as judged by their earlier retention times. Based on this 
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observation, we suspect that the bridging unit, –OOCCH2CH2SCH2CH–, imparts 

undesirable hydrophilicity onto the lipid tail as judged by RP-HPLC, likely arising from 

the additional ester moiety and potentially the thioether moiety as well. It was observed 

that CLipPAbactin compounds which are more hydrophobic than 3 require an atom 

difference of +7 or more (3.8d and 3.8e), thereby significantly increasing the length of the 

tail portion. We therefore suggest that the presence of this bridging unit may interfere with 

CLipPAbactin transversing into the bacterial plasma membrane or with the interactions 

towards lipids II and III, thereby preventing any antibiotic activity against S. aureus in our 

MIC assays. 

3 Conclusion 

Despite the lack of antibiotic activity, lipidated teixobactin analogues were successfully 

synthesized using an efficient process that can be achieved with commercially available 

vinyl ester building blocks. The advantage of this technique over classical lipidation is the 

ability to chemoselectively introduce a diverse range of functionalities onto the unprotected 

cyclic teixobactin pharmacophore. Moreover, the synthetic route leading to the CLipPA 

precursor (the teixobactin pharmacophore bearing a thiol handle) is well established, 

facilitating the subsequent one-step CLipPA reaction. 

The unexpected inactivity of the CLipPabactins warrants further investigation into the 

effect of the CLipPA bridging unit upon the interactions of these teixobactin mimetics with 

their intended bacterial membrane targets. Modelling the interactions of the CLipPAbactins 

with the bacterial membrane, comparing the CLipPA lipid to both a simple alkyl chain (the 

lipid tail of lipobactin), and the N-terminal residues of teixobactin, would likely provide 

interesting mechanistic insights for this unique class of AMP. 
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4 Experimental 

4.1 General Information 

All reagents were purchased as reagent grade and used without further purification unless 

otherwise noted. THF was purchased from Avantor (Radnor, PA). Argon was purchased 

from BOC group (Guildford, UK). CH2Cl2, MeOH and diethyl ether were purchased from 

ECP (Auckland, New Zealand). MeCN was purchased from Fisher Scientific (Hampton, 

NH). Fmoc-Arg(Pbf)-OH, Fmoc-Ala-OH, Fmoc-Ser(tBu)-OH, Fmoc-Ile-OH, HATU and 

HBTU were purchased from GL Biochem (Shanghai, China). Fmoc-Ser(Trt)-OH was 

purchased from Peptides International (Louisville, KY). Fmoc-D-Thr-OH and 6-Cl-HOBt 

were purchased from AAPPTec (Louisville, KY). HMPB linker and DMAP was purchased 

from Merck (Darmstadt, Germany). TFA was purchased from Oakwood Chemicals (Estill, 

NC). DMF was purchased from Scharlau (Barcelona, Spain). DIC, DIPEA, DMPA, DODT, 

lauric acid, 3-(tritylthio)propionic acid, NMP, piperidine, TIPS, tNonSH, vinyl benzoate 

and vinyl butyrate were purchased from Sigma-Aldrich (St. Louis, MO). Aminomethyl-

polystyrene resin was purchased from Rapp polymere (Tübingen, Germany). Vinyl laurate, 

vinyl hexanoate, vinyl octanoate and vinyl palmitate were purchased from TCI (Tokyo, 

Japan). H2O was purified using a Sartorius (Göttingen, Germany) arium® pro ultrapure 

water system. 

Microwave irradiated reactions were performed in a CEM (Matthews, NC) Discover SP, 

Model 908010 reactor. Dibenzofulvene measurements for the Fmoc release assay was 

performed in a Shimadzu (Kyoto, Japan) UV-1280 spectrophotometer at 290 nm. 

Analytical RP-HPLC was used to analyse final compounds and performed on a Dionex 

(Sunnyvale, CA) UltiMate 3000 system using a Waters (Milford, MA) Xterra MS C18 (5 

μm 4.6 × 150 mm) column, and Chromeleon software was used for data processing. Buffer 

A: 0.1% (v/v) TFA in H2O; buffer B: 0.1% (v/v) TFA in MeCN. LC-MS was performed on 

an Agilent (Santa Clara, CA) 1260 Infinity with UV absorbance at λ = 214 nm equipped 

with an Agilent 6120 Quadrupole LC-MS using an Agilent Zorbax 300SB-C3 column (3.5 

μm, 3.0 × 150 mm) column with a linear gradient of 5 – 95% B (ca. 3% B/min) at r.t., with 

a flow rate of 0.3 mL/min. Data processing was carried out by Agilent OpenLAB software. 

Buffer A: 0.1% (v/v) formic acid in H2O; buffer B: 0.1% (v/v) formic acid in MeCN. Crude 

peptides were purified on Dionex UltiMate 3000 preparative HPLC using Agilent Zorbax 

300SB-C18 column (5 μm, 9.4 × 250 mm) and Chromeleon software was used for data 
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processing. Ultraviolet irradiation was carried out using Spectroline (Westbury, NY) hand-

held lamp EA-160/FA, 6W integrally filtered tube at 50 Hz, 0.17 A and λ = 365 nm. 

Biological assays were carried out inside a Thermo Fisher (Waltham, MA) HERAsafe KSP 

12 biological safety cabinet on 96-well plates obtained from MediRay (Auckland, New 

Zealand). Mueller Hinton (MH) broth and Staphylococcus aureus ATCC 29213 was 

obtained from Thermo Fisher. Media and bacteria were incubated in N-Biotek (Geyonggi, 

South Korea) NB205L shaker. 

4.2 General Methods 

General Method A: loading the linker 

 

To aminomethyl polystyrene resin (397 mg, 0.5 mmol, 1.26 mmol/g) pre-swollen in 

CH2Cl2/DMF (1:1 v/v, 5 mL) was added HMPB linker (480 mg, 2.0 mmol, 4 eq.) and DIC 

(313 μL, 2.0 mmol, 4 eq.) dissolved in CH2Cl2/DMF (1:4 v/v, 5 mL) and gently agitated 

for 2 h at r.t to afford resin 3.9 The completion of the coupling was monitored using the 

ninhydrin test.381 If the coupling was incomplete, the coupling procedure was repeated with 

freshly prepared reagents. 

General Method B: loading the first residue 

 

Fmoc-Arg(Pbf)-OH (1.3 g, 2.0 mmol, 4 eq.) and DIC (313 μL, 2.0 mmol, 4 eq.) was 

dissolved in CH2Cl2/DMF (3:1 v/v, 10 mL) at 0 °C and stirred for 30 minutes and the 

solution was added to resin 9 (0.5 mmol, 1 eq.). DMAP (61 mg, 0.5 mmol, 1 eq.) pre-

dissolved in DMF (200 μL) was added to the resin mixture and gently agitated for 3 h and 

repeated with fresh reagents. The solution was drained and washed with DMF (3 × 5 mL) 

and the resin was dried by washing with CH2Cl2 (3 × 5 mL) to afford resin 10. A small 

portion of the resin (ca. 1 mg) was mixed in piperidine/DMF (1:4 v/v, 5 mL) and the 

absorbance of dibenzofulvene was measured with a UV spectrophotometer at 290 nm to 
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estimate the esterification with Equation 3-1 and Equation 3-2.380 The loading was 

estimated to be 51% (0.26 mmol, 0.64 mmol/g), which was and then used to define 

equivalents in all subsequent steps. 

Equation 3-1. Fmoc determination 

𝐴𝑡 =  
𝐵 × 1000

1000 + [𝐵(𝑀 − 𝑋)]
 

𝐴𝑡 = theoretical substitution (mmol/g) 

𝐵 = substitution of starting resin (mmol/g) 

𝑀 = molecular weight of target peptide, plus all protecting group 

𝑋 = 17 for aminomethyl resin 

Equation 3-2. Determining actual substitution (𝐴) 

𝐴 =
𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑠𝑎𝑚𝑝𝑙𝑒×1.75
 ; % 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  

𝐴

𝐴𝑡
 

𝐴 = substitution (mmol/g) 

𝑚𝑠𝑎𝑚𝑝𝑙𝑒 = mass of sample in mg 

General Method C: elongation of the sequence 

 

Nα-Fmoc-removal from 3.10 was performed with piperidine/DMF (1:4 v/v) under 

microwave irradiation (50 W, 75 °C, 2 × 3 min), the solution was then drained, and the 

resin was washed with DMF (3 × 5 mL). Nα-protected amino acids (4 eq.) were coupled 

onto the free amino group in DMF with HATU (3.8 eq.) and DIPEA (8 eq.) under 

microwave irradiation (25 W, 50 °C, 5 min), the solution was then drained and the resin 

was washed with DMF (3 × 5 mL). If a ninhydrin test was required, the resin was dried by 

washing with MeOH (3 × 5 mL). Deprotection and coupling steps were repeated for each 

amino acid until the completed linear resin-bound peptide sequence (3.11 or 3.15) was 

afforded. To confirm the identity of the assembled linear sequence, the peptide was cleaved 
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by treating a small fraction of the resin to a cleavage cocktail and analysed by LC-MS 

according to General Method D. 

General Method D: acid cleavage of the peptide off the resin and LC-MS 

The peptide was released from the solid support by treatment with TFA/DODT/H2O/TIPS 

(94:2.5:2.5:1 v/v/v/v) for 2 h. The solution was filtered, and the filtrate was sparged with 

nitrogen to evaporate TFA. The residue was triturated with diethyl ether (4 °C), centrifuged 

and the supernatant decanted to give the crude peptide as a pellet. The pellet was dissolved 

in H2O:MeCN (1:1 v/v) containing 0.1% TFA and a small aliquot was taken for LC-MS 

analysis. The remaining solution was lyophilized and analysed by LC-MS with an Agilent 

Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm) column using a linear gradient of 5 – 95% B 

(ca. 3% B/min) at r.t., with a flow rate of 0.3 mL/min. 

General method E: generating side chain protected peptide 

 

The appropriate branched depsipeptidyl resin was subjected to TFA/CH2Cl2 (0.5:99.5 v/v, 

5 mL) for 15 mins. The solution was drained and the filtrate was sparged with nitrogen to 

evaporate TFA. This process was repeated (ca. 5 iterations) until the resin takes on a pink 

coloration and the residues combined. The residue was dried under reduced pressure, 

dissolved in H2O:MeCN (1:1 v/v) containing 0.1% TFA and lyophilized to give the desired 

branched side chain protected depsipeptide. 
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General method F: macrocyclization and deprotection 

 

i) The desired branched side chain protected peptide (1 eq.), HBTU (6 eq.) and 6-Cl-

HOBt (6 eq.) were dissolved in a mixture of MeCN/THF/CH2Cl2 (6:2:2 v/v/v) with a 

final peptide concentration of 0.5 mg/mL. The mixture was stirred for 30 min at r.t. 

and DIPEA (6 eq.) was added slowly and further stirred for another 2 h at r.t at which 

time the solvent was removed under reduced pressure. 

ii) The side chain protecting groups were removed with a cleavage cocktail of 

TFA/DODT/H2O/TIPS (94:2.5:2.5:1 v/v/v/v, 10 mL) for 1 h. The solution was sparged 

with nitrogen to evaporate TFA, triturated with diethyl, centrifuged and the supernatant 

decanted to give the crude peptide as a pellet. The pellet was dissolved in H2O:MeCN 

(1:1 v/v) containing 0.1% TFA and lyophilized to give the crude cyclic peptide. 
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General Method G: direct conjugation of vinyl esters and free thiol-containing 

peptide using CLipPA 

 

Cyclic peptide 3.14 (1 eq.), DMPA (1 eq.), vinyl ester (70 eq.), and TIPS (80 eq.) were 

dissolved in NMP with a peptide final concentration of 10 mg/mL and sparged with argon 

for 15 min. tNonSH (80 eq.) and TFA (5% v/v w.r.t. NMP) were then added under argon 

and the mixture stirred with irradiation at 365 nm for ca. 1 h at r.t and progress monitored 

by LC-MS. Upon completion of the reaction, the mixture was triturated with diethyl ether, 

centrifuged and the supernatant decanted to give the crude peptide as a pellet. The pellet 

was dissolved in H2O:MeCN (1:1 v/v) containing 0.1% TFA and lyophilized. The crude 

mixture was then purified according to General Method H to afford 3.8a – 3.8f. 

General Method H: Purification 

Crude peptide was dissolved in 0.1% (v/v) TFA in H2O:MeCN (4:1 v/v), centrifuged and 

filtered using Phenomenex (Torrance, CA) Phenex syringe filters (26 mm, 0.45 μm). The 

filtrate was injected as 2500 μL aliquots and purified using a slow gradient on RP-HPLC 

(1 – 95% B, 1% B/min, 4 mL/min).483 The fractions were collected based on UV absorbance 

at wavelengths of 210 nm, 230 nm, 254 nm and 280 nm, followed by mass-spectrometry 

analysis (ESI+ 100 V; H2O:MeCN; 1:1 v/v, 0.2 mL/min). The fractions containing the 

purified peptide were combined and lyophilized. 
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4.3 Synthesis of CLipPAbactin 3.8 

4.3.1 Synthesis of linear peptidyl resin 3.11. 

Ester resin 3.10 (0.26 mmol, 0.64 mmol/g) was elongated with amino acids (1.02 mmol, 4 

eq.) and HATU (368 mg, 0.97 mmol, 3.8 eq.) DIPEA (342 μL, 2.0 mmol, 8 eq.) according 

to General Method C in the order of Fmoc-Ala-OH (318 mg), Fmoc-d-Thr-OH (348 mg), 

Fmoc-Ser(tBu)-OH (391 mg), Fmoc-Ile-OH (360 mg) and 3-mercaptopropionic acid (355 

mg) to generate peptidyl resin 3.11. Analysis by LC-MS according to General Method D 

revealed desired peptide 3.15 (67%, by peak area); LC-MS: tR = 9.7 min, [M + H]+ found 

635.3, [C25H46N8O9S + H]+ requires 635.3, and an S-tBu adduct 3.16 during resin cleavage 

and global deprotection (33%, by peak area); LC-MS: tR = 10.5 min, [M + H]+ found 691.4, 

[C29H54N8O9S + H]+ requires 691.4. Re-synthesis by substituting Fmoc-Ser(tBu)-OH for 

Fmoc-Ser(Trt)-OH (581 mg) in Fmoc-SPPS according to General Method C eliminated 

3.16 (Figure 3-3). 
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Figure 3-3. LC-MS analyses at 214 nm of peptidyl resin 3.11, represented by cleavage product 3.15. 3.16 depicts the 

cleavage S-tBu by-product. Top chromatogram refers to peptide synthesized with Fmoc-Ser(tBu)-OH, bottom 

chromatogram refers to peptide synthesized with Fmoc-Ser(Trt)-OH. 
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4.3.2 Esterification to generate branched peptidyl resin 3.12. 

 

Following General Method B, with the following modifications, Fmoc-Ile-OH (901 mg, 

2.6 mmol, 10 eq.) was esterified onto peptidyl resin 3.11 with DIC (200 μL, 1.3 mmol, 5 

eq.) and DMAP (16 mg, 0.13 mmol, 0.5 eq.). The conversion rate was measured by relative 

LC-MS peak area of the starting material and product after cleaving a small portion of the 

resin according to General Method D. LC-MS (5 – 95% B, 3% B/min, 0.3 mL/min) 

estimated the esterification to the branched depsipeptide 3.17 to be 93%; LC-MS: tR = 19.4 

min, [M + H]+ found 970.5, [C29H54N8O9S + H]+ requires 970.5 (Figure 3-4). 
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Figure 3-4. LC-MS analysis at 214 nm of branched peptidyl resin 3.12 represented by 3.17. 

4.3.3 Generating cyclic precursor 3.13. 

The Nα-Fmoc protection was removed from resin 12 with one treatment of piperidine/DMF 

(5 mL, 1:4 v/v) for 5 min at r.t. The solution was drained, the resin was washed with DMF 

(3 × 5 mL) and dried by washing with CH2Cl2 (3 × 5 mL). 
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The branched depsipeptide was then cleaved from the resin and lyophilized according to 

General Method E to afford 3.13 as a white powder. Analysis by LC-MS confirmed the 

identity of 3.13 (138.3 mg, 37% yield, 66% purity by peak area); LC-MS: tR = 22.1 min, 

[M + H]+ found 1484.5, [C82H101N9O13S2 + H]+ requires 1484.7, Figure 3-5. 

 

Figure 3-5. LC-MS analysis at 214 nm of fully protected cyclic precursor 3.13. 
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4.3.4 Forming the depsipeptide 3.14. 

 

Branched depsipeptide 3.13 (76.6 mg, 0.05 mmol) was cyclized according to General 

Method F, i) to give protected cyclic peptide 3.18 in 83% conversion (as judged by LC-

MS peak area); LC-MS: tR = 22.1 min, [ESI-MS, (M – Trt + H)]+ found 1224.5, 

[C63H85N9O12S2 + H]+ requires 1224.6. Side chain deprotection according to General 

Method F, ii) gave peptide 3.14 as a white fluffy powder (19.3 mg, 51.2% yield, 80% 

purity) as confirmed by LC-MS: tR = 10.6 min, [M + H]+ found 730.5, [C31H55N9O9S + H]+ 

requires 730.4, Figure 3-6. 
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Figure 3-6. LC-MS analysis at 214 nm of side chain protect cyclic product 3.18 (top) and deprotected cyclic product 3.14 

(bottom). 
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4.3.5 Synthesis of C4-CLipPAbactin 3.8a. 

 

Purified peptide 3.14 (15.7 mg, 21.5 μmol), DMPA (5.5 mg, 1 eq.), vinyl butyrate (191 μL, 

70 eq.) and TIPS (353 μL, 80 eq.) were dissolved in NMP (816 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with argon for 15 min. Volatile liquids tNonSH 

(323 μL, 80 eq.) and TFA (79 μL, 5% v/v) were added under Ar. The mixture underwent 

CLipPA according to General method G. Purification according to General method H 

yielded purified butyrate-CLipPAbactin 3.8a (2.0 mg, 11.0% yield, 92% purity) as a white 

solid; RP-HPLC: tR = 15.0 min, ESI-MS: [M + H]+ found 845.1, [C37H65N9O11S + H]+ 

requires 844.5, Figure 3-7. 

 

Figure 3-7. Analytical RP-HPLC trace with inset ESI-MS spectrum of butyrate-CLipPAbactin 3.8a (ca. 92% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.3.6 Synthesis of C6-CLipPAbactin 3.8b. 

 

Purified peptide 3.14 (14.3 mg, 19.6 μmol), DMPA (5.0 mg, 1 eq.), vinyl hexanoate (241 

μL, 70 eq.) and TIPS (321 μL, 80 eq.) were dissolved in NMP (743 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with Ar for 15 min. Volatile liquids tNonSH (294 

μL, 80 eq.) and TFA (72 μL, 5% v/v) were added under Ar. The mixture underwent CLipPA 

according to General method G. Purification according to General method H yielded 

purified hexanoate-CLipPAbactin 3.8b (2.2 mg, 12.9% yield, 97% purity) as a white solid; 

RP-HPLC: tR = 16.9 min, ESI-MS: [M + H]+ found 872.5, [C39H69N9O11S + H]+ requires 

872.5, Figure 3-8. 

 

Figure 3-8. Analytical RP-HPLC trace with inset ESI-MS spectrum of hexanoate-CLipPAbactin 3.8b (ca. 97% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.3.7 Synthesis of C8-CLipPAbactin 3.8c. 

 

Purified peptide 3.14 (14.9 mg, 20.4 μmol), DMPA (5.2 mg, 1 eq.), vinyl octanoate (292 

μL, 70 eq.) and TIPS (335 μL, 80 eq.) were dissolved in NMP (775 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with Ar for 15 min. Volatile liquids tNonSH (306 

μL, 80 eq.) and TFA (75 μL, 5% v/v) were added under Ar. The mixture underwent CLipPA 

according to General method G. Purification according to General method H yielded 

purified octanoate-CLipPAbactin 3.8c (2.4 mg, 13.1% yield, 97% purity) as a white solid; 

RP-HPLC: tR = 18.9 min, ESI-MS: [M + H]+ found 900.6, [C41H73N9O11S + H]+ requires 

900.5, Figure 3-9. 

 

Figure 3-9. Analytical RP-HPLC trace with inset ESI-MS spectrum of octanoate-CLipPAbactin 3.8c (ca. 97% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.3.8 Synthesis of C12-CLipPAbactin 3.8d. 

 

Purified peptide 3.14 (14.8 mg, 20.3 μmol), DMPA (5.2 mg, 1 eq.), vinyl laurate (357 μL, 

70 eq.) and TIPS (333 μL, 80 eq.) were dissolved in NMP (769 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with Ar for 15 min. Volatile liquids tNonSH (304 

μL, 80 eq.) and TFA (74 μL, 5% v/v) were added under Ar. The mixture underwent CLipPA 

according to General method G. Purification according to General method H yielded 

purified laurate-CLipPAbactin 3.8d (2.3 mg, 11.9% yield, 98% purity) as a white solid; 

RP-HPLC: tR = 23.2 min, ESI-MS: [M + H]+ found 956.6, [C45H81N9O11S + H]+ requires 

956.6, Figure 3-10. 

 

Figure 3-10. Analytical RP-HPLC trace with inset ESI-MS spectrum of laurate-CLipPAbactin 3.8d (ca. 98% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.3.9 Synthesis of C16-CLipPAbactin 3.8e. 

 

Purified peptide 3.14 (14.7 mg, 20.2 μmol), DMPA (5.2 mg, 1 eq.), vinyl butyrate (387.6 

mg, 70 eq.) and TIPS (330 μL, 80 eq.) were dissolved in NMP (764 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with Ar for 15 min. Volatile liquids tNonSH (302 

μL, 80 eq.) and TFA (74 μL, 5% v/v) were added under Ar. The mixture underwent CLipPA 

according to General method G. Purification according to General method H yielded 

purified palmitate-CLipPAbactin 3.8e (2.1 mg, 10.3% yield, 97% purity) as a white solid; 

RP-HPLC: tR = 28.0 min, ESI-MS: [M + H]+ found 1012.6, [C49H89N9O11S + H]+ requires 

1012.6, Figure 3-11. 

 

Figure 3-11. Analytical RP-HPLC trace with inset ESI-MS spectrum of palmitate-CLipPAbactin 3.8e (ca. 97% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 

  



Chapter Three Teixobactin  CONFIDENTIAL 

152 

4.3.10 Synthesis of Bz-CLipPAbactin 3.8f. 

 

Purified peptide 3.14 (16.0 mg, 21.9 μmol), DMPA (5.6 mg, 1 eq.), vinyl benzoate (190 

μL, 70 eq.) and TIPS (360 μL, 80 eq.) were dissolved in NMP (832 μL, 10 mg/mL final 

concentration w.r.t. 3.14) and degassed with Ar for 15 min. Volatile liquids tNonSH (329 

μL, 80 eq.) and TFA (80 μL, 5% v/v) were added under Ar. The mixture underwent CLipPA 

according to General method G. Purification according to General method H yielded 

purified benzoate-CLipPAbactin 3.8f (2.3 mg, 12.0% yield, 93% purity) as a white solid; 

RP-HPLC: tR = 15.9 min, ESI-MS: [M + H]+ found 878.5, [C40H63N9O11S + H]+ requires 

878.4, Figure 3-12. 

 

Figure 3-12. Analytical RP-HPLC trace with inset ESI-MS spectrum of benzoate-CLipPAbactin 3.8f (ca. 93% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4 Synthesis of lipobactin 3.3 

 

Ester resin 3.10 (0.051 mmol, 0.64 mmol/g) was elongated with amino acids (0.20 mmol, 

4 eq.) and HATU (74 mg, 0.19 mmol, 3.8 eq.) DIPEA (68 μL, 0.4 mmol, 8 eq.) according 

to General Method C in the order of Fmoc-Ala-OH (64 mg), Fmoc-D-Thr(OH)-OH (70 

mg), Fmoc-Ser(tBu)-OH (78 mg), Fmoc-Ile-OH (72 mg), lauric acid (41 mg) to generate 

peptidyl resin 3.15. Following General Method B, with the following modifications, 

Fmoc-Ile-OH (180 mg, 0.51 mmol, 10 eq.) was esterified onto peptidyl resin 3.11 with DIC 

(40 μL, 0.26 mmol, 5 eq.) and DMAP (3 mg, 0.026 mmol, 0.5 eq.) to generate the desired 

branched depsipeptidyl resin. The Nα-Fmoc protection was removed with one treatment of 

piperidine/DMF (5 mL, 1:4 v/v) for 5 min at r.t. The solution was drained, the resin washed 

with DMF (3 × 5 mL) and dried by washing with CH2Cl2 (3 × 5 mL). The desired side 

chain protected branched depsipeptide was then liberated from the resin and lyophilized 

according to General Method E. The branched peptide was cyclized and side chain 

protecting groups removed according to General Method F. The crude cyclic peptide was 

purified according to General Method H, affording lipobactin 3 (15.1 mg, 32.7% yield, 

95% purity) as a flaky white powder; RP-HPLC: tR = 20.4 min, ESI-MS: [M + H]+ found 

824.6, [C41H75N9O9 + H]+ requires 824.6, Figure 3-13. 
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Figure 3-13. Analytical RP-HPLC trace with inset ESI-MS spectrum of lipobactin 3.3 (ca. 95% as judged by peak area 

of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 min, ca. 3% 

B per minute at r.t., 1 mL/min. 
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4.5 Antibacterial susceptibility testing 

Staphylococcus aureus ATCC 29213 was grown in non-cation adjusted Mueller Hinton 

(MH) broth at 37 C with shaking (200 rpm). MIC assay was performed following to a 

previously reported protocol.484 Briefly, a two-fold dilution series (from 128 M to 0.0625 

M, final) was prepared in polypropylene 96-well plates using MH media. Overnight 

cultures of bacteria were diluted in fresh MH before adding 50 L of inoculum to each well 

of the MIC plate, to achieve a final volume of 100 L with a uniform CFU/mL of ~5 x105 

in each well. Plates were incubated at 37 C with shaking for 24 h before determining the 

MIC. MIC’s were determined as the lowest concentration at which growth did not occur 

(Table 3-2). 

Table 3-2. MIC values of lipobactin 3.3 and CLipPAbactin analogues 3.8a – 3.8f in µM. 

Peptide S. aureus ATCC 29213 

3.3 8 

3.8a > 128 

3.8b > 128 

3.8c > 128 

3.8d > 128 

3.8e > 128 

3.8f > 128 

Ampicillin 0.125 
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1 Background 

Cyclic peptides and their derivatives occur naturally as bioactive metabolites and are 

promising drug candidates due to their increased stability compared to their linear 

counterparts. Moreover, the cyclic structure reduces conformational flexibility, which helps 

align the required structural motif to its cellular target.192 Hence, cyclic peptides and their 

derivatives, exemplified by the clinically used cyclic lipopeptides, daptomycin and the 

polymyxins, have continually garnered interest from the synthetic peptide community. Due 

to the amphiphilic nature of lipopeptides, they can act as surfactants, and therefore have 

diverse physical, chemical and biological properties. Lipopeptides have found use in many 

areas, including as cosmetics, detergents, food preservation agents, corrosion inhibitors, 

and in the biomedical and agricultural industries.142 The versatility of lipopeptides comes 

from the ready ability to modify both the peptide and the lipid moieties in order to tailor 

for specific applications.505 

Cyclic peptides can be prepared using synthetic chemistry in solution- or solid-phase 

strategies. Solution-phase methods for lactamization require high dilution conditions in 

organic solvents in order to prevent aggregation and oligomerization. Furthermore, reactive 

amino acid side chains need to be protected, limiting solubility in organic solvents and 

requiring the use of tedious purification methods. Solid-phase cyclization utilizes the 

pseudo-dilution effect,391,506 which favours the desired intramolecular reaction and all 

chemical steps are performed on-resin facilitating by-product removal. The cyclic peptide 

can then be easily recovered by resin cleavage. 

The first report of using unprotected peptides in solution to effect head-to-tail cyclization 

was reported by Tam and Zhang431 who adapted the thiol-mediated native chemical ligation 

(NCL) reaction. Cyclization by NCL proceeds via regioselective intramolecular 

transthioesterification, followed by ring contraction (Scheme 4-1). The N-terminal thiol of 

cysteine chemoselectively attacks the C-terminal thioester forming a thiolactone 

intermediate. Subsequent proximity-induced S- to N- acyl shift contracts the ring and results 

in a cyclic peptide with a native peptide bond. 
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Scheme 4-1. General mechanism of intramolecular NCL, follow by thiol-ene lipidation onto the regenerated thiol. 

In contrast to solution-phase lactamization using maximally protected peptides, NCL is 

concentration-independent and can be performed in aqueous conditions using fully 

unprotected linear peptide precursors that facilitate reaction monitoring and purification. 

While NCL is a powerful technique for synthesizing macrocyclic peptides, it requires a 

cysteine residue, which have a low frequency in peptides/proteins (1.48%).408 Although 

there are numerous methods to convert Cys to other amino acids,507 in this work we instead 

proposed that mimics of naturally occurring cyclic lipopeptides could be generated by 

replacement of the native lipid bearing residue with Cys, allowing the regenerated cysteine 

thiol to be exploited for lipidation (Scheme 4-1).  

Recently, we reported a new method to introduce a lipid onto a peptide or amino acid, 

coined Cysteine Lipidation on a Peptide or Amino acid (CLipPA) technology (Scheme 

4-2, A).451,467,468 CLipPA involves a one-pot thiol-ene reaction between a vinyl ester 

bearing a lipid, 4.1 and an Nα-protected cysteine 4.2 or cysteine-containing peptide, with 

irradiation at 365 nm in the presence of the photoinitiator 2,2-dimethoxy-2-

phenylacetophenone (DMPA) to form a thioether linked lipopeptide or lipoamino acid 

product 4.3. 
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Scheme 4-2. (A) General CLipPA reaction between vinyl ester 4.1 and cysteine or cysteine-containing peptide 4.2 to give 

CLipPA product 4.3. (B) Structure of iturin A 4.4. (C) Iturin A CLipPA mimic general structure 4.5 and its retrosynthetic 

pathway. 

The CLipPA reaction conditions are mild, atom economical, and highly selective, with 

other peptide side chain functional groups remaining unmodified and not influencing the 

reaction. CLipPA also provides flexibility in synthetic planning when considering where 

the lipid moiety can be attached: a lipoamino acid building block can be incorporated into 

the peptide sequence during solid-phase protocols;467 or the solid supported peptide can be 

lipidated on a revealed thiol.451 Alternatively, a vinyl ester (lipid) can be added to the fully 

deprotected peptide containing the requisite thiol in solution.186 CLipPA is therefore a 

viable and facile method for installing an array of lipids for structure-activity relationship 

(SAR) studies of lipopeptide antibiotics. 

In the present work, we sought to develop a methodology to employ consecutive NCL and 

CLipPA reactions to prepare cyclic lipopeptides by the late-stage diversification of a 

common cyclic precursor. A suitable model, iturin A (Scheme 4-2, B) was chosen, as this 
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cyclic lipopeptide possesses its lipid chain directly attached to the backbone of the 

macrocyclic scaffold. Our strategy was envisaged to involve assembly of the linear peptide 

employing SPPS protocols, cyclization using NCL, whereupon the regenerated thiol group 

could then be lipidated with functionalized vinyl esters using the CLipPA technology 

(Scheme 4-2, C). The successful application of this methodology for the syntheses of iturin 

A analogues and their antifungal evaluation is described herein. 

2 Results and Discussion 

Iturin A 4.4 is a broad spectrum antifungal agent but there are limited reports on the 

chemical synthesis of the iturin family of lipopeptides and related analogues due to the lack 

of methods to synthesize the β-lipoamino acid (R)-3-aminotetradecanoic acid (iturinic acid, 

Itu, Scheme 4-2, B).508–510 We therefore simplified the route to access iturin A lipopeptide 

CLipPA mimics 4.5 using commercially-available lipidated vinyl esters as building blocks 

in the first instance to establish proof of concept. 

2.1 First approach to cyclization: Fmoc-SPPS assembly of the linear 

peptide backbone 

To enable NCL for generating a cyclic iturin A analogue, a linear precursor equipped with 

a C-terminal thioester and an N-terminal cysteine was required. The Fmoc-based 

methodology of Blanco-Canosa and Dawson was initially examined.436 A disconnection 

point between Itu1 and Ser8 was chosen, and Itu1 was replaced with the D-isomer of Cys in 

order to retain the stereochemistry of the attachment site of the lipid moiety. This initial 

Fmoc-SPPS approach is summarized in Scheme 4-3. Aminomethyl-polystyrene resin was 

functionalized with the Fmoc-Rink amide linker using N,N′-diisopropylcarbodiimide (DIC) 

and 6-chloro-1-hydroxybenzotriazole (6-Cl-HOBt). After removal of the Fmoc group using 

piperidine/DMF (1:4 v/v), 3-(Fmoc)-4-diaminobenzoic acid (Dbz) was attached to the resin 

using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) 

and 6-Cl-HOBt to give linker-resin 4.6. Fmoc-Ser(tBu)-OH was then coupled to the resin 

using HBTU and N,N-diisopropylethylamine (DIPEA) affording peptidyl linker-resin 4.7. 

Iterative deprotection using piperidine/DMF (1:4 v/v) and coupling of each residue using 

1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU) and DIPEA generated linear sequence 4.8. As the Dbz linker 

is to undergo conversion to the N-acyl-benzimidazolinone (Nbz) linker prior to unmasking 
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of the N-terminus, the N-terminal Fmoc group was exchanged for Boc on-resin to avoid 

likely aminolysis of the Nbz linker by the use of piperidine during Fmoc-removal. The 

Dbz- linked and N-terminally Boc protected peptidyl resin was then acylated with p-

nitrophenyl chloroformate followed by treatment with DIPEA, to form the Nbz-linked 

peptidyl resin 4.9.436 Acid cleavage with trifluoroacetic acid (TFA) and the scavengers 

water, 2,2’-(ethylenedioxy)diethanethiol (DODT)333,511 and triisopropylsilane (TIPS) 

released the linear peptide from the resin with concomitant removal of all protecting 

groups. 

 

Scheme 4-3. First approach towards synthesizing cyclic peptide 4.11: (a) i) Loading the rink amide linker: Fmoc-Rink 

amide-OH (4 eq.), 6-Cl-HOBt (4 eq.), DIC (4 eq.), r.t., 2 h; ii) Coupling of Dbz moiety: Fmoc-Dbz-OH (4 eq.), HBTU 

(4 eq.), 6-Cl-HOBt (4 eq.), DIPEA (6 eq.), r.t. 1h; deprotection of Nα-Fmoc group: piperidine/DMF (1:4 v/v), r.t., 5 min 

× 2; (b) attachment of the first residue: Fmoc-Ser(tBu)-OH (6 eq.), HBTU (6 eq.), DIPEA (9 eq.), r.t. 1 h, (c) Fmoc-SPPS 

elongation of the peptide chain: i) deprotection of Nα-Fmoc group: piperidine/DMF (1:4 v/v), r.t., 5 min × 2; ii) coupling 

of Fmoc-AA-OH: Fmoc-AA-OH (4 eq.), HATU (3.8 eq.), DIPEA (8 eq.), DMF, microwave, 50 °C, 5 min; (d) i) Nα-Boc 

protection of Cys: Boc2O (10 eq.), DMF, r.t., 45 min; ii) converting Dbz to Nbz: 1) p-nitrophenyl chloroformate (10 eq.), 

CH2Cl2 r.t., 40 min; 2) DIPEA/DMF (0.5 M), r.t., 15 min; (e) cleavage from resin and side chain deprotection: 

TFA/DODT/H2O/TIPS (94:2.5:2.5:1 v/v/v/v), r.t., 2 h; (f) NCL cocktail: peptide 4.10 (10 mM), Na2HPO4 (200 mM), 

MPAA (20 mM), TCEP∙HCl (100 mM), pH 7.5, r.t., 1 h 

Crude linear precursor 4.10 was dissolved in a degassed ligation buffer containing the thiol 

catalyst, 4-mercaptophenylacetic acid (MPAA) to convert the peptide-Nbz to the reactive 

aryl thioester.423 The reaction was monitored by LC-MS (Figure 4-1) and affored 

macrocyclic peptide 4.11 within an hour albeit as the minor product. The major product 

(ca. 77% as judged by LC-MS peak area) corresponded to the undesired C-terminal amide 
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4.12 arising from the hydrolysis of Nbz peptide 4.10 (Scheme 4-3). The same phenomenon 

was observed by Blanco-Canosa and Dawson but only as a minor product (4% by LC-

MS).436 

 

Figure 4-1. HPLC chromatogram of NCL conversion of linear peptide 4.10 to cyclic peptide 4.11. The major product 

was 4.12, from the hydrolysis of Nbz from 4.10. 

To prepare a more stable thioester we attempted the method reported by Flemer263 wherein 

a fully N- and side chain protected peptide is prepared and the C-terminal carboxylate is 

condensed with MPAA to form the desired C-terminal thioester. Unfortunately, the 

conversion to the thioester yielded only 11% of crude material with 70% purity as judged 

by LC-MS (Figure 4-7, Section 4.3.2). Therefore, an Fmoc-based approach was deemed 

inefficient and an alternative strategy was investigated. 

2.2 Second approach to cyclization: Boc-SPPS assembly of the linear 

peptide backbone 

We have previously compared Fmoc and Boc-SPPS protocols to generate peptide thioesters 

and determined that Boc-SPPS is a reliable way to generate thioesters directly on-resin.242 

Despite the need for highly toxic hydrogen fluoride (HF), this method was chosen for the 

assembly of the linear precursor on a thioester-generating resin 4.13 (Scheme 4-4). In this 

instance, D-1,3-thiazolidine-4-carboxylic acid (D-Thz) was used as a protected form of the 

N-terminal cysteine which can be readily converted to D-Cys enabling the subsequent NCL-

mediated cyclization.512,513 Boc-SPPS to access cyclic peptide 4.11 commenced with 

attachment of a Boc-Gly-hydroxymethylphenylacetic acid (PAM) linker to aminomethyl-

polystyrene resin using DIC. Boc removal and coupling of S-trityl-3-mercaptopropionic 

acid (Trt-MPA) using HBTU/DIPEA gave linker-resin 4.13. The Trt group was removed 
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using TFA/TIPS/DODT/water and Boc-Ser(Bzl)-OH was coupled onto the thiol with 

HBTU/DIPEA to form the thioester 4.14 on the solid support.514 The peptide sequence was 

elongated following iterative Boc deprotection and coupling using HATU/DIPEA, to 

afford peptidyl resin 4.15. The linear peptide was obtained after cleavage with HF/p-cresol 

(20:1 v/v) affording C-terminal thioester 4.16. 

 

Scheme 4-4. Boc SPPS approach towards synthesizing cyclic peptide 4.11: (a) i) Loading the Boc-Gly-PAM linker: Boc- 

Gly-PAM-OH (4 eq.), DIC (4 eq.), DMF/CH2Cl2 (1:1) r.t., 2 h; ii) coupling of thiol handle: S-trityl-3-mercaptopropionic 

acid (4 eq.), HBTU (3.8 eq.), DIPEA (4 eq.), DMF, r.t., 1 h; (b) attaching the first residue: i) deprotection of S-Trt group: 

TFA/DODT/H2O/TIPS (94:2.5:2.5:1 v/v/v/v), r.t., 30 min; ii) coupling of serine: Boc-Ser(Bzl)-OH (4 eq.), HBTU (3.8 

eq.), DIPEA (4 eq.), DMF, r.t., 30 min; (c) Fmoc-SPPS elongation of the peptide chain: i) deprotection of Nα-Boc group: 

TFA, r.t., 1 min × 2; coupling of Boc-AA-OH: Boc-AA-OH (4 eq.), HATU (3.8 eq.), DIPEA (8 eq.), DMF, r.t., 5 min; 

(d) cleavage from resin and side chain deprotection: HF/p-cresol (20:1 v/v), 0 °C, 1 h; (e) generating the free thiol: peptide 

4.19 (50 mM), methoxyamine∙HCl (200 mM), Na2HPO4 (200 mM), TCEP∙HCl (100 mM), pH 4, r.t., 18 h, (f) cyclization 

by NCL: adjusting the pH to 7.5 using aq. NaOH, r.t., 30 min. 

Unmasking of D-Thz512,513 by treatment with methoxyamine∙HCl and tris(2-

carboxyethyl)phosphine∙HCl (TCEP∙HCl) in phosphate buffer at pH 4 for 18 h yielded 

cyclic precursor 4.17. Upon adjusting the pH to 7.5, cyclization proceeded readily via NCL 

to give 4.11 within 10 minutes in 96% conversion. A minor [M + 48]+ product, suspected 

to be a cysteic acid derivative of 4.11 also formed from the oxidation of cysteine (Figure 

4-2). Regardless, cyclic peptide 4.11 could be readily purified by RP-HPLC in 38% yield 

and 98% purity. Upon further investigating the cyclization reaction at pH levels of 4, 5 and 

6, it was observed that 4.17 cyclized to 4.11 readily at pH 5, 6 and 7.5 within 10 minutes. 

However, at pH 4, a 6 h reaction was required to effect cyclization. The robustness of this 

NCL mediated cyclization appears to be in accordance with the findings of Zhang and 
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Tam431 who also demonstrated their NCL mediated cyclizations to be both rapid and 

regioselective when conducted at pH 5 to 7.5. 

 

Figure 4-2. RP-HPLC monitoring (210 nm) for NCL cyclization of linear precursor 4.17 to cyclic peptide 4.11 

(conditions as detailed in Scheme 4-4). The [M + 48]+ peak corresponds to cysteic acid, an oxidized product of 4.11. 

2.3 “CLip”ping lipids onto the free thiol 

With the thiol-containing cyclic peptide 4.11 in hand, in hand, it was subjected to our 

optimized CLipPA conditions using a series of vinyl esters to generate iturin A cyclic 

lipopeptide mimics. Cyclic peptide 4.11, vinyl palmitate, TIPS and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) were dissolved in N-methyl-2-pyrrolidone (NMP), degassed 

with argon, and TFA and tert-nonylthiol (tNonSH) were added.I The reaction was irradiated 

at 365 nm and stirred for 1 h, after which time 82% conversion was obtained. An example 

of the reaction progress is depicted in Figure 4-3. 

I. Tert-nonylthiol (tNonSH) was preferred over the malodorous tert-butylmercaptan as the radical 

scavenger and alkyl transfer agent, originally reported.467 
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Figure 4-3. RP-HPLC monitoring (210 nm) of cyclic peptide 3.11 undergoing CLipPA with a long chain lipid to generate 

cyclic lipopeptide 4.5c with 82% conversion. 

Using this procedure we were able to construct a series of six iturin A analogues 4.5a – 

4.5f (Scheme 4-5), from the common precursor 4.11, using six distinct vinyl esters in 

conversions ranging 81 – 85%. Iturin A mimics with short (4.5a), medium (4.5b) to long 

(4.5c) chain lipids, a branched lipid (4.5d), a phenyl (4.5e) and a substituted phenyl (4.5f) 

were thus prepared.  
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Scheme 4-5. Synthesis of cyclic lipopeptide 4.5 using CLipPA to attach a vinyl ester onto cyclic scaffold 4.11 to generate 

a series of CLipPA mimic 4.5a – 4.5f. CLipPA reaction: Cyclic peptide 4.11, vinyl ester (70 eq.), DMPA (1 eq.) and 

TIPS (80eq.) were dissolved in NMP (10 μM w.r.t. 11). TFA (5% v/v) and tNonSH (80 eq.) was added under argon. The 

mixture was irradiated under at 365 nm, r.t., 1 h 

We next evaluated our library of iturin A analogues against Candida albicans SC5314.515 

Unfortunately, our compounds did not show any inhibition of growth at the highest 

concentration tested (128 μM). Iturin A has been shown to adopt two modes of action 

depending on its concentration. At high concentration, iturin A aggregates at the cell 

membrane and forms ion-conducting pores, whereas at low concentration, it activates 

apoptotic pathways of C. albicans by binding to ATPase on the mitochondrial 

membrane.516 In the present work, substituting the native iturinic acid (β-amino acid) for 

D-Cys (α-amino acid) results in the ring size decreasing by one methylene unit and a small 

reduction in the flexibility of the macrocycle. Hence, we suspect the conformation of the 

macrocycle and orientation of the amino acid side chains may have shifted due to the 

smaller macrocyclic ring which could hinder the aggregation of monomers at the membrane 

and/or reduce the efficacy for binding to ATPase.517 
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3 Conclusions 

The synthesis of cyclic lipopeptides using a combination of NCL mediated cyclization and 

CLipPA S-lipidation technology has been demonstrated. Using iturin A 4.4 as a lead 

compound, we have shown that the lipid moiety can be “CLipP”ed via the thiol-ene reaction 

directly onto a cyclic peptide bearing a thiol to generate a series of lipidated analogues 4.5a 

– 4.5f. This strategy negates the requirement for the lengthy chemical synthesis of chiral 

lipidated amino acid building blocks. Moreover, the vinyl ester bearing lipids are 

commercially available or can readily be synthesized in a straightforward manner in one 

step. The late stage diversification by direct lipidation of the cyclic peptide framework 

facilitates the generation of compound libraries to conduct SAR studies. The work reported 

here should find application in the synthesis of a broad range of cyclic lipopeptide mimics. 
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4 Experimental Section 

4.1 General Information 

All reagents were purchased as reagent grade and used without further purification unless 

otherwise noted. 6-Cl-HOBt and Fmoc-D-Asn (Trt)-OH were purchased from AAPPTec 

(Louisville, KY). Fmoc-Rink amide linker and Fmoc-D-Cys(Trt)-OH was purchased from 

AK Scientific (Union City, CA). Boc-Gln-OH was purchased from Auspep (Tullamarine, 

Australia). Argon was purchased from BOC group (Guildford, UK). Boc-D-Thz-OH was 

purchased from Chem Impex (Wood Dale, IL). 2CTC resin and Fmoc-D-Tyr(tBu)-OH were 

purchased from ChemPep (Wellington, FL). CH2Cl2, diethyl ether, HCl, MeCN, MeOH 

and Na2HPO4 were purchased from ECP (Auckland, New Zealand). Boc2O, Fmoc-

Asn(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Pro-OH, Fmoc-Ser(tBu)-OH, HATU and HBTU 

were purchased from GL Biochem (Shanghai, China). Anhydrous HF was purchased from 

Matheson Trigas (Basking Ridge, NJ). TFA was purchased from Oakwood Chemicals 

(Estill, NC). Boc-D-Asn(Xan) was purchased from Peptides International (Louisville, KY). 

Boc-D-Tyr(2Br-Z)-OH, Boc-Gly-PAM linker, Boc-Pro-OH, Boc-Ser(Bzl)-OH) were 

purchased from Polypeptides (Strasbourg, France). Aminomethyl-polystyrene resin was 

purchased from Rapp polymere (Tübingen, Germany). DMF and NaOH pellets were 

purchased from Scharlau (Barcelona, Spain). DIC, Dbz-OH (mono Fmoc protected before 

use), DIPEA, DMPA, DODT, iturin A, methoxyamine.HCl, 3-MPA, MPAA, NMP, p-

cresol, piperidine, TCEP.HCl, TIPS, tNonSH, vinyl benzoate, vinyl butyrate, vinyl 

decanoate, vinyl pivalate, vinyl 4-tert-butylbenzoate were purchased from Sigma-Aldrich 

(St. Louis, MO). Vinyl palmitate was purchased from TCI (Tokyo, Japan). H2O was 

purified using a Sartorius (Göttingen, Germany) arium® pro ultrapure water system. 

Microwave assisted reactions were performed in a CEM (Matthews, NC) Discover SP, 

Model 908010 reactor. Analytical RP-HPLC was used to analyse final compounds and 

performed on a Dionex (Sunnyvale, CA) UltiMate 3000 system using a Waters (Milford, 

MA) Xterra MS C18 (5 μm 4.6 × 150 mm) column, and Chromeleon software was used for 

data processing. Buffer A: 0.1% (v/v) TFA in H2O; buffer B: 0.1% (v/v) TFA in MeCN. 

LC-MS was performed on an Agilent (Santa Clara, CA) 1260 Infinity with UV absorbance 

at λ = 214 nm equipped with an Agilent 6120 Quadrupole LC-MS using an Agilent Zorbax 

300SB-C3 column (3.5 μm, 3.0 × 150 mm). Data processing was carried out by Agilent 

OpenLAB software. Buffer A: 0.1% (v/v) formic acid in H2O; buffer B: 0.1% (v/v) formic 
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acid in MeCN. Crude peptides was purified on Dionex UltiMate 3000 preparative HPLC 

using Agilent Zorbax 300SB-C18 column (5 μm, 9.4 × 250 mm) and Chromeleon software 

was used for data processing. Ultraviolet irradiation was carried out using Spectroline 

(Westbury, NY) hand-held lamp EA-160/FA, 6 W integrally filtered tube at 50 Hz, 0.17 A 

and λ = 365 nm. 

Biological assays were performed inside a Thermo Fisher (Waltham, MA) HERAsafe KSP 

12 biological safety cabinet on 96-well plates obtained from MediRay (Auckland, New 

Zealand) with Candida albicans SC5314. Roswell Park Memorial Institute 1640 (RPMI 

1640) media was obtained from Thermo Fisher (Waltham, MA). Media and fungi were 

incubated in an N-Biotek (Geyonggi, South Korea) NB205L shaker. 

4.2  General Methods 

General method A: loading the linker 

To pre-swollen (CH2Cl2/DMF (1:1 v/v)) aminomethyl-polystyrene resin (110 mg, 0.1 

mmol, loading 0.91 mmol/g) was attached the relevant linker. The completion of the 

coupling was monitored using the ninhydrin test.382 If the coupling was incomplete, the 

coupling procedure was repeated with freshly prepared reagents. 

General method B: Fmoc-SPPS 

Nα-Fmoc removal was achieved with piperidine/DMF (1:4 v/v) under microwave 

irradiation (50 W, 75 °C, 2 × 3 min), Nα-protected amino acids (0.4 mmol, 4 eq.) were 

coupled onto the free amino group with HATU (144 mg, 0.38 mmol, 3.8 eq.) and DIPEA 

(139 μL, 0.8 mmol, 8 eq.) in DMF under microwave irradiation (25 W, 50 °C, 5 min). 

Deprotection and coupling steps were repeated for each amino acid until the completed 

linear resin-bound peptide sequence was afforded. To confirm the identity of the assembled 

linear sequence, a small fraction of the resin was treated with TFA/DODT/H2O/TIPS 

(94:2.5:2.5:1 v/v/v/v) to release the peptide for analysis by LC-MS. 

General Method C: NCL cyclization 

An NCL buffer was prepared with 0.2 M Na2HPO4, 0.1 M TCEP∙HCl and 0.02 M MPAA 

in MQ H2O with pH adjusted to 7.5 and sparged the solution with Ar for 15 min. The linear 

peptide precursor was dissolved in the buffer at 10 mM peptide concentration and shaken 

for 1 h at r.t. Cyclization progress was monitored by taking 20 μL aliquots, acidified by an 



CONFIDENTIAL  Chapter Four Iturin A 

171 

equal volume of aqueous HCl (5 M) and analysed with LC-MS using an Agilent Zorbax 

300SB-C3 column (3.5 μm, 3.0 × 150 mm) and a linear gradient of 5% B to 65% B over 

20 min, ca. 3% B per minute at r.t., 0.3 mL/min. 

General Method D: Boc-SPPS 

Nα-Boc removal was achieved by treating the peptidyl resin with neat TFA at r.t. (2 × 1 

min) followed by DMF flow wash (3 × 30 s). If the residue is Gln, the resin was washed 

with CH2Cl2 before Nα-Boc deprotection to prevent pyrrolidone side-product from the heat 

of TFA-DMF interactions.289 Nα-Boc protected amino acids (0.4 mmol, 4 eq.) were coupled 

onto the free amino group with HATU (144 mg, 0.38 mmol, 3.8 eq.) and DIPEA (139 μL, 

0.8 mmol, 8 eq.) in DMF at r.t. (5 min). Deprotection and coupling steps were repeated 

until the completed linear resin-bound peptide sequence was afforded. 

General method E: purification 

Crude peptide was dissolved in 0.1% (v/v) TFA in H2O:MeCN (4:1), centrifuged and 

filtered using Phenomenex (Torrance, CA) Phenex syringe filters (26 mm, 0.45 μm). The 

filtrate was injected in 2500 μL aliquots and purified using a slow gradient on RP-HPLC 

(1 – 95%B, 1% B/min, 4 mL/min).483 The fractions were collected based on UV absorbance 

at wavelengths of 210 nm, 230 nm, 254 nm and 280 nm, followed mass-spectrometry 

analysis (ESI+ 100 V; H2O:MeCN; 1:1 v/v, 0.2 mL/min). The fractions containing the 

purified peptide were combined and lyophilized. 

General Method F: conjugating vinyl esters onto cyclic scaffold 4.11 

 

NMP was sparged with argon for 20 min, to which cyclic peptide 4.11 was added (10 

mg/mL), along with the desired vinyl ester (70 eq.), DMPA (1 eq.) and TIPS (80 eq.). TFA 
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(5% v/v) and tNonSH (80 eq.) were then added to the mixture under argon and the mixture 

irradiated under at 365 nm, r.t., 1 h. The reaction was monitored using LC-MS (5 – 95% B, 

3% B/min, 0.3 mL/min). Upon completion of the reaction, the mixture was triturated with 

diethyl ether (40 mL, 4 °C). Centrifuging gave a peptide pellet which was dissolved in 0.1% 

(v/v) TFA in H2O:MeCN (1:1). Purification according to General Method E gave purified 

peptide 4.5. 

4.3 Fmoc approach for the synthesis of cyclic peptide 4.11 

4.3.1 N-acyl-benzimidazolinone thioester precursor 

 Attaching the linkers to aminomethyl-polystyrene resin 

 

Fmoc-Rink amide linker (4 eq.) was attached to aminomethyl-polystyrene resin (110 mg, 

0.1 mmol, loading 0.91 mmol/g) using 6-Cl-HOBt (68 mg, 0.4 mmol, 4 eq.) and DIC (62.6 

μL, 0.4 mmol, 4 eq.) dissolved in DMF/CH2Cl2 (1:4 v/v) according to General method A. 

The Fmoc group was removed as described in General method B. Fmoc-Dbz-OH (150 

mg, 0.4 mmol, 4 eq.), HBTU (152 mg, 0.4 mmol, 4 eq.), and 6-Cl-HOBt (68mg, 0.4 mmol, 

4 eq.) were dissolved in DMF (3 mL). DIPEA (105 μL, 0.6 mmol, 6 eq.) was added to 

activate the Dbz linker for 30 s, after which the mixture was added to the Rink amide resin 

and gently agitated for 1 h at r.t. The solution was then drained, and the resin was washed 

with DMF (3 × 5 mL) and dried by washing with MeOH (3 × 5 mL) to give linker resin 

4.6. 

 Coupling the first amino acid 
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Fmoc deprotection was achieved according to General method B. Fmoc-Ser(tBu)-OH 

(230 mg, 0.6 mmol, 6 eq.) and HBTU (228 mg, 0.6 mmol, 6 eq.) were dissolved in DMF 

(3 mL), and DIPEA (157 μL, 0.9 mmol, 9 eq.) was added to activate the amino acid. After 

1 min, the mixture was added to resin 4.6. The solution was then drained, and the resin was 

washed with DMF (3 × 5 mL) and dried by washing with MeOH (3 × 5 mL) to give peptidyl 

resin 4.7. 

 Microwave enhanced elongation to generate linear peptidyl resin 4.8 

 

Resin 7 was elongated with Fmoc-AA-OH (0.4 mmol, 4 eq.) under microwave assistance 

according to General method B. Starting with Fmoc-D-Asn(Trt)-OH (239 mg), Fmoc-Pro-

OH (135 mg), Fmoc-Gln(Trt)-OH (244 mg), Fmoc-D-Asn(Trt)-OH (239 mg), Fmoc-D-

Tyr(tBu)-OH (184 mg), Fmoc- Asn(Trt)-OH (239 mg) and Fmoc-D-Cys(Trt)-OH (234 mg) 

were sequentially coupled onto 7, followed by Nα-Fmoc deprotection after each coupling 

to afford peptidyl resin 8, the identity was confirmed by analysing  cleaved and deprotected 

sample SI 1 according to General method B using LC-MS: tR = 18.1 min, [M + H]+ found 

1294.4, [C59H71N15O17S + H]+ requires 1294.5 (Figure 4-4), by-product 12 was identified 

as the hydrolysis of the Dbz linker during deprotection: tR = 10.3 min, [M + H]+ found 

938.5, [C37H55N13O14S + H]+ requires 938.4. 
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Figure 4-4. LC-MS analysis of cleavage product of intermediate peptide 4.18. 4.12 is the truncated form of 4.18 as a 

result of incomplete Dbz linker coupling. Structures of 4.18 and 4.12 shown (top, boxed). LC-MS was performed with 

Agilent Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 65% B over 20 min, ca. 3% B per minute 

at r.t., 0.3 mL/min. 
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 Generating cyclic precursor with C-terminal Nbz leaving group 4.10 

 

Boc protection on Nα-terminal amine was achieved through gentle agitation of resin 4.8 

with Boc2O (218 mg, 1.0 mmol, 10 eq.) in DMF (3 mL) for 45 min at r.t. The solution was 

drained and a negative ninhydrin test result confirmed Nα-Boc protection on D-Cys. The 

resin was then swollen in CH2Cl2 for 15 min. After addition of p-nitrophenyl chloroformate 

(101 mg, 0.5 mmol, 5 eq.) in CH2Cl2 (3 mL), the resin was gently agitated for 40 min at 

r.t., the solvent drained and  the resin washed with DMF (3 × 5 mL) and DIPEA (261 μL, 

1.5 mmol, 0.5 M in DMF, 3 mL) added, producing a yellow colouration. After 15 min of 

gentle agitation, the solvent was drained, the resin washed with DMF (3 × 5 mL), then 

MeOH (3 × 5 mL) and dried to give peptidyl-Nbz-resin 4.9. The peptide was released from 

the resin by treating with TFA/DODT/H2O/TIPS (94:2.5:2.5:1 v/v/v/v), to give crude cyclic 

precursor 4.10 (75 mg, 70% yield,66% purity) as confirmed by LC-MS: tR = 10.7 min, [M 

+ H]+ found 1098.5, [C45H59N15O16S + H]+ requires 1098.4 (Figure 4-5). 
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Figure 4-5. LC-MS analysis of crude peptide 4.10. LC-MS was performed with Agilent Zorbax 300SB-C3 (3.5 μm, 3.0 

× 150 mm), linear gradient of 5% B to 65% B over 20 min, ca. 3% B per minute at r.t., 0.3 mL/min. 

 Forming cyclic peptide 4.11 effected by NCL 

 

Crude peptide 4.10 was dissolved in the NCL buffer with thiol catalyst MPAA and cyclized 

according to General method C to give 4.11 in 23% conversion as confirmed by LC-MS: 

tR = 10.1 min, [M + H]+ found 921.3, [C37H52N12O14S + H]+ requires 921.3, and 77% 

conversion to by product 4.12: tR = 6.6 min, [M + H]+ found 938.5, [C37H55N13O14S + H]+ 

requires 938.4 (Figure 4-6). 
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Figure 4-6. LC-MS analysis of cyclization of 4.10 with NCL after 1 h. LC-MS was performed with Agilent Zorbax 

300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 65% B over 20 min, ca. 3% B per minute at r.t., 0.3 

mL/min. 

4.3.2 Solution-phase direct thioesterification 

 Loading the first amino acid 

 

To pre-swollen (CH2Cl2) 2-chlorotrityl chloride resin (130 mg, 0.1 mmol, 0.77 mmol/g) 

was added Fmoc-Ser(tBu)-OH (153 mg, 0.4 mmol, 4 eq.) and DIPEA (174 μL, 1.0 mmol, 
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10 eq.) in CH2Cl2 (3 mL) and gently agitated for 1 h at r.t to give 4.19. The loading was 

determined to be 62% quantified by an Fmoc release assay using a fraction of the resin (ca. 

1 mg).380 Unreacted sites were capped by treating with CH2Cl2/MeOH/DIPEA (8:1.5:0.5 

v/v/v, 2 × 10 min, r.t.). 

 Elongating the peptide with Fmoc-SPPS 

 

The peptide was then elongated following manual Fmoc-SPPS procedures adapted from 

General method B using Fmoc-AA-OH (0.5 mmol, 5 eq.), HATU (183 mg, 0.48 mmol, 

4.8 eq.) and DIPEA (174 μL, 1.0 mmol, 10 eq.) in DMF at r.t. (45 min) and deprotection 

using piperidine/DMF (1:4 v/v, 2 × 5 min) to generate peptidyl resin 4.20. 

 In situ direct thioesterification 

 

N-terminal amine of 4.20 was Boc protected as previously described in Section 4.3.1.4 

above. The peptide was released by treatment with TFA/CH2Cl2 (1:99 v/v, 3 mL) 3 × 5 min 

at r.t.. The solution containing protected peptide 4.21 was drained into a round bottom flask 

containing DIPEA (225 μL, 1.29 mmol, 1.1 eq. with respect to TFA). To this solution was 

added MPAA (323 mg, 35.2 mmol, 30 eq.), 6-Cl-HOBt (211 mg, 23.5 mmol, 20 eq.), DIC 
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(194 μL, 23.5 mmol, 20 eq.) and additional DIPEA (225 μL, 1.29 mmol, 1.1 eq.). The 

mixture was stirred for 12 h at r.t.. The solution was sparged with nitrogen to evaporate 

TFA, and the residual CH2Cl2 was removed under reduced pressure at 40 °C. Trituration 

with diethyl ether (4 °C) gave crude protected thioester 4.22. Global deprotection with 

TFA/DODT/H2O/TIPS (94:2.5:2.5:1 v/v/v/v) gave 4.23 (12 mg, 11% yield, 70% purity) as 

confirmed by LC-MS: tR = 11.1 min, [M + H]+ found 1089.3, [C45H60N12O16S + H]+ 

requires 1089.4 (Figure 4-7). 

 

Figure 4-7. LC-MS analysis of crude peptide 4.23 after in situ direct thioesterification. LC-MS was performed with 

Agilent Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 65% B over 20 min, ca. 3% B per minute 

at r.t., 0.3 mL/min. 
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4.4 Boc-SPPS approach for the synthesis of cyclic peptide 4.11 

4.4.1 Forming the thioester on resin 

 Forming the thiol linker on resin 

 

Boc-Gly-PAM linker (129 mg, 0.4 mmol, 4 eq.) was attached onto aminomethyl-

polystyrene resin (110 mg, 0.1 mmol, loading 0.91 mmol/g) with DIC (63 μL 0.4 mmol, 4 

eq.) according to General method A. The Boc group was removed as described in General 

method D using neat TFA. 3-(Trityl)mercaptopropionic acid (139 mg, 0.4 mmol, 4 eq.) 

and HBTU (144 mg, 0.38 mmol, 3.8 eq.) were dissolved in DMF (3 mL). DIPEA (70 μL, 

0.4 mmol, 4 eq.) was added to activate the acid for 30 s, after which the mixture was added 

to the H2N-Gly-PAM resin and gently agitated for 30 min at r.t. The solution was then 

drained, and the resin washed with DMF (3 × 5 mL) to give Trt-protected thiol-linker-resin 

3.13. 

 Generating the C-terminal thioester 

 

S-Trt deprotection was carried out by treating 3.13 with TFA/DODT/H2O/TIPS 

(94:2.5:2.5:1 v/v/v/v) with gentle agitation for 2 × 2 min at r.t. The solution was drained 

and the resin was flow washed with DMF (3 × 30 s). Boc-Ser(Bzl)-OH (78 mg, 0.4 mmol, 

4 eq.) and HBTU (144 mg, 0.38 mmol, 3.8 eq.) were dissolved in DMF. DIPEA (70 μL, 

0.4 mmol, 4 eq.) was added to activate Boc-Ser(Bzl)-OH for 30 s, after which the mixture 

was added to thiol-linker-resin and gently agitated for 30 min at r.t. to generate thioester-

resin 3.14. 
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 Elongating the sequence with Boc-SPPS 

 

The remaining sequence was elongated using Boc-SPPS following conditions described in 

General method D. Starting with Boc-D-Asn(Xan)-OH, Boc-Pro-OH, Boc-Gln-OH, Boc-

D-Asn(Xan)-OH, Boc-D-Tyr(2Br-Z)-OH, Boc-Asn(Xan)-OH and Boc-D-Thz-OH were 

sequentially coupled onto 3.14, followed by Nα-Boc deprotection after each coupling to 

afford peptidyl-thioester-resin 3.15. 

 Releasing the peptide from solid support 

 

The thioester-peptide was concomitantly deprotected and released from the resin by 

treatment with HF/p-cresol (20:1 v/v, 10 mL), stirring for 1 h at 0 °C. HF was then slowly 

evaporated with a vacuum generated by a water aspirator and the residue was triturated 

with diethyl ether (4 °C) and centrifuged.518 The peptide pellet was dissolved in 0.1% TFA 

(v/v) in H2O:MeCN (1:1) and lyophilized to give crude peptide 4.16 as a fluffy white 

powder (73mg, 67% yield, 53% purity) as confirmed by LC-MS: tR = 8.7 min, [M + H]+ 

found 1096.3, [C43H61N13O17S + H]+ requires 1096.4 (Figure 4-8). 
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Figure 4-8. LC-MS analysis of crude peptide 4.16 with N-terminal Thz. LC-MS was performed with Agilent Zorbax 

300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 95% B over 30 min, ca. 3% B per minute at r.t., 0.3 

mL/min. 

 In situ unmasking of thiazolidine and cyclization effected by NCL 

 

Crude thioester 4.16 (73 mg) was dissolved to a concentration of 50 mM in a buffer (0.2 M 

Na2HPO4 and 0.1 M TCEP∙HCl) and methoxyamine∙HCl added to attain a concentration of 
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0.2 M methoxyamine∙HCl. The pH of the solution was then adjusted to 4 and the mixture 

shaken for 18 h at r.t. to afford 17. The reaction progress was monitored by LC-MS: tR (16) 

= 11.1 min,  

[M + H]+ found 1096.3, [C43H61N13O17S + H]+ requires 1096.4; tR (17) = 11.1 min, [M + 

H]+ found 1084.4, [C43H61N13O17S + H]+ requires 1084.4 (Figure 4-9). 

Upon completion of the reaction, the pH was adjusted to 7.5 with aq. NaOH (0.1 M) to 

effect cyclization to 4.11 and monitored by LC-MS (Figure 4-10). Upon reaction 

completion (ca 30 min), the cyclization mixture was acidified to pH 2 before purification 

according to General Method E to afford a white flaky powder (24.3 mg, 39% yield, 98% 

purity): RP-HPLC: tR = 7.5 min; ESI-MS: [M + H]+ found 921.3, [C43H62N12O16S + H]+ 

requires 921.3, Figure 4-11. 
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Figure 4-9. LC-MS time profile of Thz deprotection from t = 0 to t = 6 h. * = unmasked peptide 4.17, ‡ = starting material 

4.16. LC-MS was performed with Agilent Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 65% B 

over 20 min, ca. 3% B per minute at r.t., 0.3 mL/min. 
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Figure 4-10. LC-MS time profile of cyclization of 4.16 using NCL to yield cyclic peptide 4.11. LC-MS was performed 

with Agilent Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm), linear gradient of 5% B to 65% B over 20 min, ca. 3% B per 

minute at r.t., 0.3 mL/min. 

 

Figure 4-11. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.11 (ca. 98% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 



Chapter Four Iturin A  CONFIDENTIAL 

186 

4.4.2 Synthesis of iturin CLipPA mimic 4.5a 

 

Purified peptide 4.11 (11.6 mg, 12.6 μmol), DMPA (3.2 mg, 12.6 μmol, 1 eq.), vinyl 

butyrate (112 μL, 0.9 mmol, 70 eq.) and TIPS (207 μL, 1.0 mmol, 80 eq.) were dissolved 

in NMP (1.16 mL, 10 mg/mL final concentration w.r.t. 4.11) and degassed with argon for 

15 min. Volatile liquids tNonSH (189 μL, 1.0 mmol, 80 eq.) and TFA (58 μL, 5% v/v) were 

added under argon. The mixture underwent the CLipPA reaction according to General 

Method F. Purification according to General Method E yielded purified iturin CLipPA 

mimic 4.5a (1.2 mg, 9.2% yield, 97% purity) as a white solid; RP-HPLC: tR = 9.7 min; ESI-

MS: [M + H]+ found 1035.4, [C43H62N12O16S + H]+ requires 1035.4, Figure 4-12. 

 

Figure 4-12. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5a (ca. 97% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4.3 Synthesis of iturin CLipPA mimic 4.5b 

 

Purified peptide 4.11 (13.3 mg, 14.5 μmol), DMPA (3.7 mg, 14.5 μmol, 1 eq.), vinyl 

decanoate (226 μL, 1.0 mmol, 70 eq.) and TIPS (237 μL, 1.2 mmol, 80 eq.) were dissolved 

in NMP (1.33 mL, 10 mg/mL final concentration w.r.t. 4.11) and degassed with argon for 

15 min. Volatile liquids tNonSH (217 μL, 1.1 mmol, 80 eq.) and TFA (67 μL, 5% v/v) were 

added under argon. The mixture underwent the CLipPA reaction according to General 

Method F. Purification according to General Method E yielded purified iturin CLipPA 

mimic 4.5b (1.5 mg, 9.3% yield, 96% purity) as a white solid; RP-HPLC: tR = 16.7 min; 

ESI-MS: [M + H]+ found 1119.6, [C49H74N12O16S + H]+ requires 1119.5, Figure 4-13. 

 

Figure 4-13. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5b (ca. 96% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4.4 Synthesis of iturin CLipPA mimic 4.5c 

 

Purified peptide 4.11 (14.2 mg, 15.4 μmol), DMPA (4.0 mg, 15.4 μmol, 1 eq.), vinyl 

palmitate (305 mg, 1.0 mmol, 70 eq.) and TIPS (253 μL, 1.2 mmol, 80 eq.) were dissolved 

in NMP (1.42 mL, 10 mg/mL final concentration w.r.t. 4.11) and degassed with argon for 

15 min. Volatile liquids tNonSH (231 μL, 1.1 mmol, 80 eq.) and TFA (71 μL, 5% v/v) were 

added under argon. The mixture underwent the CLipPA reaction according to General 

Method F. Purification according to General Method E yielded purified iturin CLipPA 

mimic4.5c (1.1 mg, 5.9% yield, 95% purity) as a white solid; RP-HPLC: tR = 23.4 min; 

ESI-MS: [M + H]+ found 1203.6, [C53H82N12O16S + H]+ requires 1203.6, Figure 4-14. 

 

Figure 4-14. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5c (ca. 95% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4.5 Synthesis of iturin CLipPA mimic 4.5d 

 

Purified peptide 4.11 (14.9 mg, 16.2 μmol), DMPA (4.1 mg, 16.2 μmol, 1 eq.), vinyl 

pivalate (168 μL, 1.1 mmol, 70 eq.) and TIPS (265 μL, 1.3 mmol, 80 eq.) were dissolved 

in NMP (1.49 mL, 10 mg/mL final concentration w.r.t. 4.11) and degassed with argon for 

15 min. Volatile liquids tNonSH (243 μL, 1.1 mmol, 80 eq.) and TFA (75 μL, 5% v/v) were 

added under argon. The mixture underwent the CLipPA reaction according to General 

Method F. Purification according to General Method E yielded purified iturin CLipPA 

mimic 4.5d (1.8 mg, 10.6% yield, 93% purity) as a white solid; RP-HPLC: tR = 10.7 min; 

ESI-MS: [M + H]+ found 1049.4, [C44H64N12O16S + H]+ requires 1049.4, Figure 4-15. 

 

Figure 4-15. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5d (ca. 93% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4.6 Synthesis of iturin CLipPA mimic 4.5e 

 

Purified peptide 4.11 (15.6 mg, 17.0 μmol), DMPA (4.3 mg, 17.0 μmol, 1 eq.), vinyl 

benzoate (164 μL, 1.2 mmol, 70 eq.) and TIPS (278 μL, 1.4 mmol, 80 eq.) were dissolved 

in NMP (1.56 mL, 10 mg/mL final concentration w.r.t. 4.11) and degassed with argon for 

15 min. Volatile liquids tNonSH (254 μL, 1.4 mmol, 80 eq.) and TFA (78 μL, 5% v/v) were 

added under argon. The mixture underwent the CLipPA reaction according to General 

Method F. Purification according to General Method E yielded purified iturin CLipPA 

mimic 4.5e (1.5 mg, 8.3% yield, 94% purity) as a white solid; RP-HPLC: tR = 11.0 min; 

ESI-MS: [M + H]+ found 1069.3, [C46H60N12O16S + H]+ requires 1069.4, Figure 4-16. 

 

Figure 4-16. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5e (ca. 94% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm, 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.4.7 Synthesis of iturin CLipPA mimic 4.5f 

 

Purified peptide 11 (16.6 mg, 18.0 μmol), DMPA (4.6 mg, 18.0 μmol, 1 eq.), vinyl 4-tert-

butylbenzoate (258 μL, 1.3 mmol, 70 eq.) and TIPS (296 μL, 1.4 mmol, 80 eq.) were 

dissolved in NMP (1.66 mL, 10 mg/mL final concentration w.r.t. 11) and degassed with 

argon for 15 min. Volatile liquids tNonSH (270 μL, 1.4 mmol, 80 eq.) and TFA (83 μL, 

5% v/v) were added under argon. The mixture underwent the CLipPA reaction according 

to General Method F. Purification according to General Method E yielded purified iturin 

CLipPA mimic4.5f (0.9 mg, 4.4% yield, 96% purity) as a white solid; RP-HPLC: tR = 14.7 

min; ESI-MS: [M + H]+ found 1125.4, [C50H68N12O16S + H]+ requires 1125.5, Figure 4-17. 

 

Figure 4-17. Analytical RP-HPLC trace with inset ESI-MS spectrum of iturin CLipPA mimic 4.5f (ca. 96% as judged 

by peak area of RP-HPLC at 210 nm); Xterra MS C18 (5 μm, 4.6 × 150 mm), linear gradient of 5% B to 95% B over 30 

min, ca. 3% B per minute at r.t., 1 mL/min. 
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4.5 Antifungal susceptibility testing 

MIC assays were performed with C. albicans SC5314 in accordance with the CLSI M27-

A2 broth microdilution protocol, using polypropylene 96-well plates.519 After incubation 

with a series of two-fold compound dilutions at 37 C for 48 h, the MIC was determined 

by visual inspection. Amphotericin B and commercially available iturin A were employed 

as controls. Compounds were assayed in triplicate and the experiment repeated three times. 

The MIC was defined as the lowest concentration at which no growth was observed (Table 

4-1). 

Table 4-1. MIC Iturin analogues 5a – 5f in µM 

Peptide C. albicans SC5314 

5a > 128 

5b > 128 

5c > 128 

5d > 128 

5e > 128 

5f > 128 

Iturin A (commercial) 32 

Amphotericin B 2 
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1 Summary 

Three series of lipidated peptides inspired by naturally occurring bioactive AMPs were 

synthesized and their biological activities were evaluated in this thesis. The CLipPA 

reaction effected the lipidation onto the three peptide scaffolds derived from battacin, 

teixobactin and iturin A (Figure 5-1). 

1.1 Synthesis 

The three series of analogues were made following a common synthetic route: the assembly 

of the peptide sequence using SPPS with the incorporation of a thiol-containing residue, 

liberation from the solid support for solution-phase reactions (when required) to afford the 

deprotected peptide with a thiol handle, and diversification using CLipPA S-lipidation with 

vinyl esters which generated 12 battacin mimics, six teixobactin mimics and six iturin A 

mimics. 
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Figure 5-1. Structures of the naturally occurring AMPs and their synthetic analogues. The natural hydrophobic moieties 

and their synthetic counterparts (blue), as well as other structural modifications (red) are highlighted. 
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1.2 Battacin 

In Chapter Two, the cyclic lipopeptide battacin and the syntheses of CLipPA analogues 

were described. De Zoysa et al. reported that a linear analogue 2.2 (Figure 2-1) with a 

shorter lipid exhibited more potent antibacterial activity than native battacin. As such, we 

synthesized CLipPA analogues 2.12a – 2.12f and 2.13a – 2.13f (Figure 2-2 and Figure 

5-1 A) based on the linear analogue 2.2. Antibacterial assays showed moderate to 

significant decrease in MIC compared to the lead linear analogue 2.2 (Table 5-1). The most 

potent analogues exhibited broad-spectrum activity and compared to 2.2, the MIC values 

decreased by at least 16-fold against P. aeruginosa, by 4-fold against A. calcoaceticus, and 

by 8-fold against S. aureus, while it retained the low micromolar MIC against E. coli. 

Table 5-1. MIC values of linear battacin 2.2 and the most potent analogues 2.12f and 2.13c. 

 

 

 

 

The MIC values the battacin analogues displayed were generally the same as the MBC, 

signifying that the active analogues are bactericidal. Furthermore, the MIC of CLipPA 

derivatives of two sulfhydryl containing residues were compared: analogues synthesized 

with 3-mercaptopropanoic acid (MPA) performed better than their Cys counterparts. The 

additional charge from the extra amine group in Cys was thought to reduce the propensity 

of lipid insertion into the bacterial membrane. Overall, this demonstrates that lipidated 

peptides effected by the CLipPA reaction can produce bactericidal AMPs with broad-

spectrum activity. 

1.3 Teixobactin 

In Chapter Three, analogues of the anti-Gram-positive AMP, teixobactin 3.1, were 

synthesized. Instead of a lipid moiety, teixobactin has a hydrophobic region. Yang et al. 

reported lipobactin 3.3 (Figure 3-1),311 a truncated and simplified analogue with a lipid tail 

that retained antibacterial activity, but decreased potency compared to teixobactin. Inspired 

by this study, we used lipobactin as a lead compound and synthesized the CLipPAbactin 

Peptide E. coli P. aeruginosa A. calcoaceticus S. aureus 

 MIC (µM) 

2.2 8 >128 128 64 

2.12f 8 8 32 8 

2.13c 8 8 32 8 
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series 3.8a – 3.8f (Figure 3-2 and Figure 5-1, B). The syntheses for these compounds 

comprised of assembling the macrolactone pharmacophore with a thiol handle where 

lipidation is effected by CLipPA. Based on the findings from the battacin series, MPA was 

used instead of Cys to provide the thiol handle for lipidation. These analogues displayed 

no inhibition of growth of S. aureus in the MIC assays. Our synthesized lipobactin 3.3 

inhibited growth at similar concentrations to the literature reported MIC, albeit against a 

different strain of Staphylococcus bacteria — this validated our assay results. We suspected 

that the hydrophilicity of the CLipPAbactins had a role to play in preventing the analogues 

from binding to cell wall biosynthetic precursors lipid II and lipid III, the targets that enable 

teixobactin’s antibacterial activity.115 Hence, we used the retention times of the analogues 

from RP-HPLC to compare their hydrophilicity to lipobactin. CLipPAbactins 3.8a – 3.8c 

and 3.8f with a similar atom count to lipobactin 3.3 had earlier retention times (Table 5-2). 

We postulate that the CLipPA lipid bridging unit, –OOCCH2CH2SCH2CH–, impairs either 

the diffusion across the peptidoglycan layer or the binding to lipid II and lipid III, that lead 

to the lack of bioactivity against S. aureus. 

Table 5-2. RP-HPLC column retention times (tR) of the CLipPAbactin peptides and lipobactin 3.3 as a function of lipid 

tail length (∆ atoms). Peptides that were more hydrophilic than lipobactin are highlighted (red). 

Peptide tR (min) ∆t (min) ∆ atoms 

3.3 20.38 0 0 

3.8a 14.98 -5.4 -1 

3.8b 16.88 -3.5 +1 

3.8f 15.93 -4.5 +2 

3.8c 18.89 -1.5 +3 

3.8d 23.21 +2.8 +7 

3.8e 27.98 +7.6 +11 

1.4 Iturin A 

In Chapter Four, the antifungal iturin A served as the lead compound for CLipPA 

analogues (Figure 5-1, C). In battacin and teixobactin, the lipid/hydrophobic moieties are 

separated from the cyclic structure by exocyclic residues. Whereas the lipid tail in iturin A 

stems from the β-lipoamino iturinic acid, that is embedded within the macrocycle. To 

mimic this for CLipPA analogues, a sulfhydryl handle from the cyclic scaffold was 
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required. This was achieved by cyclizing the linear sequence using NCL, which yielded a 

macrolactam with a sulfhydryl handle from the D-Cys residue. Subsequent conjugation of 

a series of vinyl esters throught CLipPA chemistry afforded analogues 4.5a – 4.5f (Scheme 

4-5). The MIC assays showed no inhibition of growth against human pathogenic fungus C. 

albicans. The lack of antifungal activity was suspected to be from the change in the ring 

size. The replacement of β-lipoamino iturinic acid for α-amino acid D-Cys decreased the 

ring size by one methylene unit, and thus altered the spatial positions of the side chains and 

reduced the efficacy of target binding. Subsequently, the lipid could not effectively insert 

into the fungal membrane. Nevertheless, the lipidation directly on a cyclic scaffold using 

CLipPA was demonstrated. 

2 Conclusions on CLipPA peptides 

The work conducted in this thesis demonstrated the synthetic versatility of CLipPA for 

installing lipid moieties onto three structurally distinct peptide precursors in the synthesis 

towards lipopeptides based on naturally-occurring cyclic lipopeptides battacin, teixobactin 

and iturin A. Compared to conventional methods of synthesizing lipopeptides, where a lipid 

moiety is incorporated into SPPS as a residue, the chemoselectivity of CLipPA technology 

grants the flexibility of conjugating vinyl esters at any stage of the syntheses of 

lipopeptides. This would allow the ease of diversification for generating an array of 

analogues from a common precursor bearing a thiol handle, therefore simplifying the 

overall synthetic process. The chemoselective nature of the CLipPA reaction allows the 

lipopeptide precursor to be fully deprotected, which avoids solubility issues commonly 

associated with side chain protected peptides. 

The synthetic analogues were evaluated for their MIC values against the relevant microbes, 

i.e. bacterial assays for battacin and teixobactin, and fungal assays for iturin A. The 

biological evaluation revealed that the CLipPA linkage was able to replicate the pore-

forming killing mechanism elicited by battacin. On the other hand, the lack of inhibition of 

bacterial growth by the CLipPAbactin analogues suggest that they could not replicate the 

binding to lipids II and III, the key step for the antibacterial activity of teixobactin. 

Similarly, iturin A CLipPA analogues did not retain antifungal activity, the reduced ring 

size with respect to the native compound was suspected to have hindered bioactivity. 

Additionally, the lack of antifungal activity could be that the CLipPA linkage was not 

imitate iturin A’s mechanism of inserting into the C. albicans fungal membrane. 
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3 Future work 

With the growing interest in the use of lipopeptides for combatting the rising threat of 

AMR, the synthetic work in this thesis on the CLipPA mimics of battacin, teixobactin and 

iturin A serves as a timely addition to the arsenal of synthetic tools. 

The properties that the CLipPA linkage would impart on a peptide needs further 

exploration. Specifically, the inactivity of the teixobactin and iturin A CLipPA mimics 

requires elucidation. Given that the general class of lipopeptides act with non-specific 

mechanisms, there is the inherent risk of toxicity towards host cells.520 Hence, comparing 

the toxicity profile of a CLipPA analogues of known toxic lipopeptides, such as colistin, 

will add to the general antimicrobial SAR. 

The inactivity of the teixobactin and iturin A CLipPA analogues begs the question, “Why 

did these small changes compromise the antimicrobial activity?” Synthesizing 

CLipPAbactins with a radiolabel or a fluorescent tag will provide the means for verifying 

the peptide’s ability to traverse into the bacterial membrane to access lipids II and III.521 

Similarly, assaying with purified forms of lipids II and III will show whether or not binding 

is possible to elicit antibacterial action. 

The effect of the reduced ring size of iturin A mimics can be explored with NMR to reveal 

the solution conformation. Computational simulations can be also employed for the 

analysis of the propensity of the monomers for aggregation, a key step in pore formation 

upon insertion of the lipid into the fungal membrane.522,523 As the MOA of iturin A is 

similar to that of battacin, testing iturin A CLipPA analogues could probe for antibacterial 

properties of which iturin A already possess against Micrococcus luteus.524 

The MOA of the battacin analogues can be further elucidated with imaging techniques such 

as atomic force microscopy for physical visualization of pore formation on the bacterial 

membranes.525 Synthesizing these analogues with a thiol-bearing β-amino acid would 

restore the ring size to that of native iturin A and perhaps regain antifungal activity. 

Finally, the concept of conducting NCL and CLipPA in consecutive in situ steps should be 

investigated. Currently, the optimized solvent for CLipPA is NMP. While NCL is normally 

performed in aqueous solutions, it has been shown to also proceed in NMP with a 

trimethylamine additive.526 However, care needs to be taken on producing radicals in the 
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presence of the components used in effecting NCL. The successful execution of this 

concept could see improved yields in synthesizing cyclic lipopeptides. 
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