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Abstract 

Increased morbidity and mortality from bacterial infections and the ability of bacteria to mutate 

and become resistant to successive generations of antibiotics necessitates the development of 

novel antibacterial drugs. Novel platforms that help to deepen our current understanding of 

antibacterial drug discovery and create drugs that can be used as weapons against lethal 

bacterial infections are urgently needed. Pseudomonas aeuriginosa, Staphylococcus aureus 

and Escherichia coli are bacterial pathogens implicated in numerous severe health conditions 

and infections.  

Nature has provided us with an enormous amount of compounds (from small molecules to 

peptides) that can be used effectively towards the fight against bacterial infections. 

Antimicrobial peptides (AMPs) are widely distributed in humans, plants and animals and play 

crucial roles in protecting the host from bacterial infections. AMPs primarily target the 

bacterial cell membrane and either create pores or cover the membrane like a carpet ultimately 

causing bacterial cell lysis. 

This thesis reports the synthesis, structural characterisation and biological evaluation of several 

antimicrobial peptides.  

The initial platform, for the antimicrobial peptide-based investigations, was the human 

autophagy 16 polypeptide (Atg16- K5) (Figure I). K5 along with its analogues (K9, K15 and 

K23) showed promising activity against bacterial strains. 

 

Figure I Sequence as shown on the crystal structure of Atg16 (K5). 
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Based on this promising result, the design and synthesis of a library of analogues in an attempt 

to both enhance the activity and reduce the length of the peptide was undertaken. A 21-residue 

fragment of Atg16 conjugated to 4–methylhexanoic acid (K30) showed remarkable activity 

reaching the nanomolar range against an S. aureus strain while retaining negligible haemolysis. 

Visual inspection using microscopy affirmed the membranolytic effect of the peptide on 

bacterial cells. The three-dimensional solution NMR structure of K30 in complex with 

dioctanoyl phosphatidylglycerol (D8PG) micelles revealed that the peptide adopts a helix-loop-

helix structure in the presence of anionic membrane lipids mimicking bacterial membranes. 

Intermolecular NOEs between peptide and lipid revealed the location of the peptide in the 

bound state, which was subsequently supported by the paramagnetic relaxation enhancement 

(PRE) NMR experiment. The charge distribution pattern on the surface of the peptide shows 

the amphipathic nature of the sequence which is crucial for interaction with negatively charged 

bacterial membranes. 

The focus of the next chapter was placed more on the de novo design, based on ongoing work 

in the lab, on the propensity of the 2-Abz-D-Phe unit to induce turn structures in synthetic 

peptides. Thus, the synthesis of linear and cyclic peptides incorporating the 2-Abz-D-Phe 

residue and their propensity towards a beta sheet structure was investigated in detail. A peptide 

inspired by gramicidin S, designed to possess two identical turns (KV11) (Figure II), emerged 

as the lead peptide showing low micromolar activity against a clinical isolate of MRSA 

(methicillin resistant Staphylococcus aureus). Microscopy studies (SEM and TEM) revealed 

the ability of the peptide to disturb the membranes of the bacteria. Both NMR and CD studies 

on the secondary structure of the peptide did not show a well-defined secondary structure. All 

the data seem to suggest that the peptide is flexible and adopts a mixture of structures, 

potentially a random coil with some extended beta sheet structures. Serendipitously, peptide 
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KV8, (Figure II) an analogue of KV11 bearing heterochirality on its two turns, was proven to 

adopt a perfect beta sheet structure. 

 

Figure II Sequences of peptides KV8 and KV11. The two symmetrical turns are shown in red. 

D-amino acids are shown in lower case. 

The environmental impact of the toxic synthesis of peptides was the inspiration for a series of 

experiments were DMF , a toxic solvent most commonly used for peptide synthesis, was 

exchanged with PC , a green solvent, for the synthesis of the cyclic tetrapeptide CJ.15.208, a 

kappa opioid receptor antagonist. 
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MALDI matrix assisted laser desorption/ionization. 

MD molecular dynamics 

MDR multidrug resistant 

MHB Mueller Hinton broth 

MIC minimal inhibitory concentration 

MRSA Methicillin resistant Staphylococcus aureus 

MW microwave irradiation 

NBP N-Butylpyrrolidinone 

NCA N-carboxyanhydrides 

NFM N-Formylmorpholine 

NMP N-Methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

NOESY nuclear Overhauser effect spectroscopy 

Os osmocene 

OD optical density 

OxymaPure® ethyl cyano(hydroxyimino)acetate 

P. aeruginosa Pseudomonas aeruginosa 

PAMAM poly (amidoamine) 
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PBS phosphate buffer saline 

PC Propylene carbonate 

PE phosphatidylethanolamine 

PEG-PS polyethyleneglycols polystyrene resins 

PEG-Ps polythylene glycol 

PG phosphatidylglycerol 

PhCF3 a,a trifluorotoluene 

PI propidium iodide 

PPh3 triphenyl phosphine 

PRE-NMR paramagnetic relaxation enhancement NMR 

PS polystyrene resins  

RiPPs ribosomally synthesized and post-translationally modified peptides 

Ru ruthenocene 

ROESY  Rotating-frame Overhauser Spectroscopy 

ROS reactive oxygen species 

RP-HPLC reversed-phase high performance liquid chromatography 

s singlet 

S. aureus Staphylococcus aureus 

SAR structure activity relationship 

SDS sodium dodecyl sulphate 

SEM scanning electron microscopy 

Syn-AMPs synthetic antimicrobial peptides 

t triplet 

TEM transmission electron microscopy 

TFA trifluoroacetic acid 

TFE 2,2,2 trifluorethanol 

THF tetrahydrofuran 

TIS triisopropyl silane 

TMP 2,4,6-trimethylpyridine 

TMS  tetramethylsilane  
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WHO World Health Organization 

WSCD 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
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δ Chemical shift 
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Table 1: Codes and sequences of the peptides synthesized in this thesis 

Peptide Sequence 

K5 MPRWKRHISEQLRRRDRLQRQAFEEIILQYNKLL 

K6 DRLQRQAFEEIILQYNK 

K6.1 DRLQRQAJEEIILQYNK 

K7 ILQYNKLL 

K8 MPRWKRHISEQLR 

K9 MPRWKRHISEQLRRRDRLQRQAXEEIILQYNKLL 

K11 RDRLQRQAFEEIILQYNKLL 

K13 RDRLQRQAJEEIILQYNKLL 

K14 EEIILQYNKLL 

K15 MPRWKRHISEQLRRRDRLQRQAJEEIILQYNKLL 

K17 RWKRHISEQLRRRDRLQR 

K18 RWKRHISEQLRRRDRLQRQAF 

K22 RWKRHISEQLRRRDRLQRQAJ  

K23 MPRWKRHISEQLRRRDRLQRQAJEIILQYNKLL 

K30 R1 –RWKRHISEQLRRRDRLQRQAJ-NH2 

K31 R2 –RWKRHISEQLRRRDRLQRQAJ-NH2 

K33 R3 –RWKRHISEQLRRRDRLQRQAJ-NH2 

K36 R5 –RWKRHISEQLRRRDRLQRQAJ-NH2 

K37  

K39 

 
K40   

K41 
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K42 

 
K43  

K44  

K46 R4–RWKRHISEQLRRRDRLQRQAJ-NH2 

K47 

 
K48 

 
K49 Fc–RWKRHISEQLRRRDRLQRQAJ-NH2 

K53 R1 –RZKRHISEQLRRRDRLQRQAJ-NH2 

K54 Fc–RZKRHISEQLRRRDRLQRQAJ-NH2 

K57 R1 –RWKRHISEQLRRRDRLQRQAZ-NH2 

K58 Fc–RWKRHISEQLRRRDRLQRQAZ-NH2 

K63 R1 –RZKRHISEQLRRRDRLQRQAZ-NH2 

K64 Fc–RZKRHISEQLRRRDRLQRQAZ-NH2 

2  RVRWRlfBaRWRVR 

KV2 cyclo(RVRWRlfBaRWRVR) 

3 RIKWRlfBaRWKIR 

KV3 cyclo(RIKWRlfBaRWKIR) 

KV8 cyclo(lfBARIKWRlfBaRWKIR) 

KV9 
 

KV11 cyclo(lfBaRIKWRlfBaRWKIR) 
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CHAPTER 1: Introduction 

 

 

 

 

  

 

  

 

 

This chapter introduces the drug design and development process 

along with the problems and obstacles that scientists face during 

this process. A comparison between small molecules and peptides 

is included along with a detailed explanation of the bacterial and 

archaeal strains. The nature of and key physiological differences 

between archaea, bacteria and eukarya that are relevant to the 

development of anti-archaeal peptides are also included. 

Part of this chapter has been published and reproduced with permission from: 

Varnava K.G, Ronimus R.S, and Sarojini V. A review on comparative mechanistic studies on antimicrobial 

peptides against archaea, Biotechnology and Bioengineering, 2017, 114(11):2457-2473. 
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1.1 Drug Design 

The general drug discovery process (Figure 1) is expensive, intensive and time-consuming. 

The process begins with identifying a target, which is usually either in an area with an unmet 

medicinal need or a novel approach to an existing solution.  This target could be a specific 

protein, an enzyme or even a receptor. Obviously, understanding the mechanisms of the 

targeted disease along with clear and concise hypotheses about the new candidate drug prevents 

future failures and provides solid background for experiments that are needed in order to 

facilitate further the drug design. Once the candidate drug has been synthesised, clear and 

integrated experiments with as many repetitions as possible that prove and identify the target 

are not only necessary but crucial even at later stages of the drug development.1 A small number 

of newly synthesised compounds can pass these stages and proceed into the clinical 

development stage. At this stage, exhaustive and conclusive experiments are performed in lab 

animals and humans to obtain as much information as possible on the pharmacological and 

pharmacokinetic profile of the candidate drug. Among the most important information are the 

drug’s absorption, distribution and metabolic pathway, optimal dosage, synergistic and 

antagonistic effect with other drugs, side and adverse effects and toxicity. Some of the drugs 

that have been recently approved by the FDA and are currently in the market are shown in 

Table 2 and Figure 2. 

 

Figure 1: Drug discovery process. 
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Table 2:   Recent FDA-approved and marketed drugs. 

Brand Name Company Therapeutic  

Class  

Indication Date/Year 

Approved 

Baxdela 

(delafloxacin) 

Melinta 

Therapeutics 

Fluoroquinolone Acute bacterial skin 

and skin structure 

infections 

June 2017 

Solosec  

(secnidazole)  

Symbiomix 

Therapeutics 

Nitroimadazole Bacterial vaginosis September 

2017 

Zinplava 

(bezlotoxumab) 

Merck Human 

monoclonal 

antibody 

Recurrent 

Clostridium difficile 

infection in patients 

receiving 

antibacterial 

treatment, 

October 

2016 

Dalvance 

(dalbavancin) 

Durata 

Therapeutics 

Lipoglycopeptide Acute bacterial skin 

and skin structure 

infections 

May 2014 

Metronidazole  Actavis, Inc. Nitroimidazoles Bacterial vaginosis April 2014 

Orbactiv  

(oritavancin) 

The Medicines 

Company 

Glycopeptide Acute bacterial skin 

and skin structure 

infections 

August 

2014 

Sivextro  

(tedizolid 

phosphate) 

Cubist 

Pharmaceuticals 

Oxazolidinone  Acute bacterial skin 

and skin structure 

infections 

June 2014 

Vibativ 

(telavancin)  

Theravance Lipoglycopeptide Hospital-acquired 

and ventilator-

associated bacterial 

pneumonia caused by 

Staphylococcus 

aureus 

June 2013 

Teflaro  

(ceftaroline 

fosamil)  

Cerexa Cephalosporin Bacterial skin 

infections and 

bacterial pneumonia 

November 

2010 

Zymaxid 

(gatifloxacin 

ophthalmic 

solution)  

Allergan Fluoroquinolones  Bacterial 

conjunctivitis 

May 2010 

Avelox I.V. 

(moxifloxacin 

hydrochloride)  

Bayer Fluoroquinolones Injectable 

antibacterial agent for 

adults with 

susceptible strains of 

bacterial infections 

November 

2001 

Invanz  Merck Carbapenem-

type 

Once-daily injectable 

treatment for 

bacterial infections 

November 

2001 

Spectracef  

(cefditoren) 

TAP 

Pharmaceuticals 

Cephalosporin Oral tablets for the 

treatment of mild to 

moderate bacterial 

infections 

August 

2001 
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Figure 2: Structures of some of the most recently approved drugs by FDA. 
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1.2 Natural Products 

 

Undoubtedly, nature has provided us with a vast and continuously expanding library of 

compounds with significant biological activity. Natural products, either unchanged or their 

synthetically modified derivatives, are among the lead candidates in drug design.2-4 To date, 

there are so many reported natural products that have shown remarkable activity against various 

organisms and diseases. Gordon M. Cragg and his research group have reported excellent 

reviews over the years, updating the literature on the importance of natural products and their 

place in drug development.2-5 These products have proven effective against cancer, malaria, 

neuralgia and even dementia.2-5 Table 3 and Figure 3 show the plant-derived natural products 

that have been approved for use as drugs.6 

 

Table 3:  Natural products approved for therapeutic use. 

Generic Name Plant Species Trade Name/Year 

of Introduction 

Indication Ref. 

Artemisinin Artemisia 

annua L 

Artemisin (1987) Malaria treatment 

(radical formation) 

7 

Arglabin Artemisia 

glabella 

Arglabin (1999) Cancer 

chemotherapy 

(farnesyl 

transferase 

inhibition) 

8 

Capsaicin Capsicum 

annum, L. or 

C. minimum 

Mill 

Qutenza (2010) Postherpetic 

neuralgia (TRPV1 

activator) 

9 

Colchicine Colchicum 

spp. 

Colcrys (2009) Gout (tubulin 

binding) 

10 

Dronabinol/ 

Canabidol/ 

Dronabinol 

Cannabis 

sativa L 

Sativexb (2005) Chronic 

neuropathic pain 

(CB1 and CB2 

receptor activation 

 

11 

Galanthamine Galanthus 

caucasicus 

Razadyne (2001) Dementia 

associated with 

Alzheimer's disease 

12 
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(Baker) 

Grossh 

(ligand of human 

nicotinic 

acetylcholine 

receptors 

(nAChRs)) 

Ingenol mebutate Euphorbia 

peplus L. 

Picato (2012) Actinic keratosis 

(inducer of cell 

death) 

13 

Masoprocol Larrea 

tridentata 

(Sessé & Moc. 

ex DC.) 

Coville 

Actinex (1992) 

 

Cancer 

chemotherapy 

(lipoxygenase 

inhibitor) 

 

14 

Omacetaxine 

mepesuccinate 

(Homoharringtonine) 

Cephalotaxus 

harringtonia 

(Knight ex 

Forbes) K. 

Koch 

Synribo (2012) 

 

Oncology (protein 

translation 

inhibitor) 

 

 

15 

Paclitaxel Taxus 

brevifolia 

Nutt. 

Taxol (1993), 

Abraxanec (2005), 

Nanoxelc (2007) 

 

 

Cancer 

chemotherapy 

(mitotic inhibitor) 

 

16 

Solamargine Solanum spp. Curadermd (1989) Cancer 

chemotherapy 

(apoptosis 

triggering) 

6 
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Figure 3: Chemical structures of plant-derived natural products approved for therapeutic use.17 
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1.3 Peptides 

 

When a new drug is designed a controversial question asked is “peptides or small 

molecules?”18,19 From a chemistry point of view, peptides are oligomers of amino acids (natural 

or unnatural) bonded via amide bonds. Shorter in length than proteins, peptides possess a 

variety of biological activities. Peptides have been used as alternative sweeteners (i.e., 

aspartame), 20 food preservatives (nisin), 21 hormones (insulin and oxytocin), 22 antibiotics 

(polymyxin23) and immunosuppressants  (cyclosporine). 24 The fact that they are less complex 

than proteins while retaining the selectivity of the parent proteins gives rise to their importance 

and often offer the middle ground between proteins and natural products. In comparison to 

natural products, peptides have weaker pharmacokinetic properties. The peptide bond is prone 

to hydrolysis by several enzymes. Therefore, peptides have poor in vivo stability and plasma 

circulating half-lives.  

 

1.3.1 Biosynthetic Pathways of Peptides 

 

Peptides are biosynthesized through two different pathways named as ribosomal and non-

ribosomal. An in-depth discussion of these two pathways falls beyond the scope of this thesis, 

however the classification of naturally derived peptides based on these two biosynthetic 

pathways is briefly provided below. Additionally, several important peptide-natural products 

derived from these two different pathways have been chosen and are described in more details 

in this thesis. 

Both prokaryotic and eukaryotic organisms synthesise peptides ribosomally.25
 The ribosome 

uses the amino acids to synthesize the peptides, which can be subcategorized based on their 

secondary structure as a helical, β sheet or looped structure. Many ribosomally synthesized 
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peptides overexpress one or more amino acids such as for example histatin 5, a 24-mer cationic 

peptide that possesses 7 His residues and is able to adopt a β-turn.  Despite the fact that in 

principle all peptides can be classified based on their secondary structure, a more in depth and 

accurate classification can include their biosynthetic pathways. This of course is only possible 

if the exact pathway (including the pathway of post translational modifications is known). The 

growing literature on the topic, is also accompanied by diverse (and unfortunately in some 

cases contradictory) opinions concerning the nomenclature of these subcategories.26 

Nevertheless some of the most important classes of ribosomally synthesised and post-

translationally modified peptides (RiPPs) include but are not limited to 1) lanthipeptides (e.g. 

nisin which is explained in more detail later on 2) linandins such as cypernycin 3) proteosins 

such as polytheonamides 4) cyanobactins and 5) thiopeptides such as thiostrenton A. For a 

more comprehensive overview of RiPPs, the reader is referred to an excellent review by 

Arnison et al.26 It is noted here that this review also presents a more universal approach on the 

nomenclature of these categories of peptides based on their biosynthetic pathway. 

 

Unlike the ribosomal pathway, the nonribosomal peptide synthetases (NRPS), which are large 

enzymes used in the non-ribosomal pathway, can utilize more than 500 blocks to generate 

sequences and thus are able to provide a more complex library.27 Some of the most common 

characteristic features found in the non-ribosomally synthesized peptides include but are not 

limited to 1) heterocyclization like vibriobactin, 2) N-methylation like cyclosporine, 3) fatty 

acids like syringomycin and 4) carboxy acids and sugars like vancomycin (Figure 4). Table 4 

lists some of the most important marketed NRP drugs. 
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Figure 4: Chemical structures and common characteristic features of non-ribosomal peptides. 
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Table 4: Overview of some marketed NRP drugs.27 

Agent Origin, producing organism(s) Properties and area of application 

Actinomycin D 

(dactinomycin) 

Actinomyces antibioticus (B), Streptomyces 

chrysomallus (B) 

antitumor, (antibacterial: high toxicity) 

Bacitracin Bacillus subtilis group (B), Bacillus 

licheniformis (B) 

antibacterial (topical; Gram‐positive), animal health feed 

Bleomycin A2,B2 Streptomyces verticillus (B) antitumor (Hodgkin′s lymphoma, testicular, ovarian, 

cervical cancers) 

Capreomycin IA+IB Streptomyces capreolus (B) antituberculous (nephrotoxic, ototoxic) 

Carfilzomib synthetic derivative of 

epoxomycin (Actinomyces sp. (B)) 

anticancer (multiple myeloma) 

Cephalosporins Acremonium chrysogenum (F), >50 marketed 

derivatives 

antibacterial 

Cyclosporine A Tolypocladium inflatum (F) immunosuppressive (inhibition of transplant rejection), 

autoimmune diseases 
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Agent Origin, producing organism(s) Properties and area of application 

Daptomycin (LY146032) Streptomyces roseosporus (B) antibacterial (Gram‐positive) 

Emodepside(BAY44‐

4400) 

Mycelia sterilia (F); semisynthetic from 

PF1022A 

anthelmintic 

Enduracidin (Enramycin) Streptomyces fungicidicus (B) antibacterial, food additive 

Ergometrine 

(ergonovine) 

Claviceps purpurea (F); further derivatives: 

methylergometrine 

obstetrics (therapy as uterus stimulant and vasoconstrictor) 

Gramicidin A, B, and C Bacillus brevis (B); part of an antibiotic mixture antibacterial (topical) 

Gramicidin S Bacillus brevis (B) antibacterial (topical), antifungal 

Lincomycin Streptomyces lincolnensis (B) further 

derivatives: clindamycin 

antibacterial (patients allergic to penicillin) 

Oritavancin (LY333328) Amycolatopsis orientalis (B); semisynthetic from 

vancomycin 

antibacterial (Gram‐positive; MRSA) 
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Agent Origin, producing organism(s) Properties and area of application 

Polymyxin B Bacillus polymyxa (B) antibacterial (Gram‐negative) 

Romidepsin (FR901228) Chromobacterium violaceum (B) antitumor (cutaneous and other peripheral T‐cell 

lymphomas) 

Teicoplanin Actinoplanes teichomyceticus (B); compound 

mixture 

antibacterial (Gram‐positive, MRSA) 

Tyrothricin Bacillus brevis (B), peptide mixture: 

tyrocidines+gramicidins 

antibacterial (topical; Gram‐positive) 

Vancomycin Amycolatopsis orientalis (B) antibacterial (Gram‐positive) 
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1.3.2 Peptides in the Pharmaceutical Market 

 

As mentioned above, the most attractive aspects of peptides are their simplicity (when 

compared to their parent proteins), their facile synthesis and their target specificity and affinity. 

For any given compound to become a successful drug candidate, several other criteria also need 

to be met. The most important and critical aspects are the bio-stability and bio -availability of 

the drug-candidate. The peptide bond can be easily cleaved by proteases and the fact that the 

human body possesses more than 600 proteases28 renders peptides unqualified as drug 

candidates. Even if a peptide makes it to the final stage of the drug discovery process, it would 

have to be administered through more challenging means such as, for example, insulin that is 

injected intravenously into the patient. 

 

With technological and scientific advances, though, many of these problems have been either 

solved or “masked.” For example, it has been shown that modification of the peptides through 

cyclisation and N-methylation prevents the peptides from degrading and a combination of the 

two often results in excellent stability.29 Furthermore, in another example, Enteris Biopharma 

has developed a pill which is coated in a way that it protects the peptide from being digested 

in the stomach until it is released in the duodenum.  Other methods used to enhance the stability 

and solubility of peptides are co-administration of compounds that inhibit proteases (such as 

sodium glycocholate), encapsulations into nanocarriers and the hybridisation of peptides with 

chitosan or synthetic polymers such as polylactic acid. These and several other scientific 

advances helped to conquer the stigma against peptides as potential drug candidates in the 

pharmaceutical industry and have resulted in research and development of a large number of 

peptides as drug candidates. More than 500 peptides were among the lead candidates in pre-

clinical trials in 2011 alone and in 2012 six peptides met market approval.  Even though only 
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14 of the 500-600 peptides that were in preclinical trials in 2013 made it to phase III trials,30 

the numbers are very promising since most compounds tend to fail before reaching phase I.  

Some peptide-based therapeutic products found in the New Zealand market are shown in Table 

5.  

Table 5:  Peptide-based therapeutic products in New Zealand market.31  

Peptide Number 

of 

Residues 

Trade 

Names 

Structural 

Characteristics 

Indication 

Daptomycin 

 

3 Cubicin® Cyclic peptide with a 

fatty acid tail, non-

proteinogenic amino 

acids 

Skin infections 

caused by Gram-

positive bacteria 

(including MRSA) 

Teriparatide 

 

34 Forteo® Fragment of human 

recombinant 

parathyroid hormone 

Osteoporosis 

Enfuvirtide 

 

36 Fuzeon® Acetylated N-terminus, 

amidated C-terminus 

HIV 

Oxytocin 

 

9 Syntocinon® Internal disulfide bond Induction and 

augmentation of 

labour 

Octreotide 

 

8 Sandostatin® Internal disulfide bond, 

C-terminal threoninol, 

D-amino acids 

Acromegaly, 

carcinoid syndrome 

Leuprorelin 

 

9 Lucrin® N-terminal 

pyroglutamate, C-

terminal ethylamide, D-

amino acid 

Prostate cancer 

 

The most important modifications that have been further investigated in this thesis are i) N- 

and C- termini modifications ii) introducing unnatural amino acids into the sequence, iii) 

lipidation, iv) introducing organometallic compounds, and v) cyclisation. These are discussed 

below. 
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1.3.3 N- and C- Termini Modifications  

 

Peptides that have their N- and C- termini as a free amine and acid, respectively, are rarely 

stable in vivo and degrade fast. To avoid degradation, the C- terminal is usually amidated and/or 

the N-terminal acetylated. This modification may also play a crucial role in the activity of the 

peptide since it also affects the overall net charge, which especially for antibacterial peptides 

is a crucial parameter of their potency.  N-Acetylation may also enhance the peptide’s 

lipophilicity and concomitantly facilitate the passage through the membrane barriers in the 

body.  

 

1.3.4 Lipidation 

 

Naturally occurring lipopeptides have been produced and isolated from several bacterial and 

fungal species (Bacillus, Paenibacillus, Pseudomonas, Streptomyces and Aspergillus).32 Fatty 

acids (FAs) can bind to human serum albumin (HSA),33,34 a protein that participates in the 

metabolism of drugs,35 therefore conjugation of FAs is often used to enhance the activity and 

serum stability of several therapeutic agents (such as proteins and peptides).36-38 Conjugation 

of myristic acid to insulin produced the drug insulin detemir, which passed clinical trials and 

received FDA approval.39,40 Several N-acylated derivatives of AMPs such as polymyxin and 

battacin have been reported in the literature41-45 and have generally led to enhancements in their 

antibacterial activity against several strains.42-45 Lipidation has proven to enhance important 

pharmacological properties of peptides such as stability, membrane permeability and 

bioavailability.46 The most important lipopeptides found in the market are shown in Table 6 

and Figure 5. 
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Table 6:  Lipopeptides found in the market. 

Peptide Indication Reference 

Daptomycin MRSA infections 47 

Vancomycin MRSA infections 48 

Oritavancin MRSA infections 49 

Dalbavancin MRSA infections 50 

Polymyxin  Bacterial infections 51 

Echinocandins  Antifungal 52 

PamnCSK4 Immune disease 

therapies 

53 

MatrixylTM Cosmeceuticals 54 

C16-KTTKS Cosmeceuticals 55 

Surfactin Fungicides for crop 

treatments 

56,57 
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Figure 5:  Structures of most commonly used lipopeptides marketed as drugs. 47-57 
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1.3.5 Unnatural Amino Acids  

 

Coded amino acids can be easily recognised by peptidases and be used as “recognising sites 

for enzymatic cleavage.” Chemical or stereochemical modification of naturally occurring 

amino acids may alter the recognising site and therefore is one of the most commonly used 

techniques in peptide hybrids to increase stability.58,59 In the literature, this has resulted in both 

stabilisation of the peptide-hybrids60 and also enhancement of penetration through the blood-

brain barrier (BBB).61,62 

 

The fact that tryptophan (Trp) has higher hydrophobicity than the other natural amino acids63 

along with its potency to penetrate into liposome membranes64 makes it one of the most 

extensively studied amino acids. The presence of Trp in a peptide sequence inspired several 

scientists to perform further modifications. Of particular interest to this research were the 

examples of lactofericin and compstatin derivatives where researchers exchanged Trp with 

bulkier unnatural amino acids (Figure 6) and tested the effect on the antibacterial activity. 65,66 

Peptide-analogues where the Trp residues were exchanged with β-(benzothien-3-yl)alanine 

(Bal) (Figure 6) showed increased or similar activity and evidentially revealed that the indole 

–NH (which can facilitate hydrogen bonding) was not the crucial factor for the activity of the 

parent peptide.65,66 
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Figure 6: Structure of amino acid side chains with size relative to tryptophan. 65,66 

 

1.3.6 Multivalent Peptides (Dendrimers) 

 

Peptides and macromolecules can be branched into perfectly dispersed molecules called 

dendrimers δενδρον(Dendron) Greek: Tree, μερος (meros = part).67,68 The main structural 

components of the dendrimer are the central core, the branching units (defined as generations, 

Gn, where n denotes the number of branching units) and the surface functional groups.67-69 

More peptide entries provide more surface functional groups which will result in an overall 

increase of the globular structure and multivalency of the branched molecule. This allows for 

multiple interactions between ligands and receptors through stronger binding or increased 

efficiency of binding.39 These interactions differ from the monovalent counterparts 

(unbranched peptide39) and may provide interesting beneficial properties. 
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1.3.7 Synthesis of Dendrimers 

 

Dendrimers can be synthesised through two different synthetic strategies, called divergent and 

convergent (Figure 7). The divergent strategy was the first one reported.70-72 Simplified, this 

strategy utilises a core (starting point) to generate the dendrimer in an exponential-like 

growth.67,69 The monomers usually consist of one reactive and one non-reactive site attached 

to the core which yields the first generation; concomitant activation of the non-reactive site 

results in exponentially higher generations. The first synthesis of a dendrimer utilising the 

convergent strategy was reported in 1990.73 Stepwise, this strategy requires the separate 

syntheses (purification and characterisation) of the key core and the monomer peptides (also 

called “dendrimer arms”) which are subsequently covalently linked to yield the dendrimer.69,74 

Even though the divergent strategy is usually faster and more efficient (since intermediate 

products are not purified separately), purifying the final product from all the by-products is 

notoriously difficult.67,68 For the purposes of this thesis, the convergent strategy was used with 

6-maleimidohexanoic acid as the key core. 

 

 

Figure 7: Simplified schematic representation of divergent and convergent strategies of 

dendrimer synthesis. Black circles indicate functionalising sites. Reprinted with permission 

from American Chemical Society,75  copyright 2006. 
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1.3.8 Applications 

 

Used extensively in medicine and for biomedical applications, dendrimers can be 

functionalised and even used as encapsulating agents. Their ability to provide controlled release 

and drug delivery put them at the top of the list as lead candidates for anticancer drugs.76 

Conjugation of drugs with polymers promotes their half-life while giving them greater stability, 

better solubility and enhanced pharmacological properties.77,78 Common biological 

applications of dendrimers are listed in Table 7. 

 

Table 7:  Commonly used dendrimer cores in biological applications.74,79-109 

Applications Dendrimer type Ref 

Drug delivery 

Poly(amidoamine) (PAMAM) dendrimers 

79-89 
Glycerol-succinic based dendrimers 

nanoparticle dendrimers 

DOX-dendrimers 

Transfectants 

PAMAM dendrimers,  

90-99 
poly(propylene imine) (PPI) dendrimers 

dendriplexes 

peptide dendrimers 

Antimicrobials 

PPI dendrimers 

100-105 
Nitric-oxide releasing dendrimers 

amphiphilic anionic dendrimers 

peptide dendrimers 

Tissue 

engineering 

PAMAM dendrimers  

106-109 
PAMAM dendrimer mimetics 

biodendrimer adhesive 

dendritic macromers 
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1.4 Organometallic Compounds 

 

An antimicrobial agent that acts on an intracellular target creates two potential difficulties. One 

is that the agent/peptide may not be able to penetrate the cell membrane (and therefore find its 

target). Secondly, bacteria can more easily create mutations of this target and escape the 

activity of the agent. This has inspired a group of scientists to introduce a moiety into a peptide 

structure that bacteria have never been exposed to and therefore whose action the bacteria are 

unable to escape.110 Organometallic compounds were thus conjugated to peptides and studied 

in depth. Conjugation to ferrocene is the most frequently reported in the literature with several 

peptides conjugated to ferrocene that have biological importance.111-116 To further establish the 

mechanism of action and provide improvements both on the synthesis and biological activity, 

Niels Meztlers’ group used the small cationic peptides RWRWRW-NH2 and WRWRW-NH2 

as platforms for further studies of peptide-organometallic hybrids.  

 

1.4.1 First, Second and Third Generations of Organometallic-Conjugates (Syn-

AMPs) 

 

The first generation of organometallic conjugates consisted of ferrocenoyl- and cobaltocenium-

peptide bioconjugates (Figure 8). 117-119 The ferrocene and the cobaltocenium groups were 

conjugated to the N-termini of the peptides using solid support which makes the synthesis facile 

and generates peptides with high yield and purity (See Chapter 2).117-119 The peptides showed 

little potency against the bacterial strains tested but the enhanced activity compared to the 

parent peptides (non-organometallic peptides), inspired the authors to further expand their 

studies to second and third generation organometallic conjugates.117,120  The next generations 

of syn-AMPs consisted of ruthenocene (Ru) and osmocene (Os) derivatives (Figure 8). The 

Ru- metallocenoyl derivatives resulted in an 8-fold increase in activity against MRSA whereas 
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the Os metallocenoyl derivatives did not show any further improvement in activity. Since all 

the new analogues had the same lipophilicity (based on their RP-HPLC (reversed-phase high 

performance liquid chromatography) retention times), this increase in activity was probably 

due to the larger size of Ru and Os (compared to Fc).110 Additionally, the iron of Fc cannot act 

as an acceptor in hydrogen bonding but in contrast ruthenium and osmium ions can act as 

acceptors and participate in hydrogen bonding. 110 

 

 

Figure 8: First-, second-, and third-generation organometallic AMP (OM-AMP) conjugates 

and (upper right) the structure of the hexapeptide lead sequence. The following abbreviations 

are sometimes associated with these synAMPs: 1 = MP196, 3 = MP66, 4 = MP276, and 5 = 

BA234 Reprinted with permission from American Chemical Society,119 copyright 2017. 
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1.4.2 Ferrocene Scan121  (Fourth Generation of Organometallic Conjugates) 

 

It has been well established in the literature that the position of an amino acid can also play a 

crucial role in the activity of the peptide. In that regard, a common theme among published 

reports is the so called “alanine-scan”. In this methodology, alanine is used to exchange 

sequentially each amino acid of the sequence resulting in a new library of closely related 

peptides.121  Any peptide analogue from this library that exhibits loss of activity shows that the 

amino acid in that position is necessary. The authors used a method similar to alanine scanning. 

They synthesised an unnatural amino acid (ferrocene-lysine (FcLys)) and subsequently used it 

to further exchange systematically the Trps present in their sequence.121 The resulting peptides 

exhibited enhanced activities showing that FcLys could be used as a substitute for Trp. No 

conclusive data were obtained in terms of the position of FcLys and the activity of the peptides 

but it seems that placing the FcLys closer to the N-terminus increases the lipophilicity of the 

peptide and the peptide-membrane interactions. 

 

1.4.3 Further Alterations to Syn-AMPs: L- to D- Substitution 

 

As mentioned above, any changes to the chirality of the peptide backbone may affect the 

activity of the peptide. Even though in many cases no significant enhancement in activity is 

observed, substituting L-amino acids for D-amino acids usually results in peptides with lower 

haemolysis.122 Serendipitously, the authors discovered that in syn-AMPs’ case, exchange of L- 

to D- yielded peptides with both low haemolysis and better activity.110 The reason for this is 

still unclear but since there is no change in their lipophilicity (based on their retention time on 

RP-HPLC), it can be safely concluded that the binding affinity of the lipophilic molecule to the 

amphiphilic membrane is not the main reason.110 
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1.4.4 Multivalent SynAMPs 

 

As discussed in previous sections, multiple entries of an agent into a core molecule can result 

in multivalent dendrimers with enhanced properties. Studies of multivalent syn-AMPs were 

done using small truncated non-active forms of dipeptides conjugated to organometallics (N-

terminus) and L-azidolysine (C-terminus). The core of the dendrimers consisted of aromatic 

compounds with one or more hydroxyl groups (such as phenol and resorcinol) that were 

alkylated using propargyl bromide and then subsequently “clicked” to the azido- C-termini.123 

Interestingly, the divalent conjugates had the same activity for both Fc and Rc analogues and 

this activity was better in comparison to the respective trivalent ones.110,124 An explanation for 

this surprising observation has not been provided by the original authors, but it could be due to 

the increase in hydrophobicity beyond the optimal levels. It has been previously reported in the 

literature that an exaggeration in increment of the level of hydrophobicity may lead to opposite 

results due to the strong self-association of the peptide. 125 

 

1.5 Cyclisation 

 

One more strategy that has been proven to positively affect a peptide’s stability against 

degradation by proteases is cyclisation. The linear chain can be cyclised in several ways and 

this induction of structural constraints results in a reduction of a peptide’s flexibility and shields 

the peptide from the catalytic domains of proteases.105,110 Other than stability, cyclisation may 

also affect the peptide’s bioactivity, selectivity and its membranolytic ability.105 Cyclisation 

may also affect the secondary structure and it has been proposed that the cyclic loop has a 

positive effect on the binding potency of the peptide.105 
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Homodetic cyclic peptides occur via an amide bond and heterodetic peptides via any other 

linkage such as disulphide and thioether bridges.30 The most commonly used approaches for 

cyclising peptides are head-to-tail, head-to-side-chain and side-chain-to-side-chain (Figure 9). 

 

 

Figure 9: Peptide cyclisation. Figure redrawn with permission from Nature Chemistry,126 

copyright 2011. 

 

 

1.6 Antimicrobial Peptides 

 

AMPs are part of the natural defence system in organisms and protect them from invading 

pathogens.127-131 The mechanism of action of AMPs involves membrane lysis, formation of 

pores in the bacterial cytoplasmic membrane or interaction with intracellular targets such as 

DNA or proteins.128,132-134 The majority of AMPs are cationic (rich in Arg, Lys and His) and 

can selectively interact with negatively charged bacterial membranes, disturbing their integrity 

resulting in cell lysis.135 One of the most representative examples of cationic AMPs is LL 37, 
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a 37-amino acid cationic peptide that causes membrane lysis.136 Recently, though, strains of S. 

aureus resistant to LL 37 have been reported.137  

 

1.7 Bacteria 

 

Bacteria, single-cell organisms of various shapes and sizes, have gained significant attention 

over the years mainly due to the fact that they can cause lethal infections and numerous health 

implications. With a population of 5x103,138 bacteria are undoubtedly the most important 

classes of organisms that colonise the Earth. Bacteria can be classified based on 1) their shape 

(cocci, bacilli, vibrio, or spirilla), 2) their nutrition (autotrophic or heterotrophic), 3) the number 

of flagella (atrichos, monotrichous, lophotrichous, amphitrichous, or peritrichous), 4) their 

response to temperature (psychrophilic, mesophilic, or thermophilic), or 5) their cell wall 

(Gram-positive and Gram-negative bacteria). This thesis deals with novel drug candidates 

against bacterial infections whose differences, from a medicinal chemistry point of view, in 

their cell wall play a crucial role in designing potential drug candidates. Therefore, the main 

focus of this discussion will be classification of bacterial species based on the nature of their 

cell walls (Gram-positive and Gram-negative bacteria). 

 

1.7.1 Gram Staining 

 

Hans Christian Gram developed a technique published about 1884 139 using crystal violet stain, 

which is currently used to detect peptidoglycan inside the cell wall and subsequently 

characterises the bacterial strain as Gram-positive or Gram-negative.139 Peptidoglycan retains 

the crystal violet stain and produces a purple colour. Even though both Gram-positive and 

Gram-negative bacteria contain peptidoglycan, this is found in a much lower amount in Gram-

negative bacteria. Thus, Gram-negative bacteria are not able to retain the crystal violet stain 
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and the colour is lost during the washing steps. At the final step, a counterstain is also added 

(usually safranin), which appears as a pink colour in Gram-negative bacteria. Due to the high 

intensity of the purple stain, the pink colour is not seen in the Gram-positive bacteria. 

 

1.7.1.1 Gram-Positive Bacteria 

 

As stated above, Gram-positive bacteria have a thicker peptidoglycan layer. Since there is only 

one membrane present in Gram-positive bacteria, it can be up to 80 nm in thickness which 

protects the cell from exogenous threats.  Peptidoglycan, a very large polymer, provides rigidity 

to the cell and is also responsible for the cell’s shape.140 As shown in Figure 10, the main 

characteristics of the Gram-positive cell wall includes the cytoplasmic lipid membrane, a thick 

peptidoglycan layer, teichoic acids and lipoids, forming lipoteichoic acids (used as chelating 

agents).  

 

Figure 10: Gram-positive cell wall. 
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1.7.1.2 Gram-Negative Bacteria 

 

The major difference between Gram-negative and Gram-positive bacteria is the presence of an 

additional outer membrane (OM) found in Gram-negative strains, which provides enforced 

protection to the cell.  As seen in Figure 11, the OM, a lipid membrane, is mainly composed 

of lipopolysaccharides (LPS). These LPS are known to be the cause of the endotoxic shock 

related to septicaemia caused by Gram-negative strains.141-145 A peptidoglycan layer, even 

though thinner than in Gram-positive bacteria, is also present in Gram-negative cell walls. 

 

Figure 11: Gram-negative cell wall. 

 

1.7.2 Biofilms 

 

Biofilms are notoriously resistant to conventional antibiotics and therefore there is an urgent 

need to develop anti-biofilm agents.146 In order to form biofilms, bacteria use pili to adhere to 

a surface where they can mature and grow. Pili are also used to attach to other bacteria. To 

protect themselves from exogenous threats, bacteria secrete a combination of polysaccharides, 

proteins and nucleic acids forming an extracellular matrix. This matrix glues bacteria together, 
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shielding them and creating a complex for this interacting community of bacteria. Single cells 

can detach from the biofilm to form a new biofilm elsewhere and the cycle is repeated (Figure 

12).  Biofilm formation has been observed in many areas such as marine installations,147 food 

processing equipment,148 drinking water  systems149 and on medical devices.150-152 Once in a 

biofilm state, bacteria are even more protected and become difficult to eradicate.153  

 

 

Figure 12: Cartoon diagram of the most important stages of biofilm formation. 

 

1.8 Archaea 

 

The name for the domain Archaea is derived from the ancient Greek word ἀρχαῖα (=ancient 

things).154-157 The prokaryotic world is divided between the domains Archaea and Bacteria, 

while Eukarya are considered to be chimeric having arisen from a partnership between the two 

prokaryotic cells types.157,158 Two of the most important factors that distinguish archaea from 

bacteria are the lack of a bacterial-like cell wall (e.g., murein/peptidoglycan) and the 

isoprenoid-based lipids of archaea (rather than the fatty-acid lipids).159,160 In archaea, the lipids 

are ether-linked to sn-glycerol-1-phosphate, unlike in bacteria where the typical glycerol-based 

moiety head group is glycerol-3-phosphate and the fatty acids are linked via ester groups 
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(Figure 13). Instead of murein/peptidoglycan, some archaeal species (e.g., 

Methanobrevibacter smithii) have a murein-like polymer called pseudomurein. Other 

differences include variances in the shape of ribosomes with similarities of archaeal ribosomes 

to eukaryal rather than bacterial161,162 differences in RNA polymerases (RNAPs) (which are 

responsible for the transcription of living organisms), with the archaeal RNAPs showing 

similarities again to eukaryotic RNAP II 163-165 as well as different enzymes involved in 

glycolysis.166 

To date, no one has found a correlation between archaea and human diseases but due to the fact 

that these microorganisms are resilient and survive harsh environments research concerning 

their potential pathogenicity is mandatory. Furthermore, archaeal members (named 

methanogens) are the only organisms found in nature that can produce methane. Studies reveal 

that Methanobrevibacter smithii, Methanosphaera stadtmanae and other methanogens are 

omnipresent in the human gut.167,168 Using H2 and CO2, methanogenic archaea (methanogens) 

produce methane. 
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Figure 13: Comparison between bacterial and archaeal cell membrane lipids. Reproduced 

with permission from 169. Copyrights © 2017 Wiley  

 

 

Carl Woese, who first distinguished Archaea as a different domain of life, is considered the 

originator of the archaeal lineage tree.154-156,170  Distinguished from Bacteria and Eucarya, 

Archaea originally consisted of two kingdoms, the Euryarchaeota and the Crenarchaeota.154,171  

Recently, the phylogeny of the domain Archaea has been re-evaluated and supports the 

presence of only two major kingdoms, the Euryarchaeota and the Proteoarchaeota; the latter 

containing groups such as Crenarchaeota, Thaumarchaeota, Aigarchaeota and Korarchaeota.172 
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1.8.1 Methanogenesis 

 

Members of Bacteroidetes and Firmicutes that predominate in our intestines, process dietary 

fibres through a metabolic process called fermentation. These organisms produce mainly short-

chain fatty acids, organic acids and gases e.g., hydrogen (H2) and carbon dioxide (CO2). During 

the methanogenesis process, methanogens “breathe” these products and produce methane. 

Some methanogens such as Methanobrevibacter arboriphillus use only H2/CO2,
173,174 while 

others such as Methanothrix metabolise only acetate175 and some others such as 

Methanospirillum hungatei can metabolise other substrates i.e., (H2/CO2 and formate)176 

(Figure 14). The predominant human gut methanogens belong to the order 

Methanobacteriales: Methanobrevibacter smithii and Methanosphaera stadtmanae.168,177,178 

These strains are known to have pseudomurein in their cell wall. Recent data report the 

presence of the seventh order of methanogens, the Methanomassiliicoccales in the human 

gut.179,180 There is no literature data about the cell envelopes of these newly described 

methanogens. 

 

There is a strong correlation between archaea and obesity.181 Certain studies reveal that the 

methanogens are able to interact with the host’s gut affecting energy homeostasis.182-184 In vivo 

studies of the effects of M. smithii in a humanised gnotobiotic mouse model revealed that M. 

smithii regulates the number of calories resulting from fermentation of feed. Data suggest that 

the presence of methanogens in the gut increases the caloric yield of dietary carbohydrates 

consumed and also provides insights on manipulating the properties of M. smithii.182-184 
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Figure 14: Process of fermentation and methanogenesis. 

 

1.8.2 Methanogens in Ruminants 

 

Methane emissions from ruminant livestock (sheep and cattle) amount to approximately one-

third of New Zealand's greenhouse gas emissions.181 Polymerase chain reaction (PCR) studies 

have revealed that the dominant methanogens belong to the genus Methanobrevibacter with 

the largest group being the Methanobrevibacter gottschalkii clade.185 Other rumen 

methanogens detected are members of the genus Methanosphaera, Methanosarcina, 

Methaniomicrococcus, Methanobacterium and Methanoculleus.186,187 Vaccination, enzyme 

inhibitors, phage, homoacetogens, defaunation, feed supplements and animal selection are used 

to lower methane emissions.186 Difficulties in culturing methanogens, lack of advanced genetic 

engineering vectors and methods for investigating essential genes are obstacles in controlling 

methanogens and highlight the importance of finding appropriate anti-methanogens. 

Furthermore, reduction of methane may contribute to reduction of the greenhouse effect.188 

 

1.9 Important AMPs studied against both bacteria (and/or fungi) and archaea 

 

The direct testing of compounds against archaeal species requires the use of a specific 

anaerobic chamber with a controlled atmosphere of N2-CO2-H2. The laboratories used for the 

purposes of this thesis lack such equipment and therefore any compound synthesised has not 
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been tested against these organisms.  Despite the fact that no compound was tested against 

archaeal species due to the relationship of the methane emission caused by ruminants and New 

Zealand’s greenhouse gas emissions, a summary of the most important AMPs that have been 

tested against both bacteria (or fungi) and archaea is included in this thesis (pages 37-53). In 

an attempt to make valuable conclusions about the activity or inactivity of these peptides 

against archaea, their mechanisms of action against both bacteria and archaea are also 

compared. For reasons of clarity the peptides that were more recently and extensively studied 

(in terms of their mode of action) are reported first. This is followed by peptides that have been 

tested in earlier research and were found active but with methods and protocols that vary 

without the authors giving more in-depth and systematic experiments that would shed more 

light on the activity of the peptides. Finally, peptides that were not found active against archaea 

along with references to compounds and small molecules (other than peptides) that have been 

tested are also included. Their activity or inactivity provides a broader understanding of 

archaea’s susceptibility. 

 

The section concludes with a comparison against bacteria, fungal and archaeal cell membrane 

in an attempt to shed more light towards the synthesis of more potent anti-archaeal compounds 

(page 53). 
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1.9.1 Antimicrobial Peptides Active against Archaea 

 

1.9.1.2 LL-37 

 

 

Figure 15: Sequence of LL-37. 

 

LL-37 (Figure 15) belongs to the family of cathelicidins.189 It has two residues less than 

FALL-39190 (“parent” compound) and was isolated from human granulocytes.136,191 Formerly 

known as hCap18,192 LL-37 is the first -helical antimicrobial peptide isolated from humans. 

 

LL-37 is highly charged (net charge of +6) and amphipathic and exists as an -helix. The N-

terminal part has a predominantly random coil conformation, whereas the C-terminus is -

helical.136 Circular dichroism (CD) studies show that LL-37 exists as a random coil 

conformation in pure aqueous environments but adopts a partly helical structure in membrane 

mimetic conditions.136 LL-37 binds to both zwitterionic (e.g., phosphatidylcholine; PC) and 

charged (e.g., phosphatidylserine; PS) vesicles, causing leakage in both.  In the membrane 

bound state, LL-37 adopts an 85% -helical characteristic together with a small percentage of 

β-sheet or extended conformations. LL-37 oligomerises in solution and inserts into and attaches 

to both zwitterionic and negatively charged membranes. The peptide is resilient to proteolysis 

when membrane bound and self-associates in zwitterionic and monomeric states in negatively 

charged vesicles.191,193 
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Effects of LL-37 Derivatives on Archaea194 

 

Truncated forms of LL-37 (LL-32 and LL-20) were found to be more active than LL-37 itself 

against Methanosarcina mazei, which has a flexible, porous and negatively charged 

cytoplasmic membrane. LL-32 also showed significant potency against M. smithii and M. 

stadtmanae with MIC (minimal inhibitory concentration) values at 1 μM and 5 μM, 

respectively. 

 

Influence on the Ultrastructure of Methanoarchaea 

 

Using AFM (atomic force microscopy) and TEM (transmission electron microscopy), it was 

found that LL-32 did not change the cellular morphology of M. smithii but the cell surface 

became rougher, indicating a possible membrane lytic effect on M. smithii (Figure 17). A 

disarrangement and concomitant detachment of the membrane and leakage of cytoplasmic 

material were also observed. The cell wall lost its density and a smaller outer layer was 

detected. With M. stadtmanae, changes to cellular shape and the presence of filaments were 

noticed upon treatment with the peptide (Figure 17). The authors suggest that the morphology 

of the strain’s cell wall affects the penetration and thus the activity of the peptides. 
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1.9.1.3 Lpep 19-2.5 

Figure 16: Sequence of Lpep 19-2.5. 

 

Lpep (Figure 16) is a linear cationic antimicrobial peptide derived from a protein found in the 

marine arthropod Limulus polyphemus. Designed analogues have been found to possess 

antimicrobial activity and the ability to neutralise LPS through binding to lipid A and thus able 

to fight sepsis.195-199 FTIR spectroscopy showed a β-sheet structure (two bands at 1673 and 

1627 cm-1) for Lpep. The intensity of the 1673 cm-1 band suggests a possible antiparallel 

orientation.200 Lpep was patented in 2010 (OCT/EP2009/002565)199 and several assays have 

been developed since this patent was published, most of them for sepsis.  

 

Lpep caused fluidisation of bacterial endotoxin LPS and, surprisingly, rigidification of the acyl 

chains of the negatively charged PS (phospholipid phosphatidylserine; eukaryotic origin).200 

Systematic experimentation on viruses showed that Lpep binds to heparin sulfate moieties on 

the viral plasma membrane, thus preventing viral attachment and entry.201 Results showed that 

inhibition occurs at the early stages of the viral life cycle, most likely during particle 

attachment. Similar to LL-37, all the data seem to point out that the activity is more likely due 

to the overall positive charge and the distribution of the charge over the peptide and not due to 

its amphiphilicity or sequence.201 To date, several articles have been published that showed the 

neutralising activity of the peptide on endotoxins,202 its anti-inflammatory activity,203 inhibition 

of influenza A virus by blocking cellular attachment,204 its synergistic effect with ibuprofen 

against inflammation and sepsis,205 a broader anti-inflammatory effect in sepsis-induced 
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myocardial inflammation and dysfunction, 206 and most recently its activity against bacterial 

skin infection.207 

 

Activity against Archaea194 

 

Lpep, when tested against three methanogenic archaeal strains, showed highest potency against 

M. mazei, possibly due to its nature (as stated above for LL-32) which seems to aid in the 

channelling of the peptide into the cell membrane. On M. mazei, Lpep showed a membrane 

lytic effect together with an enlargement of cells (without cell wall thickening) that led to cell 

disruption, as observed by electron microscopy. LIVE/DEAD staining did not reveal cell 

enlargement on M. smithii and M. stadtmanae. Electron microscopy on M. smithii revealed 

disarrangement of the membrane and fractional membrane disruption as well as cell wall 

thinning. A weak membrane lytic effect, with cell wall thickening and complete disordering of 

the cell membrane, was observed in M. stadtmanae. A fraction of the outer layer was removed 

from the cell wall and a concomitant increase in size was also observed. All data suggest an 

interaction between the peptide and the polysaccharides of the cell envelope of M. stadtmanae 

(Figure 17). 
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Figure 17: TEM images of M. stadtmanae and M. smithii. showing morphological changes to 

the cells when treated with LL-32 and Lpep 19-2.5. The cultures were incubated with 5 μM 

LL-32 or 10 μM Lpep 19-2.5 for M. stadtmanae and 1 μM LL-32 or 3 μM Lpep 19-2.5 for M. 

smithii. Figure reproduced with permission from reference 194 Copyright © 2012, American 

Society for Microbiology 

 

1.9.1.4 NK Lysin 

 

Figure 18: Sequences of NK-2 and its derivative NK-27. NK-27 differs in only one amino 

acid (shown in red font). 

 

NK-lysin is a linear cationic antimicrobial peptide characterised initially from the pig small 

intestine208 and later on in humans (named granulysin),209 equine,210 channel catfish 211,212 and 

bovine species.213 The peptide showed activity against Gram-positive and Gram-negative 
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bacteria, fungi214 and mycobacteria215-217 as well as the ability to lyse cancer cells.208 

Granulysin killed Propionibacterium acnes (responsible for acne vulgaris) and also showed 

anti-inflammatory activity.215  Chicken NK-lysin was  not antibacterial but cytotoxic to Eimeria 

sporozoites.218 

 

Chicken NK-lysin bound to the membranes as an -helix and caused membrane lysis.219 NK-

2 (Figure 18), a shortened version of NK-lysin,198 showed strong activity against Trypanosoma 

cruzi (same as NK lysin) but lower cytotoxicity for mammalian cells than NK-lysin. NK-2 

caused disarrangement of the parasitic membrane leading to leakage of cytosolic markers.220 

TEM showed that NK-2 caused a detachment of the inner membrane of E. coli and a 

concomitant increase of the cellular diameter, with complete destruction of cells.198 Even 

though initial observations led to a lytic action of NK-2, no bleb formation was observed. With 

the cytoplasm unharmed and less electro-dense than control bacteria, the authors suggested that 

the peptide may have an intracellular target, i.e., DNA. NK-27 was active even on resilient 

pathogens (Yersinia pestis, Brucella abortus, and Pseudomonas aeruginosa) (MIC 2-16 

μg/mL). Both derivatives appear to have haemolytic activity against human erythrocytes. Both 

peptides were shown to insert into phosphatidylglycerol (PG) liposomes with no reciprocal 

action with PG liposomes observed. NK-2 was unordered in buffer but -helical in PG 

liposomes. The net positive charge and highly amphipathic nature contributes to its activity.198 

 

Activity against Archaea194 

 

NK-2 showed on MIC of 3 μM and 10 μM, respectively, against M. smithii and M. stadtmanae. 

Interestingly, at low concentration, NK-2 caused growth of M. stadtmanae. 
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1.9.1.5 Bacitracin 

 

 

Figure 19: Chemical structure of bacitracin. The D-amino acids, the ornithine residue, and the 

thiazoline ring formed between the terminal isoleucine and cysteine residues are marked in red. 

 

Bacitracin, isolated in 1945 from Bacillus subtilis,221 refers to a family of similar polypeptides 

(A, A1, B, B1, B2, C, D, E, F1, F2, F3, G and X)222-225 each differing in one or two amino acids 

between them. Not all the structures of the bacitracins have been determined thus making it 

difficult to understand the heterogeneous nature of bacitracin found in Bacillus 

licheniformis.226 Bacitracin A, the major and most active component,225,227 has a seven-

membered ring, a five-amino acid tail, D-amino acids, ornithine and a thiazoline ring between 

the terminal isoleucine and cysteine residues (Figure 19). It is active only against Gram-

positive bacteria.225,228-230  

 

Bacitracin has multiple modes of action including bacterial membrane lysis (as evidenced by 

the appearance of rods on plasma membranes using electron microscopy) in the presence of  
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Zn 2+ or Cd 2+ 225,231 and inhibition of peptidoglycan synthesis by binding to C55-isoprenyl 

pyrophosphate. This binding leads to the formation of a complex which prevents the conversion 

to the phosphate form leading to inhibition of peptidoglycan biosynthesis. 225,230,232-236 

 

Activity against Archaea 

 

Bacitracin was tested against Methanococcus vannielii,237 four strains of the genus of 

Methanobacterium (M. arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. formicicum) 

and strains of Methanosarcina barkeri and Methanospirillum hungatei.238 Results show that 

bacitracin inhibited the activity of M. vanniellii and four of the strains of the genus of 

Methanobacterium. Even though it was originally proposed that M. vannielii lacks a cell wall, 

electron micrographs showed the presence of a cell wall, less rigid though, and absence of the 

peptidoglycan layer. The authors suggest that the activity of bacitracin against M. vannielii is 

probably due to the inhibition of dephosphorylation (as mentioned above) which affects the 

biosynthesis of a glycoprotein.237 

 

Methanobacterium strains contain pseudomurein in their cell walls whereas the resistant strains 

M. barkeri and M. hungatei lack pseudomurein.238 Again, the authors suggest that inhibition of 

the enzymatic conversion of the polyisoprenoid pyrophosphate to phosphate that affects the 

biosynthesis of pseudomurein is the potential target of the peptide. Further studies have 

revealed inhibition of  M. smithii, M. oralis, and M. stadtmanae by bacitracin167 highlighting 

the pattern discussed above. Bacitracin also showed inhibition against Methanomassiliicoccus 

luminyensis, a strain whose cell wall composition still remains unclear.239,167 Bacitracin had no 

activity against the haloalkaliphilic archaeon Halalkalicoccus tibetensis.240 
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1.9.1.6 Nisin 

 

 

Figure 20: Sequence of nisin A. 

 

Nisin (Figure 20), initially reported in 1933, is a type A lantibiotic (containing lanthionine and 

methyllanthionine residues (MeLan)) produced by Group N Streptococci and has been 

extensively studied.241-243 Nisin is active against Gram-positive bacteria, is  not haemolytic 

against sheep erythrocytes244 and shows synergistic activity in combination with other 

antibiotics.245,246 Currently, nisin is used as a food preservative.247  

 

Nisin forms pores in the cytoplasmic membrane through two different mechanisms.248-258 In 

the absence of lipid II (and higher concentrations of the peptide), the positively charged C-

terminal domain of nisin is bound to the negatively charged phospholipids of the membrane.257-

259 Nisin, upon interaction with lipid II, refolds into an amphipathic conformation,256 thus 

enabling the N-terminal side of the peptide to bind to lipid II and eventually the peptide gets 

pulled into the membrane.256,258,260 

 

Activity against Archaea 

 

Methanobacterium strains (M. arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. 

formicicum) that contain pseudomurein are susceptible to nisin but the two strains that do not 

contain pseudomurein (Methanospirillum hungatei and Methanosarcina barkerii) were found 
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to be resistant238 which perhaps indicates that, as in the case of bacitracin, nisin has an effect 

on the biosynthesis pathway of pseudomurein. 

 

1.9.1.7 Gardimycin 

 

 

Figure 21: Chemical structure of gardimycin. 

 

Isolated from Actinoplanes garbadensis,261 gardimycin is another lantibiotic which binds to 

lipid II.261,262 Gardimycin inhibits Gram-positive bacteria and Neisseria gonorrhoeae (Gram-

negative diplococci bacteria).262 Gardimycin is an amphoteric peptide.261 1H-NMR, and Edman 

degradation revealed the correct sequence of the 19-amino acid peptide 263 (Figure 21). 

 

Gardimycin has a similar mechanism of action to vancomycin (page 49) and shows activity 

against Bacillus subtilis by affecting the biosynthesis of the cell wall.264 Mycoplasma and other 

bacteria that do not possess a cell wall are resistant to gardimycin. It inhibits cell wall synthesis 

by interacting with the synthesis of the dissacharidic pentapeptide unit and the concomitant 

reactions thus preventing the synthesis of peptidoglycan.  

 

Activity against Archaea 

 

As stated above for nisin and bacitracin, the four strains of Methanobacterium (M. 

arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. formicicum) that contain 
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pseudomurein were susceptible to gardimycin but the two strains that do not contain 

pseudomurein (Methanospirillum hungatei and  Methanosarcina barkeri) were found to be 

resistant.238 

 

1.9.1.8 Enduracidin 

 

 

Figure 22: Sequence of enduracidin A and B. 

 

Enduracidin (enramycin) (Figure 22), isolated in 1967 from a strain of Streptomyces 

fungicidicus, is a 17-residue lipodepsipeptide265 that inhibits Gram-positive and acid-fast 

bacteria but not Gram-negative bacteria and fungi. No cross-resistance with existing antibiotics 

was observed.265,266 Standard grade enduracidin consists of enduracidin A and B 267,268 and is 

used as a food additive for pigs and chickens to protect them from necrotic enteritis. 

Enduracidin has two antiparallel β-strands 269,270 and binds to lipid II (in a ratio of 2:1) resulting 

in the deactivation of PBP1b enzyme known to play an important role in peptidoglycan 

biosynthesis. All experimental data highlight the activity of the peptide against peptidoglycan 

synthesis at the transglycosylation step.269 
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Activity against Archaea 

 

Similar to bacitracin, nisin and gardimycin, enduracidin inhibits the strains of 

Methanobacterium highlighting the susceptibility pattern of Methanobacterium strains and 

also the resistance pattern of Methanospirillum hungatei and Methanosarcina barkeri to 

AMPs.238 

 

1.10 AMPs Tested and Found Not Active against Archaea 

 

1.10.1 Polymyxin 

 

 

Figure 23: Chemical structure of polymyxin. 

 

Isolated from Paenibacillus (Bacilus) polymyxa, polymyxins (Figure 23) are a family of 

positively charged cyclic lipopeptides with strong antimicrobial activity against Gram-negative 

bacteria.271-274 Colistin (polymixin E) and polymixin B are used clinically.275 

Polymyxins bind to and lyse the outer membranes of Gram-negative bacteria due to the anionic 

nature of the membrane. They compete for Ca2+ and Mg2+ binding sites and displace 
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them.274,276-278 The fatty acid tail of polymyxins plays important roles by interacting with LPS 

and promoting polymyxins into the outer membrane.51,279 Polymyxins are not active against 

Gram-positive bacteria.  

 

Polymyxin was tested against the haloalkaliphilic archaeon Halalkalicoccus tibetensis 240 and 

Natronococcus amylolyticus 280 but no inhibition was found.  

 

1.10.2 Vancomycin 

 

 

Figure 24: Chemical structure of vancomycin. 

 

During his research against staphylococci, Kornfeld isolated vancomycin (Figure 24), one of 

the most significant compounds in the history of drugs, from a soil sample in Borneo.281,282 

Due to the wide use of methicillin and the ototoxicity and nephrotoxicity of vancomycin, it was 

not the first drug of choice in antibacterial chemotherapy. Later on, the appearance of 
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pseudomembranous Enterocolitis and methicillin-resistant Staphylococci caused an alert and 

vancomycin was not only re-examined but used at an “accelerated” rate.282,283 To date, even 

though resistance to vancomycin has been widely reported,284-287 it remains an interesting 

glycopeptide antibiotic. 

 

Even though vancomycin is known to inhibit cell wall synthesis of bacteria, its mode of action 

is different from other antibacterial peptides. The glycopeptide affects the peptidoglycan 

synthesis but has a different mode of action than bacitracin. 

Vancomycin interacts with the C-terminal D-Ala-D-Ala moieties of the peptidoglycan 

subsequently preventing transglycosylation and transpeptidation reactions.288-291 Data have 

also been reported concerning the effect it has on cell membrane permeability 292 and selective 

inhibition of ribonucleic acid synthesis.293  

 

Vancomycin has shown no inhibition against the four strains of Methanobacterium (M. 

arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. formicicum), Methanospirillum 

hungatei, Methanosarcina barkeri,160 M. smithii 294 or M. vaniellii. 237 The order of the attached 

amino acids is different in the case of pseudomurein cross-linking in comparison with murein. 

The absence of the D-Ala-D-Ala moiety causes antibiotics such as vancomycin to have no effect 

on pseudomurein cell walls. 
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1.10.3 Nikkomycin 

 

 

Figure 25: Chemical structure of nikkomycin Z. 

 

Nikkomycins (Figure 25) are antifungal antibiotics isolated originally from the culture 

supernatant of Streptomyces tendae.295 These nucleoside-peptide antibiotics have been shown 

to inhibit chitin synthase.296 Data revealed that dipeptides nikkomycin X and Z penetrate the 

cell using a system closely related to certain dipeptide antagonists.  

 

Data from different research groups show that nikkomycins inhibit fungal chitin synthetase.297-

299 The mechanism of transport of nikkomycin was also examined and reported.296 Also, the 

susceptibility of different strains of fungi to nikkomycin was reported. 297,300,301 Unfortunately, 

not all fungi are susceptible to nikkomycins. The peptide was more potent against Cociodoides 

immitis and Blastomyces dermatitidis than against Candida albicans. The synergistic activity 

of nikkomycin with other antifungal drugs such as caspofungin, ranconazole, and amphotericin 

B 302 fluoconazole and itraconazole 303 has been reported. Recently, the activity of nikkomycin 

Z against coccidiomycosis in naturally infected dogs was tested, and the results point towards 

a promising treatment.304,305 
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Methanobacterium (M. arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. formicicum), 

Methanosarcina barkerii and Methanospirillum hungatei strains are reported as resistant to 

nikkomycin.238 

 

1.10.4 D-cycloserine  

 

 

Figure 26: Chemical structure of D-cycloserine. 

 

Four independent laboratories discovered D-cycloserine (Figure 26) in 1954306-309 from species 

of Streptomyces. D-cycloserine (D-4-amino-3-isoxazolidone) has better activity against Gram-

positive bacteria than against Gram-negative bacteria310 and is now considered to be one of the 

most important antibiotics. It is classified as a second line drug for the treatment of tuberculosis. 

It is able to penetrate the central nervous system (CNS) thus its use in Alzheimer’s disease and 

schizophrenia 311-314 while the effect it has on anxiety disorders remains unclear.315,316
D-

cycloserine inhibits cell wall synthesis in Gram-positive bacteria and M. tuberculosis by 

inhibition of the incorporation of D-alanine into peptidoglycan pentapeptide.317-319  

 

D-cycloserine was found to be inactive against M. vannielii,237,320 Methanobacterium strains 

(M. arbophilicum, M. strain M.o.H.G, M. strain M.o.H and M. formicicum), Methanosarcina 

barkeri and Methanospirillum hungatii.238 This inactivity is possibly due to the absence of the 

D-ala-D-ala moiety in these archaeal species. The resistance of Methanobacterium strains to D-
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cycloserine and vancomycin, which are antibiotics that inhibit cell wall synthesis by interfering 

with the peptide subunit, implies that the main target of these peptides might be a lipid 

component of the precursor common to murein and pseudomurein. This is further highlighted 

when compared with the sensitivity of those strains to AMPs discussed earlier (bacitracin, 

nisin, enduracidin and gardimycin) that inhibit peptidoglycan synthesis through different 

modes of action (i.e., bind to lipid A).238 

1.11 Comparison of Archaea, Bacteria and Fungi Cell Membranes 

 

Since literature findings so far suggest that the majority of antimicrobial peptides interact with 

bacterial cell membranes and some with fungi, but only very few interact with archaeal cell 

membranes, a brief summary of the differences between bacterial, fungal and archaeal cell 

envelopes is described here (Figure 27). For a more comprehensive understanding, the reader 

is referred to a detailed review by Albers et al.159 

As mentioned above, one major distinction between archaea and bacteria is the presence of 

peptidoglycan in bacterial cell walls which is absent in the archaeal cell wall. Many different 

cell surface structures or appendages can be found in both bacteria and archaea with the 

predominant being a system similar to Type IV pili. Glycan and chitin are the major 

glycoprotein and polysaccharides found in fungal cell walls. Cross-linking of these components 

completes the structure of the cell wall (Figure 27). Chitin is a homopolymer of N-

acetylglucosamine and is present in both yeast and filamentous fungi. Disruption of chitin 

synthase causes instability of the cell wall.321,322 On the other hand, the archaeal cell envelope 

is comprised of S-layers, proteinaceous sheaths, pseudomurein, methanochondroitin, various 

polymers and lipids. 
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Figure 27: Schematic of bacterial, fungal and different archaeal cell walls. Reproduced with 

permission from 169. Copyrights © 2017 Wiley  
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1.12 Bacterial Strains Used in This Thesis  

 

Infections from antibiotic resistant bacteria have emerged as a major concern in developing 

and developed nations alike because of the high mortality rates and their implications on other 

life threatening medical conditions such as cancer and post-surgical recovery, highlighting the 

urgent need for novel antibiotics.323 Multidrug-resistant (MDR) bacteria in hospitals and other 

settings are a serious threat to the achievements of modern medicine.324 As mentioned in the 

previous section, bacterial strains are categorised mainly based on their Gram staining, 

therefore they are usually in two main categories, Gram-negative and Gram-positive. The 

differences between these two strains have been the subject of study for many researchers but 

one can easily say that the main difference in their morphology is the thick peptidoglycan cell 

wall of the Gram-positive bacteria in contrast to a thinner peptidoglycan layer surrounded by 

the outer plasma membrane of the Gram-negative bacteria.325 For the purposes of this thesis, 

two Gram-positive and two Gram-negative bacterial strains were chosen to test the activity of 

the synthetic peptides.  

 

1.12.1 Staphylococcus aureus  

 

S. aureus is a Gram-positive bacterium (family Micrococcaceae) with a distinctive rounded 

“grape-like” shape (Figure 28). Even though a healthy human may be unaware of being a 

carrier of a staphylococcal strain, S. aureus is an opportunistic pathogen implicated in 

numerous infectious diseases including bacteraemia and infective endocarditis and several skin 

tissue conditions.326,327 The mortality rate for patients that suffer from S. aureus bacteraemia 

(SAB) is 10-30%.328 This bacterial strain is one of the most commonly found in hospital 

equipment and medical implants such as catheters, heart valves and intrauterine devices.329  

 



56 

 

SEM TEM 

  

Figure 28: SEM (scanning electron microscopy) and TEM (transmission electron 

microscopy) images of S. aureus. 

 

1.12.2 Methicillin Resistant Staphylococcus aureus 

 

In addition to its direct pathogenicity, S. aureus is notorious for its resistance to antibiotics. 

The first class of antibiotics used to treat S. aureus infections was β-lactam antibiotics like 

benzylpenicillin (Figure 29). Resistance through the production of a β-lactamase (enzyme that 

inactivates β-lactam) was soon reported. Several analogues were then synthesised and it was 

shown that di-substitution of the phenyl group with methoxy groups lessens the affinity of the 

β-lactamases due to the steric hindrance around the amide bond.327 Thus, the analogue named 

methicillin was soon put to clinical use. Shortly after the initial use of the antibiotic, the first 

methicillin resistant strain was reported.330-333 Interestingly, the resistance was not attributed to 

the production of β-lactamases, as it was expected, but to the presence of PBP2α (a penicillin 

binding protein).327,333,334 Presently, around 40% of the infections caused by S. aureus strains 

are due to MRSA335 (Figure 30 and 31) and the infection is most commonly spread through 

hospitals and nosocomial settings. 
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Figure 29: Most commonly used β-lactam antibiotics for the treatment of S. aureus  

infections. 

 

SEM TEM 

  

Figure 30: SEM and TEM images of methicillin resistant S. aureus. 

 

 

Figure 31: Photo of patient suffering from a cutaneous abscess on the shoulder, which was 

caused by MRSA. This image is in the public domain and thus free of any copyright restrictions 

but out of courtesy the photo was taken by Gregory Moran (M.D.) and it’s publicly posted on 

the WHO website.   
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1.12.3 Eschericia coli  

 

E. coli is a Gram-negative rod shaped bacterium (Figure 32) and is the most common bacterial 

strain that causes bacteraemia.336 Its pathogenicity is strongly related to gastrointestinal and 

urinal infections, and diseases related to the nervous system.337 Strains of E. coli that produce 

Shiga toxins are implicated in diarrhoea.338 In 2011, these types of E. coli strains were the 

underlying cause of approximately 40 fatalities and around 900 hospitalised cases in 

Germany.339 

 

SEM TEM 

  

Figure 32: SEM and TEM images of E. coli. 

 

1.12.4 Pseudomonas aeruginosa 

 

P. aeruginosa, (Figure 33) is a rod-shaped Gram-negative bacterium of significant medical 

importance due to its ability to create intrinsic resistance and its severe health implications. In 

most cases, P. aeruginosa infections are nosocomial340,341 and are strongly affiliated with 

immunosuppressed patients.342,343 Cystic fibrosis (CF) is a fatal genetic disorder that causes 
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malfunction of proteins responsible for a healthy flow of Cl- ions inside the lung, sweat glands 

and pancreatic cells.344,345 This blocks the channels and promotes mucus inside the lungs 

concomitantly leading to infections and damage to several enzymes.346 As a result, patients 

with CF are highly prone to developing bacterial infections. Initially, the most common bacteria 

that colonise the host are S. aureus and H. influenza but eventually the predominant bacterial 

strain is P. aeruginosa.347,348 

 

SEM TEM 

  

Figure 33: SEM and TEM images of P. aeruginosa. 

 

It is noted here that both S. aureus and P. aeuriginosa belong to the group of ESKAPE 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) that escape the 

action of all antibacterial agents and cause serious threats in modern hospital environments.349   
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1.12.5 Summary and Overall Aims of the Project 

 

The overall aim of my project was to design, synthesize and investigate the antimicrobial 

potential of novel compounds. Starting with several peptides, this study provided novel agents 

that can be used as a platform for further studies towards novel drug candidates. More specified 

goals of each chapter are listed below. 

 Investigation of the antimicrobial potential and development of a novel AMP based on 

Atg16 which has not been studied at all as an antimicrobial. With this objective in mind the 

following tasks were undertaken: 

 Synthesis of the human Atg16 polypeptide and analogues. Upon synthesis and 

characterisation, the antimicrobial and biofilm potential along with investigations on 

the mechanism of action were conducted. 

 Design and synthesis of a systematic library of several truncated forms of Atg16 in an 

attempt to both enhance the activity but also reduce the cost of the peptides. A potent 

peptide from this library was further conjugated to several fatty acids and Fmoc group 

to increase the potency. The lead compound (K30) that showed the best activity while 

retaining the lowest haemolysis was used as a platform for further biophysical 

investigations. In an attempt to increase the peptide’s potency, an additional library of 

peptide hybrids bearing organometallic compounds and branched peptides was also 

designed and synthesised. 

 Expand the scope of the novel beta-turn - 2-Abz-D-Phe – (discovered recently in the lab) 

in generating novel antimicrobial peptides with well-defined secondary structures. With 

this aim in mind, the following tasks were undertaken: 
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 Optimisation of the synthesis of previously reported linear peptides that bear the 2-Abz-

D-Phe turn and further attempts to determine their secondary structure using NMR in 

both SDS micelles and CH3CN:H2O. 

 Synthesis of cyclic analogues that bear either one or two symmetrical 2-Abz-D-Phe 

turns to examine the effect of different cyclic analogues on  activity and  secondary 

structure. NMR was used to fully assign the sequences and the secondary structure of a 

cyclic analogue (KV8) that was found to adopt a perfect beta sheet structure. 

 Towards Greener Peptide Synthesis 

 Finally, the non-green nature of the current protocol used for peptide synthesis 

was the inspiration to perform some model studies exchanging DMF 

(dimethylformide) with propylene carbonate (PC), an environmentally benign 

solvent for the synthesis of linear and cyclic peptides. 
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CHAPTER 2: Methodology 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter explains the theory behind the experimental techniques and 

protocols used in this thesis and the purpose of each method. 
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2.1 Peptide Synthesis and Purification 

 

Nobel laureate Robert Bruce Merrifield is considered the father of solid phase peptide 

synthesis.350 In 1963, Merrifield reported the first successful synthesis of an elongated peptide 

chain assembled on a solid resin.350 The simplicity and repetitiveness of the solid phase peptide 

synthesis (SPPS) protocol, when compared to the solution phase synthesis, established the 

protocol as the standard for peptide synthesis. For a large majority of peptides, the steps of the 

protocol are straightforward and easy to follow. A total of six different steps make up the SPPS 

protocol. These are explained below in detail along with the challenges of each step. These 

challenges have been observed as more critical when a greener approach was attempted.  

 

2.1.1 Step 1: Resin Choice 

 

As stated above, the peptide chain in SPPS is assembled on a solid resin. Most common resins 

used are polystyrene (PS), polyethyleneglycol based polystyrene (PEG)-PS resins (Figure 34). 

Divinylbenzene (Dvb), used as a cross linking agent in PS resins, is insoluble in almost all 

organic solvents. The introduction of PEG resins, such as ChemMatrix® allowed peptide 

synthesis to be carried out even in water351 and facilitates the synthesis of larger peptides352 

(Figure 34). Swelling of the resin is a critical step in SPPS.350,353 The nature of the resin plays 

a crucial role in the ability of the resin to swell well in a particular solvent. An optimal swelling 

point is considered mandatory for a successful synthesis. If the resin swells more, it can block 

the synthesis. On the other hand, if it does not swell enough the reactive functionalities of the 

resin will not be available and the synthesis will be incomplete. PS resins usually swell only in 

DCM (dichloromethane), while PEG resins swell well in various solvents.354 
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Figure 34: Resins commonly used in SPPS. 

 

2.1.2 Step 2: Choosing Protected Amino Acids 

 

Peptides are usually assembled on the resin from tail (C-terminal residue) to head (N-terminal 

end). The possible presence of different types of reactive and functional groups of natural 

amino acids was one of the first obstacles chemists had to overcome before they were able to 

synthesise larger sequences. The solution came with the introduction of temporary protecting 

groups which are cleaved in the final step commonly called “global deprotection.”  

An important aspect in SPPS is the temporary protecting group in the amino acid N-terminal 

amino group (Nα protecting group). The two most common protecting groups used are the Boc 

group (acid labile)350,355 and the Fmoc group (base labile).356 These two strategies are called 

Boc strategy and Fmoc strategy, respectively. 
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Figure 35: Commonly used Nα protecting groups. 

 

2.1.3 Step 3: Fmoc Deprotection  

 

Deprotection of the Fmoc group is usually done using a solution of 20% piperidine in DMF to 

produce the free Nα amino group (Scheme 1). Several washes with DMF to remove the 

byproducts are necessary. 

 

Scheme 1: Deprotection of an Fmoc group by piperidine resulting in a free Nα-amino group.357 
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2.1.4 Step 4: Elongation of the Chain 

 

Upon cleavage of the Fmoc group, the free NH2 can form the new amide bond with the next 

amino acid. This step usually demands an excess of amino acids (~ 4 equivalents) and 

equimolar amounts of a strong coupling agent such as O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N 

tetramethyluronium hexafluorophosphate (HCTU) or N-[(dimethylamino)-1H-1,2,3-

triazolo[4,5-b]-pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-

oxide (HATU) in DMF. N, N- diisopropylethylamine (DIPEA) (or the less basic 2,4,6-

trimethylpyridine (TMP)) is added to activate the carboxylic acid of the incoming amino acid. 

Two of the most common problems with this step are insufficient coupling and racemisation. 

Therefore, racemisation suppressors such as HOAt and HOBt (Figure 36) are commonly used 

in SPPS as a solution to this problem. If the coupling step is not successful, then a second 

coupling with extended time (and in some cases higher temperatures) is followed. For 

sequences having stretches of difficult amino acids, capping steps with acetic anhydride in 

DMF and pyridine are introduced followed by several washes with DMF to remove the 

byproducts.358 
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Figure 36: Common peptide coupling reagents also used during cyclisation and common 

organic bases with pKa values.359-361 
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Scheme 2: Mechanism of HATU mediated coupling. 

 

2.1.5 Step 5: Final Fmoc Deprotection  

After assembling the peptide chain, the N-terminal Fmoc group needs to be removed using 

20% piperidine. The same as step 3, several washes with DMF for the removal of piperidine 

and side-products are performed. 

 

2.1.6 Step 6: Release from the Resin and Global Deprotection  

 

Release of the peptide from the resin and simultaneous removal of side chain protecting groups 

are achieved using a cocktail that consists of TFA: TIS:H2O(95:2.5:2.5). The crude peptide is 

then precipitated as a solid with cold diethyl ether while the protecting groups remain soluble. 

The crude peptide is then freeze-dried to form a fluffy solid which then needs to be purified by 
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HPLC before it can be used for any analysis. The above steps generate the peptide in the linear 

form. Synthesis of cyclic peptides necessitates the release of the peptide from the resin in a 

suitably protected form which is assembled on resins carrying an acid sensitive chlorotrityl 

linker. In such scenarios, release of the linear protected peptide is achieved using a solution of 

25% TFE (trifluroethanol) in DCM for 30 minutes or 1% TFA (trifluoroacetic acid) for 1 

minute. 

 

2.1.7 Boc/Bzl Strategy 

 

For a difficult and challenging synthesis, the use of the Boc/Bzl strategy can prove 

beneficial.362-365 The main difference in this protocol is that the Nα group is protected with the 

acid labile Boc/Bzl group instead of the base labile Fmoc. Additionally, cleaving the peptide-

resin linkage requires the use of the highly hazardous reagent, hydrogen fluoride (HF) (see 

below). The steps are similar to the ones mentioned above365 (steps 3 and 5) but for the removal 

of Boc/Bzl group neat TFA is used. TFA can destroy any peptide-resin aggregates thus 

benefiting the synthesis of long and challenging sequences.362 The final step (step 6) is 

performed with the use of anhydrous HF (known as HF- cleavage) which can both remove the 

side chain protecting groups and also cleave the peptide from the resin.365 HF is a very 

hazardous chemical and the personnel handling it needs to be well trained both in the use of 

the specialised apparatus and on first aid measures for safe handling, thus making this strategy 

a less favourable choice. 

 

2.1.7 Solution Phase Synthesis 

 

Peptide synthesis can also be performed in solution phase following the same principles.366 

Commonly, the N-terminal side of the amino acid is protected using the Boc group and the C-
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terminus as a methyl ester (OMe). Deprotection of the N-terminal Boc group is done using 98% 

formic acid and that of the C-terminal ester is hydrolysed using an inorganic base such as 

sodium hydroxide. The amide bond formation is facilitated using carbodiimide based coupling 

reagents such as DCC in DMF (or DCM if the crude peptide is soluble) together with the use 

of HOBt.367 Other protecting groups and fragment condensation strategies can also be used for 

solution phase synthesis.366  

 

2.2 Modifications of Peptides: Cyclisation, Stapling, N-methylation 

 

Despite their biological potential, peptides are susceptible to degradation by proteases 

(enzymes that hydrolyse amide bonds) significantly reducing their bioavailability. Chemical 

modifications are used to overcome the issue of protease susceptibility. Among the most 

important of these modifications are different types of cyclisations,368,369 such as head-to-tail, 

head-to-side-chain, side-chain-to-side-chain, 29 or stapling either through a disulphide bridge 

or C-H activation,370 and N-methylation on any amino acid.29 All these modifications can be 

challenging and are performed in DMF and other toxic organic solvents. 

 

2.3 Purification 

 

Usually, the purification of peptides is done using reversed phase HPLC which uses a 

hydrophobic stationary phase and a polar mobile phase such as water: acetonitrile. Normal 

phase column chromatography on silica gel columns is not efficient for this class of molecules 

because of their hydrophilicity. Even though acetonitrile is an environmentally friendlier 

solvent than DMF, it is still not considered green. Additionally, acetonitrile is an expensive 

solvent and therefore it is important to produce as pure a crude product as possible to minimise 

the use of acetonitrile in the purification step. 
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2.4 Mass Spectrometry 

 

The identity of the purified peptides is confirmed by mass spectrometry, which measures their 

mass to charge ratio (m/z).371 Mass spectrometry is a very sensitive technique and requires only 

very small amounts of a sample (nano to pico moles). Different highly sensitive ionisation 

methods are used in mass spectrometry. 371 The two ionisation methods used in this thesis are 

the electrospray ionisation (ESI) and the matrix-assisted laser ionisation (MALDI). (10-6 to 10-

15 M) Other ionisation methods include fast atom bombardment (FAB) and plasma desorption 

ionisation.371 

 

2.4.1 Electrospray Ionisation (ESI)  

 

The sample can be prepared in various solvents (such as water, acetonitrile, methanol, etc.) 

with the addition of a small amount of formic acid or ammonium hydroxide to facilitate the 

ionisation of positive and negative ions, respectively. The sample is injected using a needle at 

high voltage, as charged droplets which are evaporated under nitrogen gas  (nebuliser) and high 

temperatures (100-300 ̊C) to reach the desired critical charge density.372 At this charge density, 

the resulting repulsive forces are too high and as a result the sample ions are released into the 

gas phase. The ions get separated based on their m/z based on their time of flight (TOF). 371,372 

Under the positive mode of detection, positively charged species such as (M+H)+, (M+Na)+ or 

(M+K)+ are observed and depending on the presence of cationic and anionic side chains, 

multiply charged species could also  be detected. These multiply charged species reveal distinct 

isotopic patterns.371 An advantage of ESI/MS (which was employed in this thesis) is its ability 

to be combined with liquid chromatography (LC-MS). 371 Even though ESI/MS is more 

accurate and has a better resolution when compared to MALDI-MS, its sensitivity is also lower 

(~ 1 picomole/ MALDI-MS (< 1 picomole)). 
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2.4.2 Matrix-assisted Laser Desorption/Ionisation (MALDI) 

 

The sample for MALDI is first mixed uniformly with an appropriate matrix and spotted on a 

gold coated plate. The matrices used in MALDI are usually acidic with a relatively low 

molecular weight (to ensure fast evaporation) and a strong optical absorption that allows for an 

efficient absorption of the laser beam.  The mixture of peptide-matrix is left to dry prior to laser 

beaming.  The most common UV lasers used in MALDI are nitrogen laser (emission at 337nm) 

and nd:YAG laser (emission at 355nm). This ultraviolet light is absorbed by the matrix, which 

heats and vaporises along with the dissolved sample. 373,374  The charged ions are separated 

based on their TOF and a mass spectrum is generated.373,374 An advantage of MALDI is the 

facile analysis of several samples, since many samples can be spotted on the same plate. 

Several matrixes have been reported in the literature but for the purpose of this thesis α-cyano-

4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were used for 

analysing peptides at a concentration 100-fold in excess to the peptide. 

 

 

 

Figure 37: The two matrixes that were used in this thesis for MALDI-TOF.  
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2.5 Reversed-Phase High-Performance Liquid Chromatography  

 

All peptides reported in this thesis were purified by RP-HPLC and their purity was assessed 

using analytical RP-HPLC. In RP-HPLC, peptides are purified from their impurities (which in 

many cases may even include truncated peptide-analogues or peptides with termination 

sequences) based on the differences in hydrophobicity. For the purpose of this thesis, the 

stationary phases used were either a C18 or C8 column which consists of C18 or C8 alkyl chains, 

respectively, which are covalently bonded to silica beads.375,376 The mobile phase consists of a 

mixture of two miscible polar solvents. Solvent A (Type 1 water + 0.1 % TFA v/v) and Solvent 

B (most commonly used acetonitrile or methanol + 0.1% TFA). TFA is added as an ion pairing 

agent that enhances peak resolution and symmetry but can also assist in the solubility of some 

insoluble peptides.375 HPLC methods can vary a lot and can include a variation of multiple 

parameters such as gradient being used, temperature and time. For the purification of most 

peptides, a linear gradient of 20-60% solvent B over 35 minutes usually results in good 

separation for moderately hydrophobic peptides  that will have higher retention times than polar 

impurities since they will be adsorbed strongly to a hydrophobic stationary phase. UV detection 

facilitates the separation and could partially aid in the characterisation since several amino 

acids may absorb at different wavelengths, i.e.,  aromatic amino acids such as phenylalanine 

can absorb at 254 nm whereas tryptophan can absorb at 280 nm.375 As a rule of thumb, if 

multiple wavelengths can be chosen (an aspect depending on the instrument used and the 

brand) then one of the wavelengths is set to 214 nm, an absorbance typical for all the peptides. 

RP-HPLC is not only used for purification purposes but also to determine the peptides’ % 

purity. Achieving high purity (typically > 95%) before the bioassays is critical since impurities 

can influence the accuracy of the outcome and result in misleading interpretations. For 

example, if we take into consideration the fact that any impurity could be a peptide similar to 
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the desired peptide the observed effect of the bioassays is a cumulative effect of the desired 

peptide and the impurities present when an impure peptide is used in bioassays. For the 

purposes of this thesis, all the peptides were purified to at least 95% purity or above. 

 

Figure 38: Cartoon diagram of the binding of a peptide to a silica-based column of RP-

HPLC. 

 

2.6 Nuclear Magnetic Resonance (NMR) spectroscopy 

 

Nuclear Magnetic Resonance (NMR) spectroscopy can provide important information on the 

structure of the compound tested. Multiple NMR parameters such as the chemical shifts, 3J 

NH-CH coupling constants and nuclear Overhauser effects provide valuable information to 

deduce the molecular structure in solution and are especially helpful for the determination of 

the secondary structure of peptides. Several one and two-dimensional NMR experiments are 

well documented in the literature and have been applied in solving the secondary and tertiary 

structure of even challenging sequences. For the purpose of studying antimicrobial peptides 

that use the bacterial membrane as a principal target, NMR studies of peptides in the presence 

of lipids that mimic bacterial cell membranes is of great value. Such peptide-lipid titration 

experiments are also well developed. The fundamental principle behind these experiments is 

relatively simple. Any changes to chemical shift, line broadening etc of the peptide in the 

presence of lipids signifies binding of the peptide to the lipids. Further studies can be performed 
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to reveal any changes in the peptide conformation in the presence of lipids. Several one and 

two-dimensional NMR experiments were used to study the interaction of the peptides with 

membrane lipids in this thesis, to obtain an insight into both the structure of these peptides and 

the structure-activity relationship. The most important NMR parameters and techniques are 

discussed below. 

 

2.6.1 Chemical Shifts 

 

The electrons that circulate around the nucleus cause the presence of a small magnetic field (B) 

to the atomic nuclei of molecules. Application of a large external magnetic field (Bo) to the 

nuclei, will result in a change in the resonant frequency due to the magnetic field of the nuclei 

opposing the external magnetic field. The magnitude of the change in resonant frequency is 

known as chemical shift, δ. An internal standard is used in NMR experiments (usually 

tetramethylsilane (TMS) and the δ values of the protons in the sample are reported with respect 

to this reference which is set to 0 ppm.  

Amide protons usually appear around 6-10 ppm, Cα protons between 3.5 to 5 ppm and Cβ, Cγ 

and Cδ around 0.5-3.5 ppm on the proton spectrum. 377,378 For an α-helical or -sheet peptide, 

the CH will be shifted upfield or downfield by approx. 0.4 ppm, respectively from the typical 

random coil values. 

 

2.6.2 Coupling constant (3JNHCaH) 

 

Covalently linked nuclei provide through-bond coupling that is reported as the coupling 

constant (J) which is informative for nuclei that are up to three covalent bonds apart. The 
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relationship between the torsion angle (φ) and 3JNHCαH can be expressed using the equation as 

shown below also known as the Karplus equation:379 

 

3JNHCαH=Acos2θ-Bcosθ+C 

where θ = (φ - 60°) and 3JNHCαH is given in hertz and denotes the three bond or vicinal coupling 

between the amide and Cα protons. The coefficients A, B and C have estimated 

values of 6.4, -1.4 and 1.9 respectively for peptides and proteins.380 Table 8 shows the 

characteristic 3JNHCαH and φ values for different peptide secondary structures. 

 

Table 8 Characteristic 3JNHcaH coupling constant and torsion angle values for different types 

of secondary structures. 

Secondary Structure  3JNHcaH (Hz) Φ(o) 

Random coil 7 -155 

α-helix 3.9 -57 

310 helix 4.2 -60 

Parallel β-sheet 8.9 -139 

Antiparallel β-sheet 9.7 -119 

 

 

2.6.3 Temperature Dependence of NH Chemical Shifts381,382 

 

Chemical shift variation with temperature can be used to probe for intramolecularly hydrogen 

bound vs solvent exposed amide protons. 381,382 This is because an elevated temperature will 

weaken the H-bonds between amide protons and the solvent (intermolecular interaction) which 

will cause a down field shift of the amide protons.381,382 Plotting the shift values over a 
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temperature range results in a linear relationship, with the slope being the temperature 

coefficient (dδ/dT) of the amide proton. If this coefficient is low (<3 ppb/K), there is evidence 

of solvent shielding and intramolecular bonding, whereas higher temperature coefficients (> 

5ppb/K) indicate solvent exposed amides.381,382 

 

2.6.4 Two-dimensional NMR (2D-NMR)  

 

2D-NMR can provide in-depth information about the secondary structure of peptides. For the 

purposes of this thesis, different 2D-NMR experiments were performed to deduce the 

secondary structure using the through bond (COSY/TOCSY) and through space 

(NOESY/ROESY) correlations. 

 

2.6.5 Total Correlation Spectroscopy (TOCSY) 

 

TOCSY reveals information through bond correlations via spin-spin coupling. This technique 

is very useful especially when there is resonance overlap. With the use of TOCSY, these proton 

signals can be divided into groups (or spin systems). Identification of each individual amino 

acid can be made based on the unique fingerprint of their side chain.382 

 

2.6.6 Nuclear Overhauser Effect Spectroscopy (NOESY) and Rotating-frame 

Overhauser Spectroscopy (ROESY) 

 

Through space interactions of spins can result in dipolar couplings observed as cross peaks in 

the NOESY spectrum.  For smaller peptides (1-2 kDa), almost no NOEs are observed mainly 

because the Nuclear Overhauser effect is too weak and therefore cannot be detected. For these 

molecules the ROESY is preferred. Even though NOESY and ROESY are two very similar 
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methods, their fundamental difference is that in ROESY the cross relaxation rate constant is 

always positive where as in NOESY this constant goes from positive to negative.  

If the spacially interacting protons are within 4 Å, this will be observed as a cross peak. The 

correlation between the intensity of the NOE and the distance is given by the equation below: 

NOE ∝ (1/r6) x f(τc) 

r : inter-nuclear distance and 

f(τc) : function of rotation correlation time of the molecule. 

As denoted by the equation, as the inter-proton distance decreases the intensity of the NOEs 

increases.  Short distances (<2.5 A) show strong intensities, medium range distances (2.5-3.5) 

show medium intensities and for greater than 3.5 Å the observed NOE can be very weak. The 

several observable distances that correlate with the secondary structure of the peptide are 

shown in Figure 39 and Table 9. 
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Figure 39: NOE observable distances (Å) for peptide secondary structures. Arrows show 

medium and long range 1H-1H distances. 

Table 9: NOE observable distances (Å) for peptide secondary structures. 

Distance  α-Helix  310-Helix  β (antiparallel)  β (parallel)  turn I  turn II  

dαN (i, i+1)  3.5 3.4 2.2 2.2 3.4 2.2 

dαN(i, i+2)  4.4 3.8   3.6 3.3 

dαN(i, i+3)  3.4 3.3   3.1-4.2 3.8-4.7 

dαN(i, i+4)  4.2      

dNN (i, i+1)  2.8 2.6 4.3 4.2 2.6 4.5 

dNN(i, i+2)  4.2 4.1   3.8 4.3 

dβN  2.5-4.1 2.9-4.4 3.2-4.5 3.7-4.7 2.9-4.4 3.6-4.6 

dαβ(i, i+3)  2.5-4.4 3.1-5.1     
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2.7 Circular Dichroism (CD) 

 

As mentioned in the introduction section, an important aspect of peptide and protein 

characterisation is the determination of their secondary structure. The secondary structure can 

be studied both using NMR (see previous section) and using CD. CD makes use of the chirality 

of the peptides.  The two different components of a polarised light (left and right) are absorbed 

differently when passed through chiral compounds (e.g., peptides and proteins) and this 

difference (also known as ellipticity) can be measured and plotted to yield a spectrum that 

provides an overall fingerprint of the secondary structure (Figure 40). For peptides, the most 

useful region is the far UV region (190-250 nm) and therefore the ellipticity (θ) in this region 

provides information about the secondary structure of the peptide. The first absorption band is 

around 220 nm and is due to the n→π* transitions.  This absorption is weaker and broader in 

comparison to the second absorption found at 190 nm which is due to the π→π* transitions. 

As shown in Figure 40, α-helical structures demonstrate two characteristic negative bands 

which are found at 208 and 222 nm and are due to the π→π* and n→π* transitions, 

respectively. The π→π* transition also gives rise to a positive band found at 190 nm. Peptides 

(or proteins) that adopt β-sheet conformations show only one negative band at around 216 nm 

(n→π* transitions) and one positive band which is usually shifted towards lower wavelength 

in comparison with the α-helical positive band and can be found at 198 nm (π→π*). Peptides 

that are unordered (random coil conformation) usually have only one negative band at ~195 

nm but a positive band of low intensity can also be found at ~217 nm (Figure 40). It is noted 

though here that one disadvantage of this method is that in cases where the sequence contains 

aromatic residues (chromophores) or amino acids in different configurations (like for example 

the presence of a D-amino acid in an all L-amino acids sequence) can produce overlapping 

contributions in the far UV region of the CD spectrum which will subsequently result in a 
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spectra more ambiguous and not perfectly comparable to a spectrum attributed to a peptide 

with a defined secondary structure. 

 

 

Figure 40: Examples of common secondary structures of peptides and proteins. From 

http://www.proteinchemist.com/cd/cdspec.html. 

 

2.8 Biological Assays 

 

2.8.1 Minimal Inhibitory Concentration (MIC) Assay 

 

The MIC assay provides information about the in vitro activity of the compounds against the 

strains tested. 383,384 As the name suggests, the MIC is the lowest value concentration at which 

the compound inhibits bacterial (or fungal) growth and therefore the lower the MIC, the more 

potent a compound is. The assay is performed in a 96-well microtiter plates with the peptides 

serially diluted. Growth, sterility and positive controls must be included to ensure the 

repetitiveness and accuracy of the assays. The growth and/or inhibition can be both visually 

inspected and recorded using a plate reader at 600 nm (Figure 41). 

π→π* 
π→π* 

n→π* 
n→π* 

π→π* 

http://www.proteinchemist.com/cd/cdspec.html
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Figure 41: A 96-well microtiter plate with incubated bacteria and the compound of interest. 

By visual inspection, the transparent areas reveal inhibition of bacterial growth whereas 

cloudy areas show bacterial growth. 

 

2.8.2 Minimal Bactericidal Concentration (MBC) 

 

Even though MIC can provide accurate information about the activity of a compound and is 

the protocol most commonly used, it cannot provide any information on the mechanism of 

action to any extent. This limitation does not apply only to determining if the agent that is tested 

has a membrane lytic effect or intracellular target but it also applies to whether the agent has a 

cidal or static effect. Therefore, if a compound is bacteriostatic (or fungistatic) it may inhibit 

growth of the strain for some time but eventually the strain will grow (unless treated with more 

compound). From a therapeutic point of view, compounds with bacteriostatic effects have a 

lower therapeutic index since their mode of action is considered weaker. To determine the 

minimum concentration at which an agent is considered to have a bactericidal effect, the MBC 

assay is performed. Upon determining the MIC point aliquots from each well of the 96 well 
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plates are replated in properly labelled agar plates and the plates incubated overnight. Visual 

inspection of the plate incubated overnight can provide data about whether the compound is 

bacteriostatic or bactericidal (Figure 42). 

 

  

Figure 42 A) A 96-well plate showing the MIC of some compounds. Aliquots of the 

compound are circled in red which were replated on the agar plate and (B) to determine the 

MBC point. 

 

2.8.3 Inhibition and Eradication of Biofilms 

 

The methodology to establish the MIC and the minimum eradication concentration (MEC) of 

compounds against biofilms is similar to the MIC assays. Three important differences are i) 

the use of tissue culture 96-well plates which will help the formation of biofilms , ii) longer 

incubation periods with iii) a higher starting concentration of bacterial cells. In the final step, a 

dye (XTT) is used to visually stain the live cells and better help with the determination of the 

inhibition and eradication point. 

 

 

 

A) B) 
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2.8.4 Reactive Oxygen Species 

 

For the production of adenosine triphosphate (ATP), cells use oxygen which is partially 

reduced to a radical species  (O2·-) and in the presence of enzymes, in subsequent reactions, 

also forms the even more reactive hydroxyl radical (OH
∙
).385,386 These processes are generally 

monitored by cells so that an overall redox homeostasis is maintained inside the cell. 

Exogenous threats, though, may interfere with these processes and destroy the balance leading 

to an uncontrolled production of reactive oxygen species (ROS) thus killing the cells.387 Many 

antimicrobial agents generate ROS thus steadily causing decay of the components of the cells 

such as DNA, membranes and proteins, which leads to cell death.388,389 For the purpose of this 

thesis, the fluorescent dye 2′,7′-dichlorofluorescein diacetate (H2DCFDA) was employed to 

determine if the peptides tested induce endogenous ROS which is detrimental for bacterial 

survival and can eventually result in membrane disruption. Esterases can deacetylate this non-

fluorescent compound (H2DCFDA) with the use of enzymes to H2DCF which is also non-

fluorescent. If ROS species are present H2DCF is oxidized fast to the highly fluorescent 2′,7′-

dichlorofluorescein (DCF) (Figure 43).390 The assays were done in the presence and absence 

of ascorbic acid, a scavenger of radicals, and were compared to the MIC points.  

 

Figure 43: Production of fluorescent DCF by intracellular ROS. 390 
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2.9 Cell Morphology Analyses Using Microscopy 

 

Cell morphology studies using microscopy have proven very helpful when examining the mode 

of action of antibiotics on microbial cells. These studies help to establish if there is a visible 

membrane interaction of the drug with the bacterial strains or it has an intracellular target. 

Fluorescence, scanning electron and transmission electron microscopies were used in the 

research for this thesis. 

 

2.9.1 Fluorescence Microscopy 

 

Fluorophores can absorb and emit light at specific wavelengths. If fluorophores are present in 

a specimen, it can be irradiated at the appropriate wavelength leading to an emission of light 

of a longer wavelength. This principle is used in fluorescence microscopy where these two 

different wavelength lights (illumination and emitted) can be separated by the use of a spectral 

emission filter. For biological specimens, the use of fluorescent dyes is very common. SYTO 

9 and propidium iodide (PI) dyes are usually used in combination to prove the membrane lytic 

effect of an antibiotic.391,392 SYTO 9 penetrates the membranes of both live and dead cells. On 

the contrary, PI stain binds to DNA but only if the membrane of the cell has been lysed. If both 

stains are present and the bacterial membrane has been disturbed, PI stain displaces SYTO 9 

due to its stronger binding affinity.393 It is to be noted that handling these dyes can be tricky 

and during their handling appropriate protection from light is to be ensured since the dyes can 

photobleach over time, especially upon illumination and affect the quality of the results.  
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2.9.2 Scanning Electron Microscopy 

 

In SEM, the specimen interacts with an electron beam. Through this interaction, the electrons 

lose energy and this energy exchange causes the electrons to be either reflected (high-energy 

electrons) or emitted (secondary electrons) and therefore they can be observed by appropriate 

detectors. The specimen chamber of the microscope is at high vacuum, so the sample needs to 

be completely dry prior to imaging. Biological samples first go through fixation (usually done 

using a solution of glutarldehyde in appropriate buffer) prior to drying. To avoid collapse and 

shrinkage of the cells, the treated slides are dehydrated by exchange of the water that is inside 

the cells with a series of ethanol gradients (25%-100%). After this process, the slides can be 

left to either air-dry or dried using a critical point dryer. With SEM, the observations can be 

made of the surface of bacterial cells but not of the intracellular space. 

 

2.9.3 Transmission Electron Microscopy 

 

In TEM, the electrons are emitted through the “light source” (top of the microscope) and with 

the use of electromagnetic lenses can be focused into a thin beam. This beam then passes 

(transmits) through the specimen and an image is obtained. The instrument is able to capture 

images at very high resolutions therefore information about both the surface of the specimen 

and the intracellular space can be obtained. For the purposes of this thesis, all specimens were 

prepared as suspensions on grids. To prepare the suspensions, the bacterial pellets were fixed 

using a solution of glutarldehyde in appropriate buffer and post stained with osmium tetroxide. 

The stained bacterial pellets were embedded on a resin, further stained with uranyl acetate and 

sectioned with the use of ultramicrotome. 
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2.10 Haemolysis 

 

The potential toxicity of a drug being developed to host cells needs to be carefully assessed in 

order to gain information about its therapeutic index. The toxicity of drugs to blood cells is a 

major consideration during drug design.394 A haemolysis assay is mainly used to assess this 

toxicity. For this assay, freshly collected blood cells at a concentration of half of that found in 

the blood are incubated with the examined compound.  A compound that has the ability to 

completely lyse the blood cells is used as a reference. For the purposes of this thesis, Triton X, 

a surfactant, was used as the control and the haemolysis was measured at an absorbance of 540 

nm. Percentage of haemolysis, at each peptide concentration, was calculated using the 

following equation: 

% haemolysis = (Aexp─ ATris) / (A100% ─ ATris) x 100  

Aexp: experimental absorbance at 540 nm measurement, ATris: absorbance of the negative 

control, where only Tris buffer was added to mouse blood cells and A100%:  absorbance of the  

positive control, where 0.25% Triton X-100 was used to cause lysis of 100% mouse blood cells 

present. 

The following techniques were conducted in India in Dr. Anirban Bhunias’ lab and therefore 

are only briefly explained. 

 

2.11 Carboxyfluorescein Leakage Assay 

 

The presence of a membrane lytic peptide in unilamellar vesicles (LUV) can cause disruption 

of the liposomal bilayers which can lead to a concomitant release of entrapped hydrophilic 

solutes. For the purposes of this thesis, the leakage of CF dye entrapped in liposomes made of 
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anionic 3:1 POPE/POPG bilayers was evaluated following a previously published protocol.395 

The bacterial membrane mimicking model is prepared by using palmitoyloleoyl 

phosphatidylethanolamine (POPE) and palmitoyloleoyl phosphatidylglycerol (POPG) lipids in 

a 3:1 ratio. Upon formation of lipid films, they are hydrated with 0.1 M CF (Figure 44). Large 

LUVs are obtained by extruding the CF containing solution multiple times through a 

polycarbonate filter Free CF can be removed using gel filtration on a column previously 

saturated with the same buffer. The CF leakage experiment is performed by adding a series of 

concentrations of the peptide into the fixed concentration of LUVs.The fluorescence intensity 

is then measured at 520nm.A concentration of 0.1% Triton X100 = is added as a positive 

control and only LUVs were added as negative control. Measurement of CF leakage (C) was 

calculated using the equation below: 

C = (F - F0)/ (FT - F0) × 100  

Where F0 is the initial CF fluorescence intensity, F is the final fluorescence intensity 5 minutes 

after addition of the peptide and FT is the highest fluorescence intensity after addition of Triton 

X 100. 

 

Figure 44: Chemical structure of 6-carboxyfluorescein. 
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2.12 Isothermal Titration Calorimetry Analysis of Peptides in D8PG and DPC Micelles 

 

The binding affinity (KD) and the thermodynamic parameters such as changes in enthalpy (ΔH), 

entropy (ΔS) and Gibbs free energy (ΔG) can be measured using isothermal titration 

calorimetry (ITC). For this technique, no labels are used, and the release or absorption of heat 

(during titration) upon sample injection is measured. Aliquots of the tested compound are 

injected into the pre-formed micelles. Any binding will result in heat change and the 

microcalorimetes will measure all heat release until this reaction reaches equilibrium. A series 

of injections is then performed and the results are plotted. The plot can provide information on 

the nature of the binding (endothermic, exothermic, etc.). For the purposes of this thesis, the 

binding affinity of the desired peptide was tested against pre-prepared D8PG and DPC micelles 

that mimic bacterial and eukaryotic membranes, accordingly. 
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CHAPTER 3: Synthesis, Antibacterial and 

Anti-Biofilm Potential of Human 

Autophagy 16 Polypeptide and Analogues  

 

 
 

This chapter demonstrates that the human autophagy 16 polypeptide (Atg16) 

has antibacterial and antibiofilm potential, perturbs both Gram-positive and 

Gram-negative bacterial membranes and subsequently also produces ROS in 

compromised bacteria. Engineered Atg16 analogues containing 1- and 2-

naphthyl alanines showed significant enhancement of antibacterial activity and 

eradicated biofilms while also possessing negligible haemolysis of mouse 

erythrocytes. This new family of antibacterial peptides are promising candidates 

in the fight against bacterial biofilms, responsible for several thousand deaths 

annually which are predicted to rise into the millions. 

Part of this chapter has been published and reproduced with permission from 

Varnava. K. G, Reynnison. J, Ragothama S. and Sarojini V. Synthesis, Antibacterial and Anti-

Biofilm Potential of Human Autophagy 16 Polypeptide and Analogues, 2018, Peptide Science, 

110(4), e24076.DOI: https://doi.org/10.1002/pep2.24076. ©2018 Wiley 

  

https://doi.org/10.1002/pep2.24076


91 

 

3.1 Introduction 

This chapter reports the synthesis, antibacterial activity and mechanism of action of a new 

family of peptides derived from humans. The autophagy 16 polypeptide (Atg16) is a cationic 

peptide that binds to Atg5 protein forming a complex that is involved in the formation of 

autophagosomes.396 The crystal structure of human Atg16 and Atg5 complex has recently been 

published396 (Figure 45). 

 

 

Figure 45: The complex of Atg16-Atg5 (left) and the sequence of Atg16 (right) with the 

distinct Phe residue shown in green colour. 

 

The rationale for this study was to determine whether Atg16, similar to other cationic peptides, 

would exhibit antibacterial activity. Initial screening of the antimicrobial potency of Atg16 

(K5), revealed moderate activity against S. aureus 16207 and negligible activity against E. coli 

DH5α strains. The main hypothesis was that this activity relies on the overall net charge which 

allows interactions with the negatively charged bacterial membrane. In an attempt to further 

enhance the peptide’s potency against these strains, two more analogues in which the Phe 
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residue (Figure 45) was substituted with bulkier aromatic amino acids, namely 1-naphthyl (1-

Nal) and 2-naphthyl (2-Nal) alanines (K9 and K15), respectively (Table 11 and Figure 46) 

were synthesised. The increased hydrophobicity and aromaticity resulting from the napthyl 

alanine residues should enhance interactions with the hydrophobic part of the bacterial 

membrane while the positively charged residues facilitate electrostatic interactions. The 

combined effect of the strengthened hydrophobic and electrostatic interactions is expected to 

cause further membrane disruption. Literature results on naphthyl alanine substituted 

lactofericin and compstatin analogues are promising in this regard.66,397,398  

 

Both K9 and K15 showed enhanced potency against S. aureus and E. coli further confirming 

our hypothesis. One more peptide (K23) was generated by deleting one glutamic acid from 

K15 (while keeping the napthyl alanine substitution and the overall length of the peptide) to 

further enhance the electrostatic interactions between the peptide and the bacterial membrane. 

It is to be noted that the deletion of the glutamic acid was done mainly in an attempt to increase 

the overall net charge (while retaining the overall length of the peptide). K23 showed increased 

activity against both strains which further supports the hypothesis for a charge-dependent mode 

of action of this family of peptides.  
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3.2 Results and Discussion 

 

3.2.1 Synthesis of Peptides 

 

 

 

Figure 46: Chemical structures of phenylalanine and the unnatural amino acids, 1- and 2-

naphthyl alanines. 

 

One major problem with peptide synthesis is aggregation during the synthesis which prevents 

efficient deprotections and also results in incomplete couplings.399,400 Long sequences are 

particularly prone to aggregation, making them more synthetically challenging, and steric 

hindrance for coupling causes termination of the elongating peptide chain. Atg 16 (K5) is a 34-

residue long peptide with a stretch of three consecutive arginines, and K9 and K15 also have 

the bulky 1-Nal and 2-Nal residues. The increased bulkiness and hydrophobicity can be an 

additional factor preventing coupling as the chain length increases. Initial synthetic attempts 

towards K5 and its analogues using O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N 

tetramethyluronium hexafluorophosphate (HCTU) or O-(7-azabenzotriazol-1-yl)-N,N,N’,N 

tetramethyluronium hexafluorophosphate (HATU) as the coupling reagents were unsuccessful. 

However, addition of 1-hydroxy-7-azabenzotriazole (HOAt) yielded the desired crude peptides 

even though only at a disappointing 10% purity (Table 10) making further purification of the 

desired peptides from the crude mixture an impossible task. (Figure 47 A). 
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Acetic anhydride capping at the arginines and the bulky napthyl residues resulted in increased 

overall yield and reduced the number of deletion sequences producing much neater HPLC 

traces of the crude peptides. Double couplings and extended coupling times were used to 

further reduce deletion sequences and enhance crude purity. Exchanging the potentially 

explosive reagent HOAt with ethyl (hydroxyimino) cyanoacetate (OxymaPure®) while 

maintaining the high yield of the final peptide was a further optimisation of the synthesis from 

a health and safety perspective (Figure 47 B and Table 10).401,402  

 

Table 10: Optimisation of the reaction conditions for the synthesis of K15. Capping steps 

were performed in the presence of acetic anhydride/DIPEA/DMF 1/2/7 vol/vol/vol. 

Capping Step Coupling Reagent Additive % Crude Yield Crude % Purity 

× HCTU - 0 N/A 

× HATU - 0 N/A 

× HCTU HOAt 45 10 

× HCTU/HATU HOAt 45 12 

√ HCTU/HATU HOAt 45 70 

√ HCTU/HATU OxymaPure® 45 70 
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Figure 47: RP-HPLC traces (absorbance at 214 nm) of the crude product (A) without capping step and HOAt (B) with capping step and 

OxymaPure.® Arrows point to the desired product. Reproduced with permission from 358 © 2018 Wiley.
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Analytical HPLC traces and high-resolution electrospray ionisation mass spectrometry (ESI-

MS) spectra of all peptides are provided in the appendix section. The high-resolution NMR 

spectra of all purified peptides in water showed a single set of well dispersed resonances 

(Figure 48). 

  

 

Figure 48: 800 MHz 1H spectra of synthetic Atg16 and analogues in water at 308K. 

Reproduced with permission from 358 © 2018 Wiley. 
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3.2.2 Antibacterial Activity 

 

Table 11: Antibacterial activity of the peptides and antibiotic controls. 

 MIC in μM  

Peptide Sequence Net 

charge 

(pH=7) 

S. aureus E. coli 

K5 MPRWKRHISEQLRRRDRLQRQAFEEIILQYNKLL  5 40 125 

K9 MPRWKRHISEQLRRRDRLQRQAXEEIILQYNKLL  5 13 68 

K15 MPRWKRHISEQLRRRDRLQRQAJEEIILQYNKLL  5 13 68 

K23 MPRWKRHISEQLRRRDRLQRQAJEIILQYNKLL  6 3 20 

Antibiotic 

Controls 

Streptomycin N/A 4-6 N 

Polymyxin 5 N <1 

*The assays were done twice (biological repeats) and in triplicate. X = 1-Nal; J =2-Nal. *MICs 

did not change in the presence of 10 mM ascorbic acid. N: not tested; N/A: Not applicable. 

 

The antimicrobial activity of the synthesised peptides was examined by determination of their 

MIC following a previously published protocol403 (Table 12). K5 and its synthetic analogues 

showed potency against S. aureus thus making this family an interesting and promising 

platform for new peptide antibiotics against Gram-positive pathogens. The 1-Nal (K9) and 2-

Nal (K15) analogues enhanced the activity by approximately three-fold against S. aureus and 
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by two-fold against E. coli (Table 12). Another 2-Nal analogue with an increased charge (K23) 

showed more than a ten and six-fold increase in activity against S. aureus and E. coli, 

respectively (Table 12). Presumably, the increased charge strengthens electrostatic interactions 

between the peptide and the negatively charged membrane, increasing the potency. Further 

investigations were conducted using K15 and K23 on E. coli and S. aureus as described below. 

 

3.2.3 Scanning and Transmission Electron Microscopy 

 

The morphology of the bacterial cells treated with the peptides was investigated using scanning 

and transmission electron microscopy techniques (Figure 49 - Figure 51). S. aureus control 

cells were round with a smooth and intact surface whereas those treated with K9 had holes and 

deep craters on their cell surface and were visibly deformed (Figure 49).  Distinct membrane 

roughness was observed upon treatment with K15 (Figure 49) while K23 completely lysed 

many cells and cell debris was observed (Figure 51). The only cells that were visible after 

treatment with K23 were completely disturbed and lost their integrity (Figure 51).  
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Figure 49: SEM (top two panels) and TEM images of S. aureus cells before (control) and after 

treatment with peptides K9 and K15 at twice the MIC (26 μM) for 30 minutes. Arrows show 

holes and craters created on the surface of the membrane (SEM) and large openings on the cell 

wall (TEM) upon treatment with peptide K9. Reproduced with permission from 358 © 2018 

Wiley. 
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Control K9 K15 

   

Figure 50: SEM mages of E. coli cells before and after treatment with peptides K9 and K15 

at twice the MIC (136 μM) for 30 minutes. Reproduced with permission from 358 © 2018 

Wiley. 

 

TEM micrographs of control untreated S. aureus bacteria were round in shape with intact cell 

walls and distinct membranes. Upon treatment with peptides, loss of membrane integrity and 

reduced intracellular density was observed further suggesting cellular leakage (Figure 49 and 

Figure 51). In many cells, the cell wall had large openings (Figure 49) and led to complete 

burst upon lysis. The intense staining of the cell wall of many treated cells, which appears as 

thicker cell walls under the microscope, indicates that the peptide first resides on the membrane 

(binding) causing the thickening of the cell wall, then disturbs the membrane and 

concomitantly causes lysis of the cells. Similar observations were made in the case of E. coli 

cells. Control cells had intact cell walls but upon treatment with K23, the cell wall was 

corrupted and the membrane was disturbed (Figure 49). SEM images of K9 and K15 treated 

E. coli cells (Figure 50) also showed membrane disturbance, even though less prominent than 

K23. 
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Figure 51: SEM (both top panels) and TEM (both bottom panels) images of S. aureus and E. 

coli before (control) and after treatment with K23. Reproduced with permission from 358 © 

2018 Wiley. 



102 

 

3.2.4 ROS Generation 

 

Many antimicrobial agents generate ROS thus steadily causing decay of the cell’s components 

such as DNA, membranes and proteins which lead to cell death.388 The fluorescent dye 

H2DCFDA was employed to determine if our peptides induce endogenous ROS. When bacteria 

were treated with increasing concentrations of the peptides, an increase in fluorescence was 

observed indicating the presence of endogenous ROS species (Figure 52 a) and b)). 

Interestingly, in the presence of 10 mM ascorbic acid (ROS scavenger)404 the level of 

endogenous ROS was diminished but the MIC of the peptides was retained (Table 12).Taken 

together, these data clearly show that the generation of ROS is an auxiliary mode of action and 

not the main reason for membrane lysis and cell death. This is further highlighted by the fact 

that in S. aureus, ROS production is observed even at concentrations below MIC. However, in 

E. coli., ROS production was observed only at concentrations equal to or higher than the MIC. 

This interesting observation might further explain the enhanced potency of peptides against S. 

aureus over the E. coli strain. This ancillary mode of action seems to be stronger in the case of 

S. aureus and less obvious in E. coli. This can be potentially attributed to the different genes 

that are involved in the overall mechanism of the oxidative stress response in these two 

species.405,406 
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Figure 52: The increase in fluorescence intensity in a concentration dependent manner reveals 

that ROS production is induced in the presence of the peptides in both (a) S. aureus and (b) E. 

coli. The experiments were performed in the presence and absence of ascorbic acid (10 mM), 

repeated twice (biological repeats) and in triplicate (average ± SD). Reproduced with 

permission from 358 © 2018 Wiley. 

 

3.2.5 Inhibition and Eradication of Biofilms 

 

K23 inhibited initial biofilm formation and eradicated pre-formed biofilms of both S. aureus 

and E. coli strains (Figure 53). Crystal violet staining showed that the peptide prevented initial 

attachment of S. aureus biofilms at concentrations as low as 14 μM and of E. coli at 55 μΜ 

(Figure 53).  Preformed biofilms of S. aureus and E. coli treated for 24 hours with the peptide 
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at concentrations of 109 and 260 μM resulted in > 90% eradication of the biofilm biomass 

(Figure 53).   

 

Figure 53: Inhibition and eradication of A) S. aureus and B) E. coli biofilms at various 

concentrations of K23. The experiments were repeated twice (biological repeats) and in 

triplicate (average ± SD).Reproduced with permission from 358 © 2018 Wiley. 
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3.2.6 LIVE/DEAD Staining 391,392 

 

The LIVE/DEAD staining protocol was used to examine the ability of the peptides to penetrate 

the bacterial membrane. SYTO 9 and PI stains are used in combination to prove whether the 

peptides are able to disturb the membrane of the bacterial cells.  SYTO 9 labels all bacteria 

(both live and dead) and PI penetrates only bacteria with compromised membranes. If both 

stains are present, PI binds stronger to nucleic acids and is thus able to displace SYTO 9.393 

This is possible only when the active compound is killing bacteria through membrane lysis 

which allows PI, a membrane impermeable stain, to penetrate the cell membrane. Results from 

studies using these two stains revealed an intense red staining of the treated biofilm cells for 

both bacterial strains indicating a compromised membrane (Figure 54 and Figure 55). 
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Figure 54: Fluorescence microscopy images of S. aureus cells stained by LIVE/DEAD. Cells were stained using a combination of 

SYTO 9 and PI. Live bacteria with impermeable membranes stain green (SYTO 9) while dead bacteria with compromised membranes 

stain red (PI). The images were merged using the in-built NIS-elements software. Reproduced with permission from 358 © 2018 

Wiley. 
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Figure 55: Fluorescence microscopy images of E. coli cells stained by LIVE/DEAD. Cells were stained using a combination of SYTO 9 and PI. 

Live bacteria with impermeable membranes stain green (SYTO 9) while dead bacteria with compromised membranes stain red (PI). The images 

were merged using the in-built NIS-elements software. Reproduced with permission from 358 © 2018 
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3.2.7 Haemolysis of Mouse Blood Cells 

 

Many cationic arginine rich AMPs have been reported to be toxic to mammalian cells.407 From 

a therapeutic perspective, promising antimicrobial activity must coincide with negligible 

mammalian cell toxicity. Negligible haemolysis was observed against mouse erythrocytes for 

all the peptides with very low haemolysis (up to 12%) observed only at higher concentrations 

(above 200 μM) (Figure 56).  Even at 1 mM, the haemolysis was < 15% for all the peptides. 

The fact that these peptides are not able to lyse red blood cells further suggests selectivity 

towards membranes of bacterial cells over those of mammalian cells. 

 

 

Figure 56: Percentage of haemolysis of mouse blood cells at various peptide concentrations. 

The experiment was done in triplicate and results averaged. Reproduced with permission from 

358 © 2018 
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3.3 Conclusions and Future Direction 

 

With bacterial strains gaining resistance over existing antibiotics, the need for novel families 

of antibiotics is urgent. This chapter reports the synthesis of the human Atg-16 peptide family, 

with the engineered analogues showing six and thirteen times’ higher activity against Gram-

negative and Gram-positive bacteria, respectively relative to the parent compound. 358 The 

mechanism of action of these peptides includes pore formation, penetration of the cell wall and 

interaction with the membrane leading to cell lysis. Furthermore, the production of ROS points 

to an auxiliary mode of action of this peptide family. Importantly, a peptide from this novel 

family was also able to both inhibit and eradicate biofilm formation of S. aureus. Even though 

the activity of these peptides is moderate, their mode of action along with the remarkable 

increase in activity of the fine-tuned analogues make this family a very interesting platform for 

further investigation. The most important next step is the design and synthesis of a systematic 

library of truncated peptides of this family to further explore and optimise the charge versus 

length dependence of their antibacterial potency while also enhancing the therapeutic potential 

in an attempt to keep the cost of development minimal.  
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3.4 Experimental Procedure 

 

3.4.1 Synthesis and Purification of Peptides 

The synthesis was optimised according to Table 10 . All peptides were synthesised by solid 

phase synthesis using standard Fmoc protocols 400 on an automated PS3 Benchtop Peptide 

Synthesiser using commercially available reagents. The peptides were assembled on Fmoc –

Leu-Wang resin (substitution level of 0.55 mmol/g) as C-terminal acids on a 0.1 mmol scale. 

A four-fold excess of each amino acid and 3.9 equivalents of HCTU as coupling reagent were 

used. The Fmoc deprotection mixture was a solution of 20% piperidine in DMF. OxymaPure® 

was used as the additive and DIPEA as the base.  The final peptides were cleaved from the 

resin using 10 mL of the trifluoroacetic acid (TFA) cocktail mixture in the presence of 2,2′-

(Ethylenedioxy)diethanethiol (EDDT) (TFA−TIS−H2O-EDDT: 94:1:2.5:2.5 v/v) per gram of 

the resin. The cleavage mixture was evaporated under nitrogen and then cold diethyl ether was 

added to precipitate the crude peptide. After centrifugation, the pellet was dissolved in 

water:acetonitrile and lyophilised to recover the crude peptides as white fluffy solids. RP-

HPLC was performed on a GE Pharmacia ÄKTA purifier 10 system or Thermo Scientific 

Dionex VWD 3x00 system using a Phenomenex Luna 5 μm C18 100 Å (250 mm × 10 mm) 

column which was used to purify the peptides using 0.1% TFA in water as solvent A and 0.1% 

TFA and 0.09% water in 99% acetonitrile as solvent B at a flow rate of 10 mL per minute. The 

peptides were eluted using a linear gradient of 10-60% of solvent B over 25−30 min with UV 

detection at 214 nm. The purity of the peptides was confirmed to be > 95% as determined by 

analytical RP-HPLC performed using a Phenomenex Luna 5 μm C18 100 Å (250 mm × 4.6 

mm) column using the same solvent system as above at a flow rate of 1 mL per minute. Identity 

of the peptides was established using ESI-MS recorded on a Bruker micrOTOFQ mass 

spectrometer. 
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3.4.2 NMR Spectroscopy 

All 1H NMR spectra were recorded on a Bruker 800 MHz spectrometer attached with a 

cryoprobe at the NMR Research Centre, Indian Institute of Science, Bangalore, India. All 

spectra were recorded at 308K in water. All data processing was done offline using TOPSPIN 

(version 2.1).  

 

3.4.3 Antimicrobial Assays 

 

MIC was measured by using the broth microdilution method as previously described.403  

Briefly, MHB base was dissolved in 100 mL of sterilised type I water and autoclaved at 120°C 

for 1 hour and cooled to room temperature. Five single colonies of the bacterial strains (E. coli 

DH5α and S. aureus 16207) were plated on MHB plates and were grown at 37°C overnight. 

The next day, one single colony was transferred to 20 mL of MHB and grown at 37°C at the 

McFarland Standard. Then, 100 μL of the standard was further diluted to a total of 10 mL in 

the media. Peptides and the antibiotic controls were dissolved in type I water and a dilution 

series was made. The assay was performed by adding 50 μL of each peptide solution at various 

concentrations and 50 μL of the diluted bacterial culture to the different wells of a 96-well 

microtiter plate. The bioassays were performed at least twice and in triplicates. MIC after 24 

hours of incubation was determined by both visual inspection and absorbance at 600 nm using 

an EnSpire Multimode plate reader. 

 

3.4.4 Determination of Endogenous Reactive Oxygen Species 

 

The induction of endogenous ROS was determined using the fluorescent dye 2,7-

dichlorodihydrofluorescein diacetate (H2DCFDA).389 Bacteria were grown in 96-well 

microtiter plates in MHB medium for 24 hours with the peptides at various concentrations in 
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the presence and absence of 10 mM ascorbic acid, as described above.  After 24 hours, optical 

density measurements for the MIC assay were conducted using an EnSpire Multimode plate 

reader. The solutions were then transferred to the wells of a fluorescence black 96-well plate 

and further incubated with 10 μM of H2DCFDA for 1 hour at 37°C with gentle shaking at 60 

RPM. Fluorescence measurements were obtained using an EnSpire Multimode plate reader 

with an excitation/emission wavelength of 492/525 nm. 

 

3.4.5 Scanning Electron Microscopy408  

 

E. coli DH5α and S. aureus 16207 were grown to an OD of 0.3 in MHB with glass slides (10 

mm). Sodium phosphate buffer (10 mM; pH 7.4) was used to wash off excess bacteria. Peptide 

dissolved in MHB at twice the upper limit of their MIC were added to the glass slides and left 

for 30 minutes. PBS (10 mM) was used to wash excess peptide. A 4% solution of 

glutaraldehyde in 10 mM phosphate buffer (pH 7.4) was used to fix the glass slides for 1 hour. 

The slides were then post washed with 10 mM sodium phosphate buffer and subsequently 

dehydrated with graded ethanol series (25−100%). Finally, the slides were left drying at 60°C 

for 10 minutes. The dried slides were platinum coated for 2 minutes at 20 mA conditions before 

viewing under high vacuum with a FEI Quanta 200 F ESEM microscope at 10 kV and a Hitachi 

SU-70 FESEM at 5 and 10 kV. 

 

3.4.6 Transmission Electron Microscopy409 

 

S. aureus 16207 and E. coli DH5α were grown as overnight cultures in MHB. Bacterial 

suspensions were diluted to an OD of 0.4 in MHB. A 1 mL aliquot of each bacterial suspension 

was used for each sample preparation. All samples were incubated for one hour at 37°C.  Each 

peptide was prepared at 4 x MIC in the assay. After incubating for 1 hour, the cells were 
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centrifuged and washed thrice at 5000 x g for 3 minutes with Tris buffer (10 mM Tris, 150 mM 

NaCl, pH 7.4). Upon fixation (in 4% gluteraldehyde solution overnight at -4°C), the pellets 

were centrifuged and washed thrice at 5000 x g for 3 minutes with Tris buffer. The washed 

cells were post fixed with 1% osmium tetroxide in PBS for 1 hour. Dehydration through a 

graded ethanol series (50, 90, and 100%) was followed before placing the cells in absolute 

acetone twice for 10 minutes each. After removal, the supernatant was replaced with a 1:1 

mixture of absolute acetone and epoxy resin for 1 hour. Then, the pellets were transferred to 

pure epoxy resin (overnight). The pellets were incubated at 60°C for 48 hours (in appropriate 

tubes). Ultrathin sections were obtained using an ultramicrotome. The sections were post-

stained with uranyl acetate and lead citrate. Samples were then viewed under TEM (FEI 

Technai 12). 

 

3.4.7 Inhibition of S. aureus Biofilm Formation: Semi-quantitative Estimation 

and Visualisation of Crystal Violet Stained Biofilms410 

 

For semi quantitative estimation, biofilms of S. aureus 16207 were prepared in 96-well plates 

using overnight cultures of the bacterial strains (OD600: 0.3) grown at 37°C in MHB, with a 

sufficient number of the peptide K23 test samples, positive and negative controls. The assay 

was performed by adding 50 μL of K23 in sterile MHB at various concentrations (1-109 μM) 

and 50 μL of the diluted bacterial culture to the different wells of the 96-well microtiter plate. 

A positive control comprised 50 μL of the diluted bacterial culture and 50 μL of MHB medium. 

A negative control comprised sterile MHB medium (100 μL). The assay was repeated twice 

and in triplicates. The plates were incubated for 48 hr at 37°C at 50 rpm. After discarding the 

supernatant from each well, the wells were washed with type I water prior to staining with    

100 μL of 1% crystal violet for 5 min, following standard protocols. The stain was removed 
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carefully, and the wells washed twice with 100 μL of sterile water. Acetic acid (30%, 125 μL) 

was added to each well and the solution was transferred to a new 96-well plate, and absorbance 

was measured at 550 nm (Enspire Plate Reader). 

 

3.4.8 Effect of K23 on S. aureus Preformed Biofilms410 

 

The ability of K23 to disperse preformed biofilms of S. aureus 16207 was also investigated by 

crystal violet staining in 96-well microtiter plates as reported before.410 After an initial 48 hours 

of biofilm formation as described above, in the absence of test peptide, the supernatant from 

each well was carefully removed without damaging the preformed biofilm architecture. Each 

well was washed twice gently with sterile water (1 mL) and supplemented with 100 μL of fresh 

MHB alone (control wells) or 100 μL of 30, 55, 100 and 260 μM concentrations of K23 in 

sterile MHB medium and incubated for another 24 hours at 37°C. These treated preformed 

biofilms were then subjected to crystal violet staining, imaging, and semiquantitative 

estimation of the biofilm mass as described above. The assay was repeated twice and in 

triplicates. 

 

3.4.9 Inhibition of S. aureus Biofilm Formation: Live/Dead Staining410 

 

Biofilms of S. aureus were prepared in 12-well plates as described above using sufficient 

numbers of positive and negative controls, peptide K23 and circular coverslips (15 mm 

diameter, and 1 mm thick). K23 (50 μL) at a 14 μM concentration was incubated with the 

diluted bacterial culture (50 μL) for 48 hours. The coverslips were removed from the wells, 

rinsed with sterile water to remove any planktonic cells, and dried at 50°C for 20 minutes. A 

solution of live/dead bacterial stain, BacLight (Invitrogen), was used to stain the biofilms. 

BacLight stain was prepared (3:1000 dilution) using 1.5 μL each of SYTO9 (green fluorescent 
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nucleic acid stain) and PI (red fluorescent nucleic acid stain) solution in 997 μL of sterile water. 

This BacLight solution (60 μL) was dispensed onto each of the coverslips and incubated in the 

dark for 25 minutes at room temperature. The excess stain was washed off with sterile water 

and the coverslips were air-dried. The dried coverslips were inverted onto a drop of mounting 

oil (supplied with BacLight kit) on a fresh glass slide. The slides were observed using a Nikon 

Eclipse Ni-U microscope. The stained biofilms were viewed using B-2A and Tx Red filters, 

and the images were captured using an inbuilt digital sight DS-Fi3 camera. The images were 

merged using the in-built NIS-Elements software.  

 

 

3.4.10 Haemolysis of Mouse blood cells410 

 

Freshly collected mouse blood cells (obtained at the Vernon Jensen Unit, Faculty of Medical 

and Health Sciences, University of Auckland) were centrifuged at 1000 x for 5 minutes 

(removal of the buffy coat), washed thrice in Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.4), 

and re-suspended in 2% (v/v) Tris buffer. The peptides were dissolved in Tris buffer at 

concentrations ranging from 1 mM to 0.5 µM. The solution of the peptides (100 µL) was added 

to the re-suspended blood cells (100 µL) in 96-well plates, and the plates incubated for 1 hr, at 

37°C without agitation. The buffer solution and 0.25% Triton X-100 were used as the negative 

and positive controls, respectively. The assay was done in triplicate. Upon centrifugation (3500 

x g for 10 min) the supernatant from each sample (100 μL) was transferred to new 96-well 

plates. Using an Enspire Plate Reader, the absorbance at 540 nm was measured. Percentage 

haemolysis, at each peptide concentration, was calculated using the following equation: 

% haemolysis = (Aexp─ ATris) / (A100% ─ ATris) x 100  
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Aexp: experimental absorbance at 540 nm measurement, ATris: absorbance of the negative 

control, where only Tris buffer was added to mouse blood cells and A100%:  absorbance of the 

positive control, where 0.25% Triton X-100 was used to cause lysis of 100% mouse blood cells 

present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



117 

 

CHAPTER 4: Design, Synthesis, Antibacterial 

Potential and Structural Characterisation of    N-

acylated Derivatives of Human Autophagy 16 

Polypeptide 

 
 

This chapter describes the synthesis and biological evaluation of a synthetic antimicrobial peptide 

library based on the human autophagy 16 polypeptide (K5). Designed acetylated peptides bearing 

lipids of different chain lengths resulted in peptides with enhanced potency compared to the parent 

Atg16. A 21-residue fragment of Atg16 conjugated to 4–methylhexanoic acid (K30) emerged as 

the most potent antibacterial with negligible haemolysis. Experiments using microscopy, dyes, 

CD and NMR reveal the mechanism of action and the structure function relationship of the peptide 

in the bacterial membrane. Further attempts were also made to increase the activity synthesising 

organometallic hybrids and branched analogues of peptide K30. 

 

Results from this chapter have been submitted as a manuscript to Bioconjugate Chemistry and are 

under review at the time of submission of this thesis. 



118 

 

4.1 Background  

 

As discussed previously, AMPs primarily target the bacterial cell membrane and either create 

pores or cover the membrane like a carpet, ultimately causing bacterial cell lysis. Pore forming 

AMPs insert part of the peptide into bacterial phospholipid bilayer membranes, bind to a 

component of the membrane causing membrane lysis, or enter the cells and bind to intracellular 

targets such as DNA, enzymes or proteins.128,132-134 The overall net positive charge possessed 

by many AMPs facilitates the interactions with the negatively charged bacterial membrane.135 

The design of a peptide antibiotics library is usually done using a parent peptide (naturally 

occurring or designed in the lab) followed by structure-activity relationship (SAR) studies and 

fine tuning the activity of the peptide.411 Conjugation of fatty acids is often used to enhance the 

activity and serum stability of AMPs and is a strategy inspired by lipopeptide antibiotics such 

as polymyxin.41 N-acylated derivatives of other AMPs have been reported in the literature42-45 

and have generally led to enhancements in antibacterial activity.42-45 Ongoing work from the 

Sarojini group in this area has led to fine tuning the structure and length of the fatty acid 

component of  the antimicrobial lipopeptide battacin.412  

 

In this chapter, the effect of different N-terminal fatty acids on the activity of a truncated 

analogue of the human Atg16 (K5) (Chapter 4) is described. An analogue with the best 

therapeutic index was selected for in-depth biophysical studies to further probe and prove the 

peptide’s ability to insert into and interact with the bacterial membrane. Through systematic 

studies, the relationship between chain length and activity and the concomitant chain length to 

haemolysis relationship is shown. For structural studies, sodium dodecyl sulphate (SDS) and 

D8PG were used to mimic the anionic environment of bacterial membranes. D8PG was used 

as an anionic membrane model because the bacterial membranes possess abundant 
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phosphatidylglycerol (PGs) moieties which are mainly targeted by several membrane active 

proteins and peptides.413 Interestingly, the peptide shows drastic conformational change from 

a random coil in aqueous solution to a helix-loop-helix structure in D8PG micelles, which 

mimics the bacterial inner membrane. The unique sequence of the peptide helps in stabilising 

the helix-loop-helix structure by several side chain-side chain and side chain-backbone salt 

bridges as well as compact hydrophobic interactions by aromatic and hydrophobic residues that 

play crucial roles in maintaining an amphipathic nature.135 More importantly, it was possible 

to delineate the location of the peptide in the micelle-bound form by analysing the 

intermolecular NOE contacts. The position of the peptide was further supported by 

paramagnetic relaxation enhancement (PRE) NMR experiments using two different 

paramagnetic probes, MnCl2 and 16-doxyl stearic acid (16-DSA).414,415 Collectively, all the 

information proves that this peptide interacts with bacterial membranes, subsequently leading 

to cell death by membrane disruption. 

 

4.2 Results and Discussion 

 

4.2.1 Design and Synthesis of the Peptide Library 

 

The crystal structure of Atg16 bound to Atg5 shows that the peptide (Atg16, K5) adopts a 

helix-loop-helix motif when bound to its target protein (Atg5).396 A library of truncated forms 

corresponding to the two helices, the loop and several fragments of the helix-loop-helix motif 

of Atg16, has been synthesised. All peptides in this library have significantly lower positive 

charge than K5; some are neutral and one is anionic (Table 12 and Figure 57). All peptides in 

the current library have the Phe residue, where present, substituted with 2-napthyl alanine (2-

Nal), based on our previous observation that this substitution is beneficial to the antibacterial 

activity of the peptide.358 Unfortunately, none of the peptides exhibited antibacterial or 
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antifungal activity, which reiterates the charge-dependent mode of action of the Atg-16 peptide 

family, as has been  reported in Chapter 4.358 Additionally, the length of the peptide chain can 

also be a determining factor for antimicrobial activity.416 

 

Therefore, peptide K17, which is the shortest possible fragment (residues 3-20) with the highest 

net positive charge, was synthesised which also showed only moderate activity against bacterial 

strains (Table 13). The sequence of K17 was also extended by three more residues in order to 

include Phe 23, resulting in K18.  A further analogue of K17 substituting Phe to 2-Nal (K22) 

was also synthesised. As compared to K5, both K18 and K22 showed moderate enhancement 

in potency against bacterial strains, indicating that the aromatic residue at position 23 is also 

crucial for antibacterial activity in this peptide family. 

 

Table 12: Library of truncated analogues of the human Atg 16 (K5). 

 

Peptide 

 

Sequence 

 

Net charge at 

pH=7 

K5 MPRWKRHISEQLRRRDRLQRQAFEEIILQYNKLL 5 

K6 DRLQRQAFEEIILQYNK 0 

K6.1 DRLQRQAJEEIILQYNK 0 

K7 ILQYNKLL 1 

K8 MPRWKRHISEQLR 3 

K11 RDRLQRQAFEEIILQYNKLL 1 

K13 RDRLQRQAJEEIILQYNKLL 1 

K14 EEIILQYNKLL -1 

* None of the peptides showed activity against bacterial strains P. aeruginosa, E. coli and S. 

aureus or against the fungal strain C. albicans.  



121 

 

 

Figure 57: Sequence and motif of human Atg16 (K5). The positions of the synthetic truncated 

peptides are indicated in the diagram. 

 

4.2.2 Fatty Acid Conjugates 

 

A small library of fatty acid conjugates of K22 was generated (K24-K33 and K46), where 

linear fatty acids ranging in length from 6-16 carbon atoms, as well as a branched chain fatty 

acid, were conjugated to the N-terminus of K22. All these analogues carry C-terminal 

amidation to retain the overall net positive charge of K22. Previous studies by the group on the 

battacin peptide showed that the presence of the Fmoc protecting group may also increase the 

activity of the peptides.412 Therefore, the Fmoc protected analogue of K22 in the amidated form 

(K36) was also included in the library. Palmitic and caprylic acid precipitated out during the 

activation step when HCTU was used as the coupling reagent. However, use of COMU as the 

coupling reagent helped to address this issue. COMU, a morpholonium-uronium coupling 

reagent, can be found only in the O-form,417,418 the most reactive uronium species, when 

coupling. In contrast, HCTU, an amminium uronium based coupling reagent, can be found in 

both O- and N-forms but the most predominant form is the less reactive N-form.417-419 The two 
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active forms present during coupling may be the reason for the solubility issues of the fatty 

acids. 

 

4.2.3 Antimicrobial Assays 

 

All of the fatty acid conjugated peptides showed remarkable increase in activity against both 

bacterial and fungal strains as compared to the non-conjugated peptides (Table 13). Even 

though fatty acid conjugation to peptides is known to increase their antimicrobial potential, in 

many cases the activity-toxicity relationship was not examined thoroughly or data were not 

presented.42-45 In the current Atg16 peptide library, this increase in activity coincided with an 

increase in haemolysis (Figure 58). The fatty acid conjugates’ significant increase in 

haemolysis compared to K22 (Figure 58) can be attributed to the loss of selectivity against 

bacterial membranes upon fatty acid conjugation, and an interaction of the fatty acid chain with 

bacterial and mammalian cell membranes in general.  

 

Interestingly, even though K30, the peptide conjugated to 4-methyl hexanoic acid, showed 

negligible activity against the tested fungal strain, to our delight, it showed increased potency 

against all bacterial strains, particularly nanomolar activity against S. aureus, while retaining  

very low haemolysis even at high concentrations (5% at 1mM) (Table 13 and Figure 58). This 

indicates that the peptide K30 binds and interacts selectively with bacterial rather than 

mammalian membranes. To investigate this hypothesis further, a series of biophysical 

experiments using bacterial and mammalian cell membrane mimics was performed.
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Table 13 Antibacterial activity of peptides and peptide conjugates.* 

MIC (M) 

Code Sequence C. albicans P. aeruginosa E. coli S. aureus Net charge at 

pH=7 

24hr 48 hr 

K17 RWKRHISEQLRRRDRLQR >120.0 >120.0 >120.0 >120 45.5-91 6 

K18 RWKRHISEQLRRRDRLQRQAF >120.0 >120.0 60.0-120.0 60-120 28.8-57.6 6 

K22 RWKRHISEQLRRRDRLQRQAJ  60.0-120.0 >120.0 60.0-120.0 30-60 14.4-28.8 6 

K30 R1 –RWKRHISEQLRRRDRLQRQAJ-NH2 30.0-60.0 60.0-120.0 13.5-27 6.4-12.8 0.9-1.8 6 

K31 R2 –RWKRHISEQLRRRDRLQRQAJ-NH2 3.2-6.4 7.5-15.0 3.2-6.4 3.2-6.4 1.8-3.2 6 

K33 R3 –RWKRHISEQLRRRDRLQRQAJ-NH2 1.8-3.7 3.7-7.5 6.4-12.8 3.2-6.4 1.8-3.2 6 

K36 R5 –RWKRHISEQLRRRDRLQRQAJ-NH2 15.0-30.0 15.0-30.0 6.4-12.8 3.2-6.4 0.9-1.8 6 

K46 R4–RWKRHISEQLRRRDRLQRQAJ-NH2 30.0-60.0 30.0-60.0 3.2-6.4 3.2-6.4 1.8-3.2 6 

Streptomycin NT NT NT NT 1.8-3.2 N/A 

Polymyxin NT NT <0.9 <0.9 NT 5 

Amphotericin 0.9-1.8 0.9-1.8 NT NT NT N/A 

* The assays were done thrice and in triplicate each time. J= 2-Nal 
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Figure 58: Percentage of haemolysis of mouse blood cells at various peptide concentrations. 

The experiment was done in triplicates and results averaged. 

 

4.2.4 Scanning Electron Microscopy 

 

 All three strains showed membrane perturbation and cell lysis upon treatment with the 

peptide as was evident in the SEM images whereas the control cells (untreated cells) had 

smooth surfaces. P. aeruginosa and E. coli control cells were rod shaped whereas S. aureus 

control cells were round in shape. The treated bacterial cells of P. aeruginosa and S. aureus 

showed significant morphological changes and appeared to have disturbed membranes with 

blisters (Figure 59). Interestingly, the wrinkled and damaged cells of P. aeruginosa also 

appeared to have holes in their membranes (arrows in Figure 59). E. coli cells seemed to 

have lysed and lost their shape upon treatment with the peptide. 
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4.2.5 Transmission Electron Microscopy 

 

 Control cells of all three strains had intact cell walls with a uniform appearance. In all 

strains, the hydrophobic cell wall was found to be either completely destroyed or detached 

from the cells (Figure 59). Almost all of the cells that could be detected appeared lysed and 

leakage of cytoplasmic material observed. 
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Figure 59:  SEM (both top panels) and TEM (both bottom panels) images of P. aeruginosa, 

E. coli and S. aureus before (control) and after treatment with K30 at concentrations twice 

the MIC. Arrows show the formation of holes on several cells. 
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4.2.6 Circular Dichroism 

 

In Figure 60, the far UV region of the CD spectrum of K30 in phosphate buffer, SDS and 

D8PG micelles can be seen in spectrum A. The peptide adopted a random coil conformation in 

10 mM phosphate buffer (pH 7.4), as evidenced from the characteristic single negative 

minimum at 201 nm in the CD spectrum. In the presence of SDS micelles (2 to 50 mM), K30 

showed a weak positive band at ~190 nm and a weak negative band at 203 nm; no other peaks 

were observed, suggesting that the peptide does not adopt a well-defined secondary structure 

in SDS micelles. In contrast, for K30 in D8PG micelles, the positive band at 190 nm increased 

its intensity more than two-fold and the negative band shifted towards ~206 nm. Another 

negative shallow peak was also observed at ~220 nm, indicating a shift from random coil to 

folded conformations, with resemblance to alpha-helical conformation in the D8PG micelle 

environment.  

 

4.2.7 Dye Leakage Assay 

 

To further assess the membrane perturbing potential and membrane specificity of K30, the 

leakage of calcein dye entrapped in liposomes made of 3:1 DOPE/DOPG, 7:3 DOPE/DOPG 

and DOPC with 40% cholesterol was evaluated using literature protocols.420,421 It is noteworthy 

to mention that the DOPE/DOPG combination facilitates unilamellar, stable and perfect 

liposomes due to the presence of symmetric, long and unsaturated acyl chains of these 

phospholipids. The fluorescence intensity of calcein is very low when it is entrapped in large 

LUVs at a self-quenching concentration of 70 mM. However, administration of a membrane 

perturbing peptide destabilises the vesicles leading to concomitant calcein release, which gets 

diluted in the outer volume hence increasing its fluorescence intensity. K30 was tested at a 

concentration of 1-20 μM on 3:1 and 7:3 DOPE/DOPG liposomes, which mimics the inner 
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membrane of all bacterial species and outer membrane of Gram-negative bacteria, 

respectively.422,423 It is worth mentioning that the membrane composition of bacteria varies 

depending on the strain but the major lipids are phosphatidylethanolamine (PE) and 

phosphatidylglycerol (PG) and are identical for the plasma membrane of Gram-positive and 

Gram-negative bacteria, respectively.424 After addition to the anionic lipid vesicles, K30 gave 

rise to 46% leakage at 1 μM in the case of 3:1 DOPE/DOPG LUVs and gradually increased to 

58% and 63% at 2.5 and 5 μM, respectively; no further increase was observed till 20 μM. In 

the case of LUVs made of 7:3 DOPE/DOPG, a concentration dependent calcein release was 

observed which started from 13% at 1 μM and finally reached up to 55% at 20 μM. 

Interestingly, in the case of LUV composed of DOPC and 40% cholesterol, which mimics the 

eukaryotic cell membrane, only 12% leakage was observed at 1 μM concentration of K30 

peptide with saturation observed at 15 μM showing a maximum of 23% leakage. These results, 

taken together, indicate that the peptide is particularly selective to bacterial membranes but not 

toxic to eukaryotic cell membranes. This finding also correlates well with our MIC and 

haemolysis assays and further establishes the membrane specific activity of the peptide. 

 

4.2.8 Isothermal Titration Calorimetry Analysis of K30 in D8PG and DPC 

Micelles 

 

ITC provides thermodynamic parameters such as changes in enthalpy (ΔH°), entropy (ΔS°) 

and Gibbs free energy (ΔGb°) of binding along with binding affinity (KD) allowing the 

investigation of the receptor-ligand binding phenomenon.425 ITC experiments were performed 

to identify the crucial thermodynamic forces underlying the binding of K30 to the D8PG and 

DPC micelles. Figure 60C shows the thermogram and the corresponding titration curve of the 

peptide in D8PG micelles. The integrated heat, shown in the thermogram, indicates the total 
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heat of each injection after subtracting the heat of the lipid’s dilution in the same buffer. Based 

on the ITC profile, the binding of K30 to D8PG is exothermic or enthalpy driven. A single site 

binding model was used to fit the binding profile which in turn provided the dissociation 

constant (KD), change of enthalpy (ΔH°) and entropy (ΔS°) of all the interactions (Table 14). 

The ΔH° for K30 - D8PG micellar interaction was found to be -0.21±0.006 Kcal/mol 

suggesting that the reaction is enthalpy driven. Moreover, the sign of the standard enthalpy 

(ΔH°) and entropy (ΔS°) values for this reaction is opposite (i.e., ΔH°< 0 and ΔS°> 0), 

suggesting that the electrostatic/ionic interaction is the main driving force for this binding.426 

In contrast, for K30 – DPC interaction, no saturation was observed in the ITC thermogram 

(data not shown), indicating that the peptide does not interact with zwitterionic micelle. 

 

Table 14: Thermodynamic parameters of K30 binding to D8PG micelle. The experiment was 

performed in 10 mM sodium phosphate buffer (pH 7.4) and at 35°C. 

Lipid KA (M-1) ΔH° (Kcal/mol) TΔS° (Kcal/mol) ΔG° (cal/mol) 

D8PG 6.20E4 -0.21±0.006 6.53 -6.74 
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Figure 60  A) CD spectra of K30 (25 μM) in 10 mM sodium phosphate buffer (pH 7.4) (black 

line), 5 mM SDS (red line) and 2 mM D8PG (blue line) micelles. The experiment was repeated 

twice. B) Bar diagram showing the fluorescence based entrapped calcein leakage assay in the 

presence of increasing concentrations of K30. The experiment was performed in three different 

model systems: 7:3 DOPE/DOPG (blue bars), 3:1 DOPE/DOPG (red bars) and DOPC 

containing 40% cholesterol (black bars). All experiments were replicated thrice and the data 

were averaged (±S.D).  C) Upper panel shows the heat of reaction (cal) in time (sec) for K30 

– D8PG (black) and D8PG-Buffer (red) interaction. Lower panel shows the corresponding 

enthalpy change of the reaction per mole of K30 where the heat of dilution was subtracted. The 

experiment was performed by injecting 2 µL aliquots of D8PG from a 25 mM stock into the 

sample cell containing the 500 µM K30 peptide dissolved in 10 mM sodium phosphate buffer 

(pH 7.4). 
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4.2.9 Solution Structure of K30 

 

Comparison of 1H NMR spectra of  K30 in free and bound forms with both D8PG and d25-SDS 

micelles showed an overall change in chemical shifts as well as line broadening when bound 

to micelles, indicating that the peptide interacts with both micelles (Figure 61). Two 

dimensional (2D) homonuclear 1H-1H TOCSY and NOESY experiments were conducted in 

aqueous buffer and both SDS and D8PG micelles to gain insight into the three-dimensional 

structure of K30.427 

 

 

Figure 61: One-dimensional 1H NMR spectra of K30 in aqueous solution, SDS or D8PG 

micelles. All experiments were performed at 37°C and on a Bruker Avance III 500 MHz NMR 

spectrometer, equipped with a SMART probe. 

 

The NOESY spectrum of K30 in aqueous solution showed only a limited number of intra- and 

inter-residue NOEs between backbone and side chain protons. Though the NOESY spectrum 

of K30 in SDS micelles was dispersed with distinct peptide signals, neither medium range N 

(i, i+2/3/4) nor long-range side chain/side chain or side chain/aromatic NOEs were observed 

(Figure 62), correlating well with the CD spectrum that the peptide K30 did not adopt any 

particular folded conformation in the presence of SDS.  
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Figure 62: The NOEs of the signature region of K30 in aqueous solution and SDS bound state. 

In free solution, there are very few intra residue NOEs indicating a very flexible conformation. 

When bound to SDS, only intra and sequential NOEs but no medium and long-range NOEs 

were observed. All experiments were performed at 310K on a Bruker Avance III 500 MHz 

NMR spectrometer, equipped with a SMART probe. 

 

Strikingly, K30 in the presence of D8PG micelles showed several intra, sequential and long-

range NOEs (Figure 63) which primarily suggests that the peptide adopts some folded 

conformation upon interaction with D8PG. Additionally, a large number of medium range N 

(i,i+2/3/4) NOEs were observed at the N-terminal region of K30 in D8PG micelles. The marked 

chemical shift deviation of CH resonances of K30 from the random coil values also supports 

a folded conformation of the peptide K30 in D8PG micelles.428 Generally, H values for four 

continuous residues with upfield shifts indicate -helical conformation. The NOE connectivity 

diagram for K30 in D8PG micelles is shown in Figure 63. A combination of strong sequential 

(i to i+1), medium (Hα
i–HN

i + 1, H
α

i–HN
i + 3, H

α
i–Hβ

i + 3), and weak (Hα
i–HN

i+4) NOE cross peaks 

indicates a helix-loop-helix structure where helical folding is evident for the stretch between 

R4 to R11 and L16 to A20. Figure 63A shows the long-range NOEs between the aliphatic side 

chains of I6, L10, L16 and A20 with the aromatic ring protons of W2. Surprisingly, the indole 
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ring proton (NH) of W2 did not show any long-range NOEs with the aliphatic side chain of 

any amino acids (data not shown). In contrast, a larger number of NOEs between aromatic ring 

protons of W2 and aliphatic CHs of A20 and CHs/CHs of L16 is observed, depicting that 

these long-range NOEs could be instrumental in forming a hydrophobic hub at the central 

region to stabilise K30 in D8PG micelles.  

 

 

Figure 63 A) Long-range NOEs between the side chains of I6, L10, L16, A20 and aromatic 

protons of W2. B) Medium range N (i to i+3/i+4) NOEs of K30 in D8PG micelles. The 

experiment was performed at 310K on a Bruker Avance III 500 MHz NMR spectrometer, 

equipped with a SMART probe. C) The sequence of K30 where helical regions are denoted by 

‘h’ and loop regions are denoted by ‘---’. Chemical shift index (CSI) showing upfield shifts for 

most of the amino acid residues. Bar diagram showing the sequential and medium range NOEs. 
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The three-dimensional solution structure of K30 bound to D8PG was first calculated using a 

CYANA program using 132 NOE-derived distance restraints and 18 backbone angle restraints 

(see materials and method for details). Backbone angle restraints were derived from 

PREDITOR,429 based on H protons of the amino acids. An ensemble of 20 backbone structures 

of D8PG bound to K30 peptide is shown in Figure 64. The average backbone RMSD of the 

20 lowest energy structures (excluding the N-terminal 4-methyl hexanoyl and C-terminal 2-

Nal as they are very flexible in nature) is 0.740.22 Å whereas the RMSD values for heavy 

atoms were found to be 1.740.34 Å (Table 15). PROCHECK analysis of the peptide shows 

that 89% of the residues are in a favoured region of the Ramachandran plot. Table 15 shows 

detailed statistics of the structures. Subsequently, a molecular dynamic (MD) simulation in 

water was performed including 4-methylhexanoyl and 3-(2-napthyl)-L-alanine) at the N- and 

C-termini of K30, respectively. The backbone RMSD is 0.89 Å in the absence and presence of 

capping at both termini. 

 

The solution structure of K30, bound to D8PG is characterised by helical hairpin or helix-loop-

helix conformation, resembling  several other antimicrobial peptides such as MSI-594,430 

paradaxin431 and KYE28.432  The architecture of the D8PG bound K30 is tuned by the N-

terminal helix W2-R11 followed by a loop involving residues R12-R15 and then a short helix 

L16-A20 (Figure 63B). Close inspection suggests that the peptide adopts an amphipathic 

structure. The folded conformation is stabilised by the hydrophobic interactions between W2, 

I6, L10, L16, A20 and 2-Nal residues, which created a compact hydrophobic hub opposite to 

the charged residues (Figure 64C). The interesting feature of this peptide sequence is that it 

has only 25% hydrophobic/aromatic amino acid residues and all of them are involved in 

forming the hydrophobic hub, governing the structural stabilisation. 
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Table 15: Summary of statistical analysis of the 20 lowest energy structures of peptide K30 

in D8PG micelles. 

Distance restraints 

Intra residue  (i – j = 0) 

Sequential (|i – j| = 1) 

Medium range (2 ≤ |i – j| ≤ 4) 

Long range (|i – j| ≥ 5) 

Total 

 

46 

59 

19 

8 

132 

Angular restraints 

Φ 

ψ 

 

20 

20 

Distance restraints from violation (≥0.4 

Å) 

0 

Deviation from mean structure (Å) 

Average backbone to mean structure 

Average heavy atom to mean structure 

 

0.74 ± 0.22 

1.74 ± 0.34 

Ramachandran plot* 

% residues in the most favoured regions 

% residues in the additional allowed 

region 

% residues in the generously allowed 

region 

% residues in the disallowed region 

 

88.9% 

11.1% 

0% 

0% 

*Obtained from PROCHECK NMR.  
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The hydrophobicity and charge distribution on the surface of the peptide is also shown in 

Figure 64 which clearly depicts cationic residues on one side and hydrophobic residues on the 

opposite side, making the peptide amphipathic in nature. In addition, the N-terminal helix is 

stabilised either by a salt bridge or hydrogen bond interactions between side chains of R4-E8 

or E8-R11 or S7-R11. The amphipathic composition of K30 helps in stabilising the loop region 

to a great extent. Since D14 is juxtaposed with R13 and R18, it can easily form a triad unit 

R13-D14-R18 by side chain-side chain electrostatic interactions. Additionally, the backbone-

side chain hydrogen bond was also observed between L16-D14, which subsequently stabilises 

the folded loop structure of the K30 (data not shown). The presence of a positively charged 

microenvironment throughout the peptide sequence, supported by a potential electrostatic map 

(Figure 64E), helps in the initial interaction with negatively charged bacterial membranes 

which, possibly, in turn helps the membranolytic property of the peptide towards microbial 

cells.  
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Figure 64  A) An ensemble showing the superposition of the twenty lowest energy backbone 

(N, Cα and C´) structures of K30 peptide in D8PG micelle. The PDB acquisition code is 

5ZYX.pdb. B) A representative structure of K30 peptide bound to D8PG, showing the 

orientation of the side chains. The peptide K30 adopts an amphipathic structure in D8PG 

micelles. C) Hydrophobic hub of K30 peptide comprising aromatic (W2) and non-polar 

residues such as I6, L10, L16 and A20. D) The black dotted line represents the plausible 

electrostatic and/or salt bridge interactions for further stabilisation of K30 in micelle bound 

form. E) Electrostatic potential surface of K30 in D8PG micelles. Blue, white and red colour 

denotes the positively charged, neutral and negatively charged amino acid residues (±82.76 

Kcal/mol.ec). The images were prepared by MOLMOL, PyMOL and Chimera software. 
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4.2.10 Orientation of K30 Peptide in D8PG Micelles 

 

The orientation of K30 in D8PG micelles was further established by investigation of the 

intermolecular NOEs between the peptide and lipid from the NOESY spectra. As the peptide 

K30 and D8PG possess unique chemical shifts, it is possible to probe the intermolecular NOEs 

between the two different molecules.26 Figure 65A shows the chemical structure of D8PG and 

Figure 65 (B-E) and Figure 66 show several 1D slices taken from the 2D spectral regions, 

corresponding to D8PG signals e.g., 1.23 ppm (C3–C7 H), 2.34 ppm (C2H), and 5.25 ppm 

(Hβ). These unique chemical shifts of the D8PG lipid molecule do not overlap with the peptide 

signals.  They also cover the entire peptide signals providing crucial intermolecular NOEs, 

which help to map the location of the peptide in the lipid environment. The observed distinct 

sharp peaks shown in Figure 65C reveal that the majority of hydrophobic and aromatic 

residues are interacting with the C3-C7 acyl chain of the lipid molecule. In contrast, charged 

and polar residues such as E8, Q9 and Q17/Q19 are in close proximity to C2 of D8PG (Figure 

65D), suggesting that the hydrophobic and aromatic residues are in close proximity to the 

hydrophobic acyl chain and the charged residues are in closer proximity to the more polar C2 

carbon. Surprisingly, the aromatic ring protons of W2 did not show any intermolecular NOEs 

with the backbone glycerol CβH proton of D8PG while the aliphatic side chain of I6 and 

L10/L16 showed strong peaks with the CβH proton. Taken together, these data show that K30 

binds and interacts at the interface of the lipid molecule. 
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Figure 65  A) Chemical structure of D8PG molecule.  B) A portion of the NOESY spectrum 

(mixing time 150 ms) of K30 in complex with D8PG. The dotted lines show the unique 

chemical shifts of D8PG where the 1D slice analysis was done. 1D slices taken at C) 1.23, D) 

2.34, and E) 5.25 ppm (well-resolved lipid signals) of the indirect dimension of the 2D NOESY 

spectrum. The residues that are in close proximity to micelles are shown (R-CH3 stands for 4-

methyl hexanoyl). The experiment was performed at 310K on a Bruker Avance III 600 MHz 

NMR spectrometer. 
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Figure 66: Partial 2D NOESY spectrum (150 ms mixing time) of K30 peptide in D8PG. The 

experiment was performed using a Bruker Avance III 500 MHz NMR spectrometer and at 

310K as in Figure 63. 

 

This finding was further supported by the paramagnetic relaxation enhancement (PRE) 

experiment. To obtain atomistic information about the depth of insertion and to probe the 

position of the peptide within the D8PG lipid micelle, two different paramagnetic probes 

(MnCl2 and 16-DSA) were used.414,415 MnCl2 was used as a surface quencher because Mn2+ 

ions possess paramagnetic properties and thus are able to quench the diamagnetic signals 

coming from the residues that are exposed at the surface of the peptide. The 2D TOCSY spectra 

of peptide K30 in the presence of D8PG micelles titrated with MnCl2 (Figure 68) revealed a 

signal perturbation of the side chains of charged residues like R1, H5, S7, R11, R13, and D14. 

Additionally, significant resonance broadening was observed for all of the charged residues 

including Q17 and Q19 in the presence of 0.4 mM MnCl2 (Figure 62). Also, 16-DSA was used 

as a transversal paramagnetic quencher. The paramagnetic doxyl moiety present at the 16th 

carbon position of 16-DSA can perturb the signals coming from those residues which are 

inserted deeply inside the micelle. In the presence of 16-DSA, only few residues of K30 were 

affected (H5β and R18α/β). Titration with 0.4 mM 16-DSA showed that the signals of I6γ and 

L16β were perturbed (Figure 67). These titration data taken together (using MnCl2 and 16-

DSA) suggest that the peptide is oriented in a way that it is neither totally outside nor inside 
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but rather inserted into the interface of the micelles, where the side chains of the charged 

residues are exposed towards the surface keeping the backbone and mostly Hα inaccessible to 

both the quencher molecules. 

 

 

Figure 67: 2D TOCSY profile of PRE NMR of D8PG bound K30 peptide in 0.4 mM MnCl2 

and 16-DSA, respectively, compared with control (no quencher molecule). All the experiments 

were performed at 310K and using a Bruker Avance III 600 MHz NMR spectrometer. 

 

A diagrammatic representation of these observations is shown in Figure 68 where the residues 

affected by MnCl2 and 16-DSA are coloured red and blue, respectively. Thus, it can be 

hypothesised that the peptide initially anchors on the negatively charged membrane and then 

folds due to the interactions of hydrophobic residues. Subsequently, the folded structure inserts 

into the non-polar acyl chain of the lipid molecules and destabilises the integrity of the 

membrane. 
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Figure 68  A) Comparison of a 2D TOCSY NMR profile of K30 peptide in D8PG. Control: 

without any paramagnetic quencher showing all the intra-residual peaks. Addition of 0.2 mM 

MnCl2 and 16-DSA showing the immediate diamagnetic signal exchange of the residues that 

are present at the ‘solvent exposed region’ or ‘in depth,’ respectively.  B) Schematic diagram 

of K30 in D8PG, showing the residues affected by MnCl2 (red) and 16-DSA (blue). The 

residues that are not affected are marked green. Schematic diagram showing the peptide 

location in the D8PG micelles. The area of action of the quencher molecules is shown in the 

box. 
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4.3 Synthesis of Organometallic Hybrids of Peptide K30 

 

The low micromolar activity of peptide K30 inspired the design of additional analogues of this 

peptide in an attempt to enhance its activity. As mentioned in the Introduction chapter, the 

“ferrocene scan” using the unnatural organometallic ferrocene-lysine (Fc-Lys) has been 

previously reported to help further disrupt bacterial membranes leading to better activity. Thus, 

a new peptide library made of organometallic hybrids of peptide K30 was designed. The library 

of peptides was created in an attempt to fine tune the activity of this peptide by employing the 

unnatural amino acid ferrocene-lysine and by exchanging either/or both Trp and 2-Nal 

similarly to what was previously reported.121 Additionally, the N-terminus end was either left  

conjugated to the fatty acid or as ferrocenoylated in order to gain a better understanding of the 

effect of the fatty acid and the organometallic compound (Table 16). 

 

4.3.1 Synthesis and Purification of Ferrocene Conjugated AMPs 

 

The unnatural amino acid Fmoc- FcLys was synthesised in high yield and in one pot reaction 

through the ferrocene active ester according to a previously published protocol (Scheme 3).121  

 

Scheme 3: Synthetic scheme of the unnatural amino acid Fmoc-FcLys. 121 
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Table 16: Library of organometallic hybrids. 

Peptide FA-(Fatty acid N-terminus) 

K30 
 

K53 

 

K57 

 

K63 

 

Peptide Fc-(ferrocenoylated N-terminus) 

K49 
 

K54 

 

K58 

 

K64 
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4.3.2 Purification of Peptides and Characterisation 

 

 

All peptides were purified using RP-HPLC on a C18 column. The crude fingerprint of RP-

HPLC was neat for all the peptides and the crude peptides showed 70% purity. The major peak, 

as detected by HPLC at UV 214 nm, was collected and characterised by MALDI/TOF 

spectrometry to identify the peptides. The analytical RP-HPLC of peptides K53, K54, K63 and 

K64 revealed that the peptides were purified to > 95% purity. The analytical chromatograms 

of K49, K57 and K58 showed the presence of several smaller peaks and an indication of 

possible impurities. The presence of impurities that may be co-eluting with the peptide is 

common and in most cases a second purification resolves the issue. Therefore, the peptides 

underwent a second purification with the new chromatogram being similar to the analytical 

one. Again, the major peak was collected and characterised by MALDI/TOF. Unfortunately, 

analytical HPLC showed several other peaks indicating that even a second round of purification 

was not successful. Since the previous HPLC chromatogram was neat and the purification 

seemed to be rather easy, the presence of additional peaks indicated a potential degradation of 

the peptide or the possible co-elution of the peptide along with other smaller fragments that the 

specific C18 column could not separate. To identify that, K58 was used for model studies  
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Figure 69: HPLC and ESI traces of K58. A) First purification (inset analytical trace) B) Second purification insets: 1) ESI 2) analytical trace C) 

Purification using LC/MS (inset masses of the corresponding peaks) and D) Purification using a C8 column (inset analytical trace).
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4.3.3 Antibacterial Activity 

 

All of the peptide-conjugates along with the controls and the parent peptide (K30) were tested 

against three bacterial strains, P. aeuriginosa, E. coli and S. aureus (Table 17). Even though 

all of the peptides were found active against the strains tested, none of the peptides was found 

more active than K30.  

 

Unfortunately, no clear trend was evident from the bioassay results. However, the fact that the 

most potent peptides are the ones that are conjugated to the fatty acid (K53 and K57) suggests 

that the fatty acid is the main contributor to the activity. Taken into consideration, this fact, 

along with the observation that the addition of two ferrocene-lysines (K63) resulted in a further 

loss of activity, shows that the ferrocene conjugation methodology cannot be applied to all the 

peptides with the same result and most importantly that hydrophobicity can help with the 

activity but if exaggerated the result will be reversed.  This interesting correlation between 

higher hydrophobicity and haemolysis and lower antibacterial activity can be attributed to the 

strong self–association of the peptide which renders the peptide unable to penetrate prokaryotic 

cell walls, but does not affect its penetration into eukaryotic membranes.125
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Table 17: Antibacterial activity of organometallic peptides.The assays were done thrice, in triplicate each time. J= 2-Nal, NT=Not Tested 

Code Sequence P. aeuriginosa E. coli S. aureus 

K30 
 

15.0-30.0 7.5-15.0 0.9-1.8 

K49 
 

15.0-30.0 7.5-15.0 3.7-1.5 

K53 

 

15.0-30.0 7.5-15.0 1.9-3.8 

K54 

 

15.0-30.0 7.5-15.0 2.3-4.6 

K57 

 

30.0-60.0 15.0-30.0 1.8-3.6 

K58 

 

15.0-30.0 15.0-30.0 3.8-7.6 

K63 

 

15.0-30.0 15.0-30.0 3.3-6.6 

K64 

 

15.0-30.0 15.0-30.0 3.7-7.4 

Streptomycin NT NT 1.8-3.2 

Polymyxin <0.9 <0.9 NT 
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4.3.4 Circular Dichroism 

 

 

The secondary structure of the peptides was investigated using CD in phosphate buffer (pH 

7.4) and 25% 2, 2, 2-trifluoroethanol (TFE) in the same buffer. All peptides showed the 

same trend both in buffer and TFE but with different intensities. In buffer, the peptides 

showed a negative minima at around 200 nm. This is a shift from the expected 190 nm for a 

random coil but this could be further explained by the peaks at 190 nm (positive maximum) 

and the smaller 225 nm (negative minimum) which suggest that the peptide has propensity 

for helicity (Figure 70). Interestingly, in the presence of TFE, a helix inducing agent, all 

peptides seem to adopt an almost perfect α-helical conformation with strong peaks at 190, 

210 and 230 nm, respectively. Thus, similar to what was mentioned for peptide K30 the 

peptides seem to be flexible and from a random coil are able to adopt an α-helical 

conformation in a membrane mimicking environment.
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Figure 70: CD spectra of organometallic peptides (30 μM) in  A) 10 mM sodium phosphate buffer (pH 7.4), and B) 25 %TFE : 10 mM sodium 

phosphate buffer. 
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4.3.5 Haemolysis 

 

The toxicity of the peptide conjugates against mouse blood erythrocytes was also examined. 

Introduction of the organometallic compounds led to an increase in haemolysis (in 

comparison with K30 but only at very high concentrations (1mM). The peptides are shown 

to be approximately 5% haemolytic at concentrations up to 500 M. 

 

 

Figure 71: Percentage of haemolysis of mouse blood cells at various peptide concentrations. 

The experiment was done in triplicates and results averaged. 

 

4.4 Branching of Peptide K30 

 

As mentioned in the Introduction section, employing specific compounds that can act as 

cores, one can introduce multiple copies of a peptide and synthesise a macromolecule (called 

dendrimer) that possess enhanced properties in comparison to the monomer building block. 

Given the proven activity of the peptide K30 and its low haemolytic profile, a dendrimer 

version of the peptide was envisioned to result in an increase in activity. For this purpose, 

-10

0

10

20

30

40

50

0 200 400 600 800 1000

%
H

a
em

o
ly

si
s

Concentration

K62 K61 K58 K57 K54 K53 K49



152 

 

6-maleimidohexanoic acid (Figure 72) which has also been used previously within the 

group to synthesise a tetra branched antifreeze peptide was utilized.433   

 

 

Figure 72: Chemical structure of 6-maleimidohexanoic acid. 

 

4.4.1 Synthetic Scheme 

 

The designed branched peptides were synthesised according to the convergent method. The 

core peptide consisted of β-ala-ala and was synthesised and purified separately. Peptide K30 

was re-synthesised with an addition of a cysteine. Due to the presence of free SH in cysteine, 

the peptide was able to conjugate with the double bond of the 6-maleimidohexanoyl-moiety. 

For reasons of comparison, a branched version of K22, the peptide with the same sequence 

as K30 but with a free N-terminus (no fatty acid) was also synthesised. 

 

4.4.2 Synthesis of Maleimide-Functionalised Divalent Dendrimer Cores 

 

As mentioned in the Introduction section, the designed branched peptides were synthesised 

using the convergent method, utilising the 6-maleimidohexanoic acid following previous 

protocols by Rao and Tam,434 Monso et al.435 and Ramesh et al.436  The maleimide-

incorporated design has proven to be simpler and more efficient.435,436 The maleimide linker 

can be easily coupled on resin via an amide bond to any free NH2. To synthesise the 

dendrimer core, Fmoc-Lys (Fmoc)-OH was used as the branching unit. This doubly Fmoc 
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protected lysine allows, through an easy deprotection step with 20% piperidine, two entries 

of the maleimide linker via the α- and ε-amino groups (Figure 73). 

 

Figure 73: Structure of the di-core (K39). Sequence is (6.M.h.a)2-Lys-βAla-Ala. First level 

of branching lysine is colour-coded in blue. 6-maleimidohexanoic acid linker is colour-

coded in red. 

 

The divalent dendrimer core was assembled on a pre-loaded Fmoc-Ala-Wang resin at a 0.1 

mmol scale on a highly substituted polystyrene (2% DVB) solid support (0.5 mmol/g) using 

the standard solid phase synthesis protocol (Scheme 4). The core was synthesised and 

purified separately from the cysteinalated peptide. 
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Scheme 4: Synthesis of the divalent dendrimer core (K39) on a Fmoc-Ala-Wang resin.  
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Conjugation of the cysteinalated peptides was done by modifying a previously reported 

protocol.435  The maleimide group can react with both free amines and sulfhydryl groups. It 

has been proven that at pH 6.5 – 7.5, the conjugation is selective to form thioether bonds.437 

Higher pH (>8) favours the conjugation to primary amine groups, thus the conjugations were 

done in phosphate buffer at pH 7.4 (Scheme 5). The conjugation reaction was done under 

nitrogen atmosphere to prevent dimerisation of Cys-AFPs as disulphide bond formations 

between thiol groups of Cys residues can occur in the presence of air, and thus prevent 

formation of thioether bonds with maleimide groups. 

 

Scheme 5 : Conjugation of the cysteinalated peptide with the maleimide group via a thioether 

bond. 

 

4.4.3 Results and Discussion 

 

The peptides were synthesised according to the protocol previously reported from the lab.433,438 

Conjugation of the peptides to the core was done in buffer and resulted in high yield without 

any byproducts.  

The results of bioassays did not show any increase in activity of the branched K30. All other 

branched peptides were found to be potent at comparable or two-fold decrease in activity to 
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their monomers (Table 18). Even the amidated version of branched K30 (K48) (Table 18) did 

not show increase in activity despite the fact that amidation usually further enhances 

electrostatic interactions with the bacterial membrane. Literature data show that tetra and octa 

branched peptides are more potent than their dibranched counterparts. Unfortunately, 

haemolytic assays revealed an increase in haemolysis with the additional copies of the peptides 

in the dibranched version (Figure 74). It was hypothesised that further branching could result 

in loss of selectivity against bacterial membranes and further increase in haemolysis and 

therefore the syntheses of the tetra and octa branched peptides were not attempted (Figure 74). 
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Table 18: Antibacterial activity of branched peptides.*J=2-Nal 

No Code Sequence C. albicans P. aeruginosa E. coli S. aureus Net charge 

at pH=7 

24hr 48 hr 

1 K30  38-76 76-152 16-32 8-16 1-2 6 

2 K37  60-120 60-120 8-16 16-32 2-4 6 

3 K39 

 

>120 >120 >120 >120 >120 0 

4 K40  60-120 60-120 8-16 16-32 4-8 5 

5 K41 

 

60-120 >120 4-8 8-16 1-2 12 

6 K42 

 

60-120 >120 2-4 8-16 4-8 10 
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7 K43  60-120 

 

>120 8-16 8-16 2-4 7 

8 K44  30-60 60-120 8-16 8-16 2-4 6 

9 K47 

 

22-42 43-87 4-8 8-16 2-4 14 

10 K48 

 

58-117 >120 8-16 16-32 2-4 12 
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Figure 74: Percentage of haemolysis of mouse blood cells at various peptide concentrations. 

The experiment was done in triplicates and results averaged. 

 

4.5 Conclusions 

 

N-Acylation of a promising fragment from the autophagy 16 polypeptide (Atg 16) using 4-

methyl hexanoic acid led to a lipopeptide that exhibited nanomolar activity against an S. aureus 

strain and low micromolar activity against the opportunistic pathogenic Gram-negative strains 

P. aeruginosa and E. coli. Biophysical studies indicate that the peptide adopts a random coil 

conformation in aqueous buffer, but folds into an -helix in the presence of D8PG micelles. 

Membrane perturbation causing cell wall detachment and cell lysis has been established as the 

mode of action of this peptide using SEM and TEM experiments. The ability of the peptide to 

insert into and destabilise the membrane has been established using dye leakage experiments 

as well. Our ITC experiments identified the crucial thermodynamic forces underlying the 

binding of K30 to the D8PG and DPC micelles. Data from the ITC experiment showed that the 

binding of the peptide is stronger in D8PG micelles (and therefore negatively charged 
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membranes) rather than DPC micelles (zwitterionic membranes). The standard enthalpy and 

entropy values also suggest that the K30-D8PG interaction is mainly electrostatically driven 

which gets further stabilised by hydrophobic and van-der Waal interactions. The solution NMR 

structure of K30 in D8PG micelles shows that the peptide adopts a helix-loop-helix structure 

and maintains the crucial amphipathicity in the PG rich membrane. The probing of the 

localisation of K30 in the micelles by 1D slice analysis from the NOESY spectrum as well as 

the PRE NMR experiment proves that the peptide fits into the interface area of the membrane. 

Moreover, a 2D TOCSY experiment using two different paramagnetic probes (MnCl2 and 16-

DSA) in the presence of D8PG lipid revealed the exact orientation of the peptide upon 

interaction with the lipid and showed the side chains of the charged residues exposed to the 

surface. These findings are helpful in correlating the membrane perturbing potential of the K30 

peptide towards the bacterial membranes. Based on these observations, it can be concluded that 

the negatively charged membrane becomes an anchor point for the peptide. The subsequent 

interactions with the hydrophobic residues of the peptide force the peptide to fold. The folded 

structure is able to penetrate into the non-polar acyl chain of the lipid molecules where it 

subsequently causes membrane disintegration leading to cell lysis.   Further attempts to 

increase the peptides’ activity by introducing organometallic compounds and branched 

versions of the peptide were made but unfortunately were unsuccessful due to the loss of the 

peptides’ selectivity to the bacterial membranes and concomitant increase in haemolysis. 
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4.6 Experimental Section 

 

4.6.1 Synthesis and Purification of Peptides  

 

4.6.1.1 Protocol A -General Synthetic Protocol 

 

All peptides were manually synthesised by solid phase peptide synthesis following standard 

Fmoc protocols using capping steps with acetic anhydride.400  The peptides were assembled on 

2-chlorotrityl chloride resin, at either 0.1 or 0.2 mmol scale in DMF as C-terminal acids. The 

C-terminal amide peptides were assembled on Tentagel S NH2 resin (substitution level of 0.29 

mmol/g) using Rink amide linker at either 0.1 or 0.2 mmol scale. Excess of each amino acid 

(4X), 3.9 equivalents of coupling reagent (HCTU) and OxymaPure® (3.9 eq) as a suppressor 

of racemisation was used. COMU (3.9 eq) was used as the coupling reagent for the conjugation 

of caprylic and palmitic acids only. DIPEA was used as the base for couplings.  Fmoc 

deprotection was performed using 20% piperidine in DMF. Cleavage from the resin was done 

using 10 mL of TFA cocktail mixture (TFA−TIS−H2O- 95:2.5:2.5 v/v) per gram of the resin. 

Upon evaporation of TFA, diethyl ether was added to precipitate the crude peptides. The crude 

peptides were lyophilised and purified using RP-HPLC on a GE Pharmacia Ä KTA purifier 10 

system or Thermo Scientific Dionex VWD 3x00 system using a Phenomenex Luna 5 μm C18 

100 Å (250 mm × 10 mm) column. Solvent A was 0.1% TFA in water and solvent B was 0.1% 

TFA and 0.09% water in 99% acetonitrile and the flow rate was 10 mL per min. Analytical 

RP-HPLC was performed using a Phenomenex Luna 5 μm C18 100 Å (250 mm × 4.6 mm) 

column using the same solvent system as above at a flow rate of 1 mL per min. ESI-MS 

recorded on a Bruker micrOTOFQ mass spectrometer and matrix assisted laser 

desorption/ionisation - time of flight mass spectrometry (MALDI-TOF MS) recorded on a 

Bruker Ultraftlextreme MALDI/TOF was used to characterise the peptides. 



162 

 

4.6.1.2 Protocol B-Organometallic Hybrids 

 

The organometallic peptides were also synthesised in a similar procedure as Protocol A on an 

Fmoc-Rink amide TentaGel resin. These peptides were synthesised in a 0.2 mmol scale which 

was divided into two portions upon synthesis to yield N-acetylated (with 4-methyl hexanoic 

acid) and ferrocynoylated peptides. FcLys was synthesised according to the protocol described 

below and was coupled similarly to other Fmoc amino acids using 3.9 equivalents of HCTU 

and 3.9 equivalents of OxymaPure.® Cleavage from the resin was done using 10 mL of TFA 

cocktail mixture (TFA−TIS−phenol- 95:2.5:2.5 v/v) per gram of the resin. Upon evaporation 

of TFA, diethyl ether was added to precipitate the crude peptides. The peptides were purified 

and characterised the same as in Protocol A. 

 

4.6.1.3 Protocol C-Branched Peptides 

 

As mentioned above, the convergent method was used and the cysteinylated peptides and core 

were synthesised separately on a solid support prior to branching. Both the cysteinylated 

peptides and the core were synthesised according to Protocol A. Of note is that the coupling 

efficiency was closely monitored with the Kaiser Test especially for the core peptide and the 

coupling of Fmoc-Lys(Fmoc)-OH which required three coupling cycles to be successful. 

Additionally, it is noted here that 10 equivalents of the maleimide linker (6-maleimidohecanoic 

acid) were required for the efficient coupling of the linker to the core.  

 

Upon purification of both the cysteinylated peptides and the core, both were dissolved in 

phosphate buffer (pH 7.4) in a 1:2 ratio and the reaction was left to stir under nitrogen for 16 
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hours. Further purification using HPLC as in Protocol A was performed to obtain the branched 

peptides which were then characterised with a Bruker Ultraftlextreme MALDI/TOF. 

 

4.6.2 Antibacterial Assays 

 

MIC was determined following the protocol previously published 403 and described in the 

Experimental Procedure section of Chapter 3. 

 

4.6.3 Antifungal Assays 

 

Antifungal activity of the designed peptides was determined according to a standardised 

broth microdilution method (Clinical and Laboratory Standards Institute (CLSI) document 

M27-A2).439 Briefly, the yeast colonies from 24-hour cultures of Candida albicans were 

picked and re-suspended in 5 mL of sterile 0.145 mol/L saline and adjusted to a cell density 

of 1 × 106 to 5 × 106 cells/mL. The yeast stock suspension was then diluted to obtain a 

starting inoculum of 5.0 × 102 to 2.5 × 103 cells/ml. Conventional antifungal drug 

amphotericin B (Sigma, USA) was included in this study as control and to compare the 

antifungal activity with the designed peptides. Peptide and amphotericin B stock solutions 

were then serially diluted in RPMI medium which was further supplemented with glucose 

to a final volume of 50 μL per well, giving final concentrations ranging from 120 to 0.235 

μM in sterile 96-well polypropylene microplates. Standardised yeast suspensions (50 μL) 

were then added to each well. Plates were incubated for 48 hours at 37°C. The MIC was 

defined as the lowest concentration that inhibited the growth of the fungus confirmed by 
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visual inspection. The MICs were determined in triplicates and results were taken both at 24 

and 48 hours. 

 

4.6.4 Haemolysis of Mouse Blood Cells412 

 

The percentage of haemolysis against mouse erythrocytes was evaluated following the 

methodology described in the Experimental Procedure section of Chapter 3. 

 

4.6.5 Scanning Electron Microscopy408 

 

The preparation of the slides that were used for SEM was done using protocols previously 

described in the Experimental Procedure section of Chapter 3.  

 

4.6.6 Transmission Electron Microscopy409 

 

The preparation of the bacterial pellets that were used for TEM was done using protocols 

previously described in the Experimental Procedure section of Chapter 3.409  

 

4.6.7 Circular Dichroism of K30 in SDS, D8PG and DPC Micelles 

 

CD spectra of K30 in negatively charged (SDS and D8PG) micelles was recorded at Bose 

Institute in India, following a previously reported protocol.440 The spectra were recorded in a 

Jasco J-815 spectrophotometer (Jasco International Co., Ltd. Tokyo, Japan) equipped with a 

Peltier cell holder and temperature controller unit accessory. Stock solutions of the peptide and 
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detergents were prepared in 10 mM phosphate buffer (pH 7.4). The CD data was obtained at 

37°C in a 0.2 cm quartz cuvette at a final peptide concentration set at 25 μM and titrated with 

increasing concentration of SDS (2-50 mM) and D8PG (2-10 mM) micelles. The far UV 

spectral range was set at 190 to 260 nm with 1 nm data pitch and averaging 5 accumulations. 

The buffer subtracted spectral data obtained in millidegree was converted to molar ellipticity 

(θ) (deg cm2 dmol-1), using the equation below, where m0 is mill degrees, M is the molecular 

weight (g mol-1), L is the path length of the cuvette (cm) and C is the concentration (g L-1). 

Molar ellipticity (θ) = m0M/10 × L × C     

 

4.6.8 Circular Dichroism of Organometallic and Branched Peptides in Buffer, 

TFE and SDS Micelles 

 

CD spectra of of organometallic and branched peptides were recorded in phosphate buffer, 

50% TFE in buffer and negatively charged SDS micelles at the University of Auckland. The 

spectra were recorded on a ChirascanTM CD spectrometer (UK) at room temperature, using a 

0.1 cm path-length cuvette. Six scans per sample spectra were obtained from 180 nm to 280 

nm, at 0.5 nm intervals with a 5 s response time. Spectra were averaged and background solvent 

spectra was subtracted. Peptide stock solutions were prepared in the respective solvents A) 10 

mM phosphate buffer (pH 7.0.) B) 50% TFE in 10 mM phosphate buffer (pH 7.0.) or  C) 10 

mM phosphate buffer (pH 7.0.) with 30mM SDS at 30 μM peptide concentration. 

 

 

 



166 

 

Molar residual ellipticity [θ] was calculated in degree.cm2.dmol-1, using the following 

equation:  

[θ]= 
θ

(10 ×C ×npept ×L)
     

Where;   θ = the raw CD signal (mDeg) 

   [θ] = mean residue ellipticity (degree.cm2.dmol-1) 

   C = the concentration (mol.L-1 or M)   

   L = the pathlength of the cuvette (cm) 

   npept = the number of peptide bonds in sample 

 

4.6.9 Calcein Leakage Assay395 

 

All fluorescence experiments were performed on a Jasco FP-8500 spectrophotometer using a 

path length of 0.1 cm quartz cuvette at 37C at Bose Institute in India.. The anionic bacterial 

membrane and zwitterionic mammalian membrane mimicking model was prepared by using 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phospho-

(1'-rac-glycerol) (DOPG), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol 

lipids in 3:1 DOPE/DOPG, 7:3 DOPE/DOPG and 6:4 DOPC/cholesterol, respectively, at a 

final concentration of 2 mg/ml.395,441,442 The lipid mixture was dissolved in chloroform and 

then a lipid film was prepared by passing N2 gas over it and lyophilised overnight. The films 

were subsequently hydrated with 70 mM calcein prepared in 10 mM Tris-HCl buffer (pH 7.4) 

and then subjected to five freeze-thaw cycles by using liquid nitrogen for freezing and hot water 

(60°C) for thawing. LUVs were obtained by extruding the calcein containing solution 27 times 

through a polycarbonate filter (Avanti Polar Lipids, Inc.) of 100 nm diameter. Free calcein was 



167 

 

removed via gel filtration using a Sephadex G-50 column (GE Healthcare, Uppsala, Sweden) 

previously saturated with the same buffer. A calcein leakage experiment was done by adding 

K30 peptide using a series of concentrations starting from 1 to 20 μM into the fixed 

concentration of LUVs (20 μM) suspended into 10 mM Tris-HCl buffer with 100 mM NaCl. 

Measurement was done using the emitted fluorescence of calcein (515 nm) that leaked from 

LUVs via the interaction of K30 peptide. Triton X100 (Sigma-Aldrich, St. Louis, USA) was 

added as positive control and only LUVs were added as negative control. Measurement of 

calcein leakage (C) was calculated using the equation below: 

C = (F - F0)/ (FT - F0) × 100        

where F0 is the initial calcein fluorescence intensity, F is the final fluorescence intensity 5 

minutes after addition of the peptide and FT is the highest fluorescence intensity after addition 

of Triton X 100. 

 

4.6.10 Isothermal Titration Calorimetry415 

 

ITC was performed to determine the thermodynamic parameters of binding of K30 peptide 

with D8PG and DPC micelles using a VP-ITC microcal calorimeter (Malvern PANalytical Inc, 

Westborough, MA, USA). The experiment was conducted at Bose Institute in India. All 

detergents and peptide were dissolved in 10 mM phosphate buffer at pH 7.4 and degassed. A 

sample cell (volume 200 μl) containing 0.5 mM K30 was titrated against D8PG and DPC from 

a stock solution of 25 mM at 308 K. A total of 20 injections were carried out at an interval of 

3 minutes with 2 μL of detergent aliquots per injection. The raw data were plotted using Origin 

v9 software supplied with the instrument. The data was fitted using a single site binding model. 

The fitting was done in the same software which produced the dissociation constant (KD), 

change in heat of enthalpy of reaction (ΔH°), free energy of binding (ΔG°) and entropy (ΔS°). 
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Gibbs free energy for both reactions was evaluated using the equations ΔG° = -RT ln KD and 

ΔG° = ΔH° - TΔS°, respectively. 

 

4.6.11 NMR Spectroscopic Analysis 413,443 

 

All NMR experiments were performed at 310K on a Bruker Avance III 500 MHz equipped 

with a 5 mm SMART probe spectrometer and 600 MHz equipped with RT probe. NMR 

samples were prepared in 10% deuterated water (pH 4.5) and 3-(Trimethylsilyl )propanoic acid 

(TSP) was used as an internal standard (0.00 ppm). Two-dimensional (2D) 1H-1H total 

correlation spectroscopy (2D TOCSY), and 2D 1H-1H 2D NOESY were recorded for the 

peptide with a mixing time of 80 ms and 150 ms, respectively, keeping a spectral width of 12 

ppm in both directions. Next, the interaction of the K30 peptide (1 mM) upon successive 

titration with D8PG and predeuterated d25-SDS (200 mM) was monitored by 1D proton NMR 

acquired using an excitation-sculpting scheme for water suppression and the States-TPPI for 

quadrature detection in the t1 dimension. Consequently, 2D NOESY spectra of the peptide in 

the context of D8PG and SDS were acquired with 150 ms mixing time.  

 

PRE experiments were performed to measure the depth of insertion of K30 peptide in 

D8PG/SDS micelles. The experiment was done by titrating with surface paramagnetic 

quencher, manganese chloride (MnCl2) dissolved in water and in depth paramagnetic quencher 

16-DSA dissolved in deuterated methanol (d4-MeOH), into the NMR samples containing 

peptide and micelles. The sample was allowed to equilibrate for a few minutes before the 

acquisition of 2D TOCSY spectra with the same parameters as mentioned above. NMR data 

processing and analysis were carried out using a TopspinTM v3.1 (Bruker Biospin, 
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Switzerland) and SPARKY (Goddard, T. D., and Kneller, D. G., University of California, San 

Francisco) programs, respectively.  

 

4.6.12 NMR Derived Structure Calculations 

 

The three-dimensional NMR derived structures were first calculated using the CYANA 

program (version 2.1) as reported previously 432,444 without the N- and C- terminal 4-methyl 

hexanoyl and 3- (2-naphthyl) -L- alanine residues, respectively. Briefly, on the basis of cross-

peak intensities obtained from the NOESY spectra recorded in the presence of D8PG and SDS 

micelles at a mixing time of 150 ms, the NOE intensities were qualitatively categorised into 

strong, medium and weak and then translated to upper bound distance limits of 2.5, 3.5 and 5.0 

Å, respectively. The lower bound distance constraint was fixed at 2.0 Å. The backbone dihedral 

angle phi (Ф) and psi (ψ) were kept flexible (-30° to - 120° and 120° to -120°, respectively) for 

all non-glycine residues of the peptide to minimise the conformational space. No hydrogen 

bond constraints were used in the structure calculation. Several rounds of structure calculations 

were carried out and depending on NOE violations, the distance constraints were adjusted. Out 

of the 100 structures, 20 of lowest energy structures were used for further analysis. 

 

The peptide structure obtained from CYANA was completed with the N-terminal 4-

methylhaxanol and the C-terminal 3- (2-naphthyl) -L- alanine (2Nal). The resulting structure 

was then refined by all-atom molecular dynamics (MD) simulation with NOE-derived distance 

restraints. The AMBER03 force field was used to model all atomic interactions.58 Calculation 

of the partial atomic charges for the terminal groups was performed by calculating the 

electrostatic potential at the HF/6-31G (d) level of theory using Server Development.445,446 
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MD was performed with GROMACS software447 applying ensemble-averaged NOE distance 

restraints448 as flat-bottomed harmonic potential terms with a force constant of 2000 KJ/mol. 

The experiment was performed in collaboration with Dr.Lorenzo Stella and Paolo Calligari at 

the Department of Chemical Science and Technologies, University of Rome Tor Vergata in 

Italy. 

 

4.6.13 Synthesis of Fmoc Ferrocene Lysine121 

 

 

The unnatural amino acid was synthesised according to a previously published protocol. 

Ferrocenecarboxylic acid (5.00 mmol, 1.15 g) and TBTU (5.00 mmol, 1.61 g) were dissolved 

in CH2Cl2 (40 mL) DIPEA (15.00 mmol, 2.60 mL), were added and the solution was stirred for 

1 hour prior to addition of Fmoc-Lys (H)-OH (5.25 mmol, 1.93 g). Stirring was continued for 

another 3 hours, and the reaction was monitored by TLC on silica (10 % MeOH/CH2Cl2). The 

mixture was concentrated in vacuo and extracted with EtOAc (120 mL). The organic layer was 

washed with aqueous 1M HCl (3 × 80 mL) and brine (2 × 80 mL) and dried with NaSO4. 

EtOAc was removed in vacuo, and after purification by silica gel column chromatography (2 

% MeOH in CH2Cl2→ 10 % MeOH in CH2Cl2), the product was obtained as an orange solid 

(2.41 g, 83 %). Rf= 0.22 (CH2Cl2/MeOH, 92:8). 1H NMR (400 MHz, CDCl3): δ = 7.72 (d,2H, 

J=8Hz), 7.57 (d, 2H, J=8Hz), 7.36 (t,2H, J=8Hz)  [total 8 H, Ar-H (Fmoc)], 6.16 (t, J =5.4 Hz, 
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1 H), 5.88 (d, 2 H), 5.3 (s,1H), 4.7 [d, J= 8 Hz, 2 H, CH2 (Fmoc)], [4.43 (s, 1H), 4.3 (br s, 4H), 

4.17 (s, 6H) total 11H, α-Η, CH (Fmoc), Ar-H (Fc)], 3.34 (s, 2 H, ε-H2), [1.46(br s 2H), 1.59 

(br s 2H), 1.8 (br s,1H, 1.95 br s. 1H) total 6H, β-H2, γ-H2, δ-H2) ]ppm  MS(ESI+): calculated 

for C32H32FeN2O5 : 580.2; found 580.16 [M]+, 603.15 [M +Na]+. The NMR is identical to the 

previously reported.121 
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CHAPTER 5: Acyclic and Cyclic Peptides 

Incorporating the D-Phe-2-Abz Turn Motif: 

Investigations on Antimicrobial Activity 

and Propensity to Adopt β-Hairpin 

Conformations 

 

 

 

 

 

This chapter describes the design and synthesis of novel peptides bearing the D-Phe-2Abz 

turn motif. These peptides have shown remarkable activity against all bacterial strains that 

were tested. A cyclic peptide from this family bearing two symmetrical turns (KV11) has 

shown low micromolar activity against a clinical isolate of MRSA strain. Investigations on 

their propensity to adopt a β-hairpin structure is also reported in this chapter.    

 

 Part of this chapter has been published and reproduced with permission from: 

Cameron A. J.; Varnava Kyriakos G.; Edwards P.J. B.; Harjes E.; Sarojini V. Acyclic peptides 

incorporating the D-Phe-2-Abz turn motif: Investigations on antimicrobial activity and propensity 

to adopt β-hairpin conformations. Journal of Peptide Science 2017, 24(8-9) e3094. ©2017 
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5.1 Background 

 

As mentioned in the Introduction chapter when investigating the activity of AMPs one of the 

most important steps is defining their secondary structure. Most of the peptides mentioned so 

far were found to adopt either random coil or  helical conformations. This chapter investigates 

linear and cyclic AMPs and their propensity to adopt a β-hairpin conformation. Figure 75 

shows the most common and important natural peptides that have been proven to adopt a β 

hairpin. Some are head to tail cyclic peptides (such as tyrocidine A, gramicidin S and RTD-1) 

and some others are cyclized via one or more disulphide bridges (tachyplesin-I, polyphemusin-

I and protegrin I). The presence of one or more disulphide bridges in β-hairpin AMPs is 

common, with many reports on a total loss of the peptides’ activity if that bridge is replaced. 

Interestingly, even though an additional mechanism cannot be excluded, to date all of these 

peptides have been proven to act through membrane lysis. 

 

Figure 75: Examples of naturally occurring β hairpin peptides. R’=Arginine C-terminal 

amide. Dashed lines denote disulphide bridge. D-amino acids are represented by lower case. 

 

The peptides mentioned above are cyclic β-hairpin peptides but deletion of all the cysteines of 

tachyplesin I resulted in a truncated linear analogue that had reduced hemolysis while retaining 
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the parent compounds activity.449 Additionally, the linear analogues of battacin lipopeptides 

reported from our lab have also shown a better therapeutic index compared to their respective 

cyclic counterparts,450  a trend also reported for the peptide magainin-2 and its cyclic 

analogue.451 Based on these observations two linear peptides (compound 2 and 3 Figure 76) 

that bear the D-Phe -2 Abz turn (Figure 77) were synthesized and reported in the PhD  of 

Cameron A.J from the same group .452 This turn has proven to be a promising scaffold for β- 

hairpin peptides and further investigations on its ability to induce β turn were considered 

necessary. The residues of the sequence were chosen due to both their antimicrobial potential 

and their reported propensity to form β-sheet structures.453-455   

 

 

Figure 76: Amino acid sequence of peptides 2 and 3 previously reported from the group. 

(Cameron A.J PhD thesis) 2‐Abz = 2‐aminobenzoic acid. D‐Amino acids are represented by 

lower case letters. 

 

Figure 77: Chemical structure of the D-Phe-2-Abz turn motif 

 

Results showed that the D-Phe-2-Abz turn motif appeared sufficient to nucleate β-hairpin 

formation in a hydrophobic peptide devoid of cyclic constraints. Incorporation of this moiety 

in the two designed cationic amphipathic peptides resulted in broad spectrum antibacterial 
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activity with nanomolar MIC against S. aureus  and low haemolysis.456 CD spectra of these 

two cationic peptides were similar and suggest the existence of a mixture of conformers with 

evidence for a minor population of β-hairpin conformation, despite lacking cyclic constraints.  

Even though these peptides have been reported in a previous thesis, 452 the peptides’ secondary 

structure in the presence of SDS micelles using NMR was not reported and neither was their 

activity against drug resistant bacterial strains, therefore prior to synthesising a new library of 

analogues, peptides 2 and 3 were re-synthesised, optimizing the conditions as per the Peptide 

Synthesis section below (page 178). Upon synthesis further attempts to characterize the 

structure of compound 2 in the presence of d25-SDS micelles using NMR spectroscopy were 

made. Combined results from this chapter and Cameron’s thesis are published in a 2018 issue 

of the Journal of Peptide Science. 457 

 

5.2 Design of Cyclic Peptides Incorporating the D-Phe-2-Abz Turn Motif 

 

The results of these studies laid the foundations for the design and synthesis of several 

analogues in which some crucial parameters were tested in an attempt to both fine-tune the 

activity of the peptides but also to gain an insight into the structure-activity relationship of this 

new family. These interesting findings led to a series of questions that needed to be addressed. 

The main question regarding the structure and activity relationship was obviously the effect of 

cyclization. The reported peptides, without cyclic constraints, seem to be existing as a mixture 

of secondary structures not a well-defined β-hairpin structure. The calculated lowest energy 

NMR structure further showed the presence of a potential end-fraying caused possibly by 

repulsions between the two strands that prevents firm β-hairpin. 457 Thus it was envisioned that 

cyclization would affect the structure (and possibly concomitantly the activity) by either 

stabilizing the peptide’s turn and by holding the two strands in close proximity.  Even though 
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this was the desirable hypothesis a loss of activity due to the loss of flexibility of the peptides 

which would prevent the peptide from adopting a β-hairpin turn in hydrophobic environments 

was also a potential outcome. The cyclic analogues of battacin lipopeptide and magainin-2 

have shown a loss in activity in comparison to their linear counterparts.450,451 

 

Figure 78: Amino acid sequence of the peptides. 2‐Abz = 2‐aminobenzoic acid. D‐Amino acids 

are represented by lower case letters. Dashed lines denote disulphide bridges. 

 

The main focus of the new analogues was to determine the effect of cyclization both on the 

peptide’s activity and also on their propensity to adopt a more defined β hairpin structure. Head 

to tail cyclization of 2 and 3 resulted in KV2 and KV3 respectively. Given the higher hemolysis 

of both 2 and KV2, no further investigation on the sequence of KV2 was made. On the other 

hand, the increase in activity due to the cyclic constraint of KV3 was promising to extend the 

investigations by synthesizing three more analogues (KV8, KV9 and KV11) (Figure 78). 
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These peptides were inspired by previously reported naturally occurring AMPs. KV9 contains 

one disulphide bridge that, as stated before, is found in many β-hairpin peptides. 

 

Figure 79: Comparison of Gramicidin S and KV8 and KV11. The symmetrical turns are shown 

in red. D-amino acids are represented by lower case. 

 

 KV8 and KV11 are head to tail cyclic peptides that bear two symmetrical turns (Figure 79 

and Figure 78), similar to gramicidin. On the second turn of KV8 the D-ala was exchanged for 

the L-ala. Even though in the literature D- amino acids might show a lower hemolysis in 

comparison to their L-counterparts when introduced to a specific sequence, it has also been 

reported that for some sequences homochirality is required for a more defined β sheet 

structure.458 On the other hand, Garcia et al. recently reported their observations on the effect 

heterochirality had on their hydrogels. 459 In their case the  heterochiral D-L tripeptides were 

able to self-assemble in water and form nanostructured hydrogels in contrast to their 

homochiral counterparts.459 Based on these observations found in the literature, KV8 was 

synthesised which bears a D-ala on the first and an L-ala on the second turn in order to determine 

the effect of two different chiral centres on the two turns. 
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5.3 Peptide Synthesis 

 

All peptides were assembled on chlorotrityl resin as per the general protocol. Similar to what 

the group has previously reported,457 initial synthesis of compound 2 resulted in very poor yield 

due to deletion of D-Phe and aggregation caused by the hydrophobic protecting groups of Arg 

(Pbf) (Figure 80 A). Introducing capping steps with acetic anhydride did not increase the yield 

significantly but a double coupling overnight with HATU for 2-Abz and D-Phe amino acids 

resulted in excellent purity (> 70%) (Figure 80 B). Disulphide bridge formation (KV9) was 

performed on resin in the presence of iodine to oxidatively remove the Acm protecting group 

on Cys (Acm). 460 Prior to cyclization the protected KV3 was cleaved from the resin and was 

subjected to HPLC purification. Due to the presence of highly hydrophobic protecting groups 

the solubility of the crude peptide was poor and the HPLC laborious with the protected peptide 

eluting at 93% of solvent B (CH3CN). Therefore to avoid unnecessary steps, cyclization was 

performed twice: 1) in the crude form of the linear protected peptide without any purification 

and 2) upon purification of the crude linear protected form. The resulting yield of the final pure 

unprotected cyclic peptide was the same for both times thus for the rest of the peptides (KV8, 

KV11, KV2) the cyclization was performed upon cleavage from the resin using the crude 

protected peptide without any further purification until the final deprotection of all the 

protecting groups. 
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Figure 80: HPLC trace of the crude peptide 2. A) one hour coupling B) extended overnight coupling (with HATU)

A) B) 
D-Phe 

deletion 

D-Phe 

deletion 

peptide 2 

peptide 2 
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5.4 Antibacterial assays 

 

All peptides were tested against the opportunistic pathogens S. aureus, E. coli and P. 

aeruginosa. (Table 19) Additionally the peptides were tested against a methicillin resistant S. 

aureus strain (hospital isolate). The most potent peptide was found to be KV11 (Table 19).  It 

seems that the introduction of a second turn indeed improved the activity of the peptide. All 

peptides were found to be significantly potent against the Gram positive S. aureus with 

activities in the nanomolar range (Table 19). When compared to their linear forms (2 and 3), 

KV2 and KV3 showed a two-fold reduced activity against the Gram negative strain P. 

aeuriginosa. On the other hand cyclization revealed to be helpful in the activity against MRSA 

with a two fold increase in potency as compared to 2 and 3. Surprisingly the formation of the 

disulphide bridge (KV9) resulted in significant loss of activity against the MRSA strain (Table 

19). 
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Table 19: Antibacterial activity of the peptides and antibiotic controls. 

No Code P. aeruginosa E. coli S. aureus MRSA 

MIC MBC MIC MBC MIC MBC MIC MBC 

1 2 3.12-6.25 3.12-6.25 1.56-3.12 3.12-6.25 0.19-0.39 0.19-0.39 12.50-25.00 12.50-25.00 

2 KV2  6.25-12.5 6.25-12.5 1.56-3.12 3.12-6.25 0.19-0.39 0.19-0.39 6.25-12.50 12.50-25.00 

3 3  3.12-6.25 3.12-6.25 6.25-12.50 6.25-12.50 0.39-0.78 0.39-0.78 12.50-25.00 12.50-25.00 

4 KV3  6.25-12.5 6.25-12.5 3.12-6.25 6.25-12.50 0.39-0.78 0.39-0.78 6.25-12.50 12.50-25.00 

5 KV8 12.5-25.0 25.0-50.0 3.12-6.25 6.25-12.50 0.78-1.56 0.78-1.56 6.25-12.50 12.50-25.00 

6 KV 9 12.5-25.0 25.0-50.0 6.25-12.5 12.5-25.0 0.78-1.56 1.56-3.12 12.50-25.00 25.00-50.00 

7 KV11  6.25-12.5 6.25-12.5 1.56-3.12 3.12-6.25 0.19-0.39 0.19-0.39 3.12-6.25 12.50-25.00 

9 Polymyxin 0.05-0.10 0.10-0.20 0.05-0.10 0.10-0.20 N.T N.T 

10 Streptomycin N.T N.T 0.78-1.56 0.78-1.56 6.25-12.50 6.25-12.50 

*The assays were done thrice and in triplicates, N.T: Not tested 
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5.5 CD  

 

The secondary structure of the peptides in phosphate buffer (pH 7.4), SDS micelles (30 mM in 

phosphate buffer) and 50%TFE: buffer (a helix inducing solvent) was investigated using 

circular dichroism (CD) spectroscopy. Apart from KV8 and KV9, all other peptides have 

shown the same trend. In both buffer and TFE the peptides do not seem to adopt a defined 

structure but rather are found as a mixture of conformations (Figure 81).  It is noted though 

here that the presence of aromatic residues (chromophores) in this family of peptides can 

produce overlapping contributions in the far UV region of the CD spectrum which will 

subsequently result in a spectra more ambiguous and not perfectly comparable to a spectrum 

attributed to a peptide with a defined secondary structure, particularly in the case of β-hairpin 

peptides because of the overlapping band at ~ 216 nm. 

 

Comparing peptide 2 with its cyclic analogue (KV2) in buffer, both compounds demonstrate 

negative minima near 195 nm, suggesting a random coil structure, while another broad negative 

band occurring at approx. 218-230 nm more closely resembles a typical β-sheet spectrum. 

Thus, their spectra appear to represent a mixture of both random coil and β-hairpin 

conformations (Figure 81).   The cyclic analogue seems to show slight shifts towards a greater 

proportion of β-hairpin conformations. The bands at 198 nm and 230 nm are shifted towards 

220 nm indicative of a growing β-hairpin population. In a 50% TFE and buffer mixture, which 

induces a membrane mimetic environment, these observations seem to be slightly more 

prominent (Figure 81).  As previously reported from the group452 the relatively broad negative 

band cannot be attributed to any a helical structure because no such evidence was found with 

NMR (ROEs and coupling constants) and thus, the broad negative at 218 nm observed is a 

result from the average of random coil and β-sheet type spectra. The same trend was observed 
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when the spectra of the linear peptide 3 was compared to the cyclic one (KV3) (Figure 81). 

The cyclic analogue had its two negative bands brought closer together and addition of 50 % 

TFE sees the intensity of both bands increase, particularly the negative band at approx. 230 

nm. Furthermore, the 230 nm negative band shifts towards lower wavelengths more typical of 

β-sheet population, now residing around approximately 220 nm, much closer to the expected 

216 nm, with the negative band continuing up to approximately 240 nm. Although this 

spectrum also appears to be an average of both random coil and β-hairpin populations, the 

relative intensities of the two bands at approx. 198 and 220 nm suggest a greater β-hairpin 

population for peptide 3 than peptide 2 ( Figure 81).  Surprisingly in the presence of SDS, the 

β-sheet forming propensity was found to be much less for all peptides and higher population 

of random coil was observed (Figure 81).   

 

Despite the fact that data from CD studies may not suffice to draw conclusions on the secondary 

structure of these peptides, attention was directed to a comparison of peptides KVs 8, 9 and 11. 

Even though KV9 was designed based on the fact that disulphide bridges have been shown to 

improve the stability of a β sheet secondary structure, the CD results revealed that cyclization 

via the disulphide bond resulted in complete loss of any β-hairpin structure and the peptide 

seems to be in random coil (Figure 81). This can potentially explain the lower activity of the 

peptide compared to the other peptides in the library. On the other hand, based on the CD 

spectra (Figure 82), peptide KV8 adopts a perfect β sheet conformation as defined by the 

positive band 190 nm and the negative band at 214 nm. In contrast the KV11 spectrum is 

identical with the spectra mentioned above for KV2 and KV3 and resembles a mixture of 

conformations, most likely an average of random coil and β hairpin (Figure 81) This data 

suggests that indeed homochirality is not necessary in this sequence for a β sheet structure (at 
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least for the alanine residue). On the contrary the presence of the L, D mixture resulted in a 

more defined structure similar to the heterochiral hydrogels of Garcia et al. 459



185 

 

 
Figure 81: Circular dichroism spectra of the peptides recorded in A) sodium phosphate buffer pH 7.4, B) 50 %TFE and buffer mixture and C) 

30mM SDS at 50 μM peptide concentration. 
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Figure 82: Comparison of CD spectra of peptide KV8 and KV11 in A) sodium phosphate buffer pH 7.4, B) 50%TFE and buffer mixture and C) 

30mM SDS at 50 μM peptide concentration. 
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5.6 Haemolysis 

 

The activity of the peptides against mouse blood cells was also investigated. The most potent 

peptide (KV11) was found to have relatively low haemolysis (22%) at very high concentrations 

(1 mM) further highlighting its selectivity against bacterial membranes and its promising 

therapeutic index. Interestingly, KV8 and KV9 possess the highest haemolysis.  When 

compared to KV11, as KV8 has a more defined β sheet structure this points towards a very 

important discovery. It seems that a more defined β sheet structure may indeed result in loss of 

flexibility and also selectivity of the peptide. This suggests that a more flexible secondary 

structure that allows the peptide to interchange between conformers depending on its 

environment is more desirable to enhance selectivity towards bacterial membranes. This trend 

has also been reported for the peptide Pis-1[NkG], an analogue of Piscidin 1 (a cytotoxic α 

helical peptide), which possess conformational flexibility compared to Piscidin 1.461   

 

 

Figure 83: Percentage of haemolysis of mouse blood cells at various peptide concentrations. 

The experiment was done in triplicate and results averaged out. 
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5.7 Scanning Electron Microscopy  

 

The treated bacterial cells were viewed under SEM and compared to the untreated (control 

cells). The control bacterial cells for all strains appeared to have even surfaces and clear and 

distinct cell shapes (Figure 84). Treatment with peptide KV11 caused blebbing and blisters on 

the membrane of the bacterial cells of all the strains, and to the lysis of the cells. Several treated 

cells of P. aeruginosa and E. coli appeared to have holes on their membranes and also showed 

deep craters. Cell debris was observed throughout the treated slide of S. aureus whereas the 

slides of E. coli and P. aeruginosa had many cells that were found to be completely lysed and 

the colonies coagulated together upon lysis (Figure 84). 
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Strain Control Treated with K11 

  
  
  
  
  
  
  
 P

 .
a
er

u
g
in

o
sa

 

 

 

 

 
 

 

 

 

  
  
  
  
  
  
  
 E

. 
co

li
 

  
 

 

 

 

S
. 
a
u

re
u

s 

  

Figure 84: SEM images of P. aeruginosa, E. coli and S. aureus cells before (control) and after 

treatment with KV11 at twice the MIC. 
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5.8 Transmission electron microscopy  

 

Transmission electron microscopy was used to gain information on the ultrastructure of the 

cells. In all cases upon treatment with the peptide KV11 the imperforated cell wall of the 

control cells was compromised and appeared to have holes that led to leakage of the 

cytoplasmic material (Figure 85). Interestingly in the case of S. aureus cells, upon treatment 

with the peptide, the cell wall appears to be completely detached (Figure 85). The intracellular 

density of the cells was also altered and cytoplasmic material surrounding the lysed cells was 

observed (Figure 85).  Even though the detachment and corruption of the cell wall of the strains 

were the predominant effects, a secondary mechanism of action cannot be ruled out, especially 

taking into consideration the severe changes on the intracellular region of some of the cells as 

seen with TEM (Figure 86). 
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Figure 85: TEM images of P. aeruginosa, E. coli and S. aureus cells before (control) and 

after treatment with KV11 at 4x MIC. 

 

Figure 86: TEM image of S. aureus cells upon treatment with peptide KV11. The intracellular 

region of the cell seems to be affected as well pointing to a potential secondary mechanism of 

action. 

 

5.9 SEM and TEM of MRSA strain 

 

Similar to what has been mentioned above, the surface of the treated MRSA cells of seems to 

appear completely disturbed. Interestingly, though deep holes and craters were the predominant 

pattern among the treated cells along with the cells appearing completely deformed and losing 

their shape upon treatment with peptide KV11 (Figure 87). TEM imaging confirmed that the 

thick peptidoglycan cell wall of MRSA was completely detached and cytoplasmic material was 

released (Figure 88). 
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Figure 87: SEM images of MRSA cells before (control) and after treatment with KV11. 
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Figure 88: TEM images of MRSA cells before (control) and after treatment with KV11. 

 

 

 

 

 

 

 

 

 

5.10 Peptide Structural analysis 

 

5.10.1 NMR data analysis of peptide 2 

 

1H NMR spectra for peptide 2 were recorded in a 1:1 mixture of CD3CN and H2O, as this 

solvent system provided less resonance overlap compared to the spectrum in CD3OH (not 

shown), and a micellar solution of 30 mM d25 SDS.457 The broad signals in SDS prevented the 

extraction of 3JNH-CαH coupling constants but these were able to be measured in 1:1 CD3CN - 
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H2O and ranged from 6.88 – 7.95 Hz for all strand residues except Arg3.457 These large coupling 

constants are consistent with dihedral angles corresponding to random coil or extended 

conformations or could be due to conformational averaging. In both solvent systems, Cα
iH – 

Ni+1H ROEs stronger than Nα
iH – Ni+1H ROEs were observed, supporting an extended 

backbone conformation typical of β-sheets for the strand residues.  

 

 In 1:1 CD3CN - H2O, the characteristic inter-strand ROEs were not present, a trend commonly 

reported in the literature for acyclic cationic β-hairpin peptides, 457,462-464 Generally a greater 

population of NOEs were detected in SDS suggesting that the peptide adopts a more well-

defined structure in this more hydrophobic environment, reminiscent of bacterial cell 

membranes. Despite this, NMR data in SDS suggests that inter-strand ROEs were averaged out 

indicating that the β-hairpin is likely a minor conformer in fast exchange on the NMR time 

scale. Nevertheless, it is possible that the local structure survives longer, resulting in the 

extended conformation for a bigger part of the ensemble as evidenced by the stronger Cα
iH – 

Ni+1H NOEs (Figure 89). The CD data, even though complex, does support arguing for an 

increasing population of extended conformations in the hydrophobic environment provided by 

TFE.  

 

Unfortunately the 1HNMR spectra of peptide 3 proved challenging to accurately assign due to 

resonance overlap.  
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Figure 89: Partial NOESY spectrum of peptide 2 in 30‐mM d25 SDS highlighting 7 key CiαH–

NiH and CiαH‐N i+1H NOEs at 2 different contour levels (A and B). NOE assignments use 1‐

letter codes with lower case letters representing D‐amino acids. The higher relative intensity of 

CiαH–N i+1H NOEs compared with CiαH–NiH NOEs suggests an extended backbone 

conformation typical of β‐sheets. Reproduced with permission from 457 © European Peptide 

Society and John Wiley & Sons, Ltd. 
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5.10.2 NMR spectroscopy of cyclic peptides  

 

Figure 90 shows the 1H NMR spectra of all cyclic peptides in phosphate buffer: D2O (90:10) 

at pH 6.5. Other than KV8, the 1H NMR spectra of the other cyclic peptides shows significant 

overlap of peaks making the assignments an almost impossible task. Even if some residues can 

be identified, the presence of two copies of the same residues made it difficult to assign any 

accurately. Nevertheless, attention shifted to peptide KV8 which as can be seen from Figure 

90 shows well dispersed resonances. Due to time restraints, the assignment could not be 

completed during the time of this thesis but tentative studies reveal the presence of a β strand, 

one that possibly resembles a “taco-shaped” structure similar to the structure of TamB963-1138 

as was reported by Josts et. al.465  
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Figure 90: 1H NMR of the cyclic peptides in phosphate buffer: D2O (90:10 pH 6.5). Spectra 

were recorded on a Bruker Avance 700 Mhz spectrometer equipped with cryoprobe. Peptides 

KV2 and KV3 also contained 30mM d25 SDS. 

5.11 Discussion  

All linear and cyclic peptides that bear the D-Phe-2-Abz motif have shown activity against the 

pathogens tested, with the activity reaching the nanomolar range against a S. aureus strain. The 

ability of the peptides to disturb the membranes of the bacterial cells was clearly evidenced by 

both SEM and TEM microscopy where the treated cells were found perturbed and lysed. The 

D-Phe-2-Abz turn is shown to be a promising motif for promoting β hairpin structures. Similar 

to the linear peptides previously reported from the lab, almost all the cyclic analogues were 

shown to adopt a mixture of conformations as shown by their CD spectra. The structure of 

peptide 2, as evidenced by NMR, appears to constitute a loosely defined turn with a minor 

population of β-hairpin. It is likely the hairpin structure enhances amphipathicity and probably 

KV11 

KV9 

KV8 

KV3 

KV2 
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constitutes the bioactive conformation. The flexible structure of the hairpin likely contributes 

towards the observed antibacterial selectivity, as has been reported previously for tachyplesin 

I.449 Unfortunately, and in part due to resonance overlap, the exact structure of most of the 

peptides remained somewhat ambiguous, warranting further investigations. Even though the 

sequential residues for most of the peptides were not able to be assigned, a cyclic peptide (KV8) 

from this family bearing two symmetrical turns with different chirality was shown by CD to 

adopt a β hairpin structure. 
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5.12 Experimental Section 

 

5.13 Synthesis and Purification of Peptides:  

 

All the peptides were manually synthesized and purified following the Protocol A -General 

Synthetic Protocol that was described in Chapter 5. As mentioned above, the disulphide bridge 

formation for KV9 was performed on resin in the presence of iodine. To facilitate this 

Cys(Acm)Fmoc was used during the synthesis of the linear KV9. Deprotection of the Acm 

group and concomitant formation of the disulphide bridge was done in the presence of 10 

equivalents of iodine in DMF: H2O (4:1) for 1 h following standard procedures. 460 The resin 

was washed several times with DMF, isopropanol and 1% ascorbic acid prior to purification 

and characterization of the peptide using HPLC and ESI/MS respectively as mention in the 

Synthetic Protocol described in Chapter 5.  

 

Minimal Inhibitory Concentration (MIC) and Minimal Lethal Concentration (MLC)  

 

The MIC of the peptides against the bacterial strains was evaluated using the protocol described 

in the Experimental section of Chapter 3. To determine the MLC values, aliquots (20 μL) of 

each well containing microbial combination were plated out in triplicates onto MHB agar plates 

followed by further incubation at 37 °C overnight. The MLC values were determined at a 

concentration where no bacterial growth was observed after a period of 24 h.  

 

5.14 Haemolysis of Mouse Blood Cells 

 

The percentage of haemolysis against mouse erythrocytes was evaluated following the 

methodology described in the Experimental section of Chapter 3. 



201 

 

5.15 Scanning Electron Microscopy 

 

The slides used for SEM were prepared using the methodology described in the Experimental 

section of Chapter 3. 

 

Transmission Electron Microscopy (TEM) 

 

The preparation of the bacterial pellets that were used for TEM was done using the 

methodology provided in the Experimental section of Chapter 3. 

 

5.16 Circular Dichroism (CD) in Buffer, TFE and SDS Micelles 

 

CD spectra of the peptides were recorded in phosphate buffer, 50% TFE in Buffer and 

negatively charged SDS micelles following the protocol described at the Experimental section 

of Chapter 4. 
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Figure 91: Chemical structure of peptide 2.Sequence: Arg-Val-Arg-Trp-Arg-D-Leu-D-Phe-2-

Abz-D-Ala-Arg-Trp-Arg-Val-Arg 

Table 20 1H NMR chemical shifts of  peptide 2 in 30 mM d25 SDS (pH 6.5) recorded at 308 

K on a 700 MHz spectrometer. 

*N/A: Not assigned, 3JNH-CαH were not evident due to peak broadening in SDS micelles, likely 

due to reduced tumbling rate upon interaction with micelles. 

Residue 
Chemical Shift (ppm)*  

NH CαH CβH CγH CδH CεH CζH 

Arg1  4.18 1.98, 1.92 1.67, 1.67 3.19, 3.19 7.17  

Val2 8.27 4.03 1.87 0.84, 0.67    

Arg3 7.96 4.28 1.66, 1.48 1.39, 1.39 3.07, 3.07 6.98  

Trp4 7.60 4.65 3.32, 3.22  7.24 9.80  

Arg5 N/A 4.65 N/A N/A N/A N/A  

D-Leu6 8.16 4.23 N/A 1.49 0.83, 0.76   

D-Phe7 7.85 4.65 3.22, 3.12  N/A N/A N/A 

2-Abz8 10.71  Cβ
2H: 7.80 7.96, 7.28 7.49   

D-Ala9 8.21 4.51 1.48     

Arg10 8.02 4.10 1.53, 1.33 1.10. 1.10 2.86, 2.81 6.83  

Trp11 7.93 4.65 3.33, 3.21  N/A N/A  

Arg12 7.40 4.28 1.68, 1.47 1.24, 1.24 2.84, 2.84 6.94  

Val13 7.87 4.10 2.13 0.92    

Arg14 7.71 4.18 1.85, 1.73 1.59, 1.59 3.15, 3.15 7.07  
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5.17 NMR Spectroscopy 

 

All 1H NMR spectra were recorded on a Bruker 700 MHz spectrometer equipped with a 

cryoprobe at 700.13MHz at Massey University, Palmerston North. All spectra were recorded 

at 308K in phosphate buffer: D2O (pH 6.5). For peptide 2, additional spectra were recorded at 

308 K in a micellar solution of 30 mM d25‐sodium dodecyl sulfate (Sigma‐Aldrich) in 10 mM 

sodium phosphate buffer (pH 6.5). Assignments were made using COSY, NOESY (100 ms), 

and TOCSY (80 ms) spectra, all incorporating water suppression by excitation sculpting. 

Spectra were referenced externally using the methyl signal of DSS at 0 ppm recorded in a d25 

SDS solution made with the same buffer. Spectra were processed with Bruker Topspin 2.1.8 

(Bruker Biospin GmbH, Rheinstetten, Germany) using standard parameters. Peak assignments 

and generation of ROE distance restraints was performed using CCPN Analysis v.2.4.2.25. 
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CHAPTER 6: Towards the Greening of 

Peptide Synthesis 

This chapter reviews previous attempts towards an environmentally 

benign peptide synthesis and reports expansion of the previous 

reported methodology using PC to substitute DMF for the synthesis 

of linear and cyclic peptides. 

Part of this chapter has been published and reproduced with permission from: 

Varnava, K. G.; Sarojini, V. Making Solid-Phase Peptide Synthesis Greener: A Review of the Literature. Chemistry – An 

Asian Journal 0 (0). John Wiley and Sons ©2019 
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Introduction 

 

6.1 Attempts to Make a Greener Protocol  

 

The major problems that need to be resolved for making general peptide synthesis greener are: 

1) finding an appropriate green solvent. The solvent must be able to both swell the resin and 

dissolve the protected amino acids while not reacting with them. Additionally, the solvent must 

be stable and able to be used with piperidine to create a cocktail for Fmoc deprotection,  2) 

finding coupling reagents that create less hazardous organic waste and are safer to handle,  3) 

the new protocol must also retain the simplicity and the repetitiveness of the “golden” SPPS 

protocol while delivering peptides of high yield and purity and 4) the new protocol must be 

able to be applied even on long, difficult and challenging sequences and amenable for peptide 

modifications. Past attempts described in the literature towards a greener protocol for SPPS are 

summarised below. For reasons of clarity, the literature is further subcategorised based on the 

main aspect of their methodology that was improved towards the greener spectrum. 

 

6.1.1 Enzymatic Synthesis 

 

Proteolytic enzymes have been used extensively in life sciences.466 Due to their ability to 

hydrolyse peptide bonds, these enzymes have been used largely in the area of molecular 

biology especially in the isolation and purification of nucleic acids,466-468 cell isolation, tissue 

dissociation,466,469 peptide sequencing and proteolytic digestion of proteins in 

proteomics.466,470,471 Interestingly, by manipulating the thermodynamic and kinetic parameters, 

proteases can also be used to create peptide bonds (Scheme 6). 472,473 Because enzymes are 

very selective and stereospecific the products generated will be highly pure. Additionally, in 
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enzymatic peptide syntheses, side chain protecting groups are not needed and the method 

avoids the use of toxic solvents. 473-475   

Ulijn et al. reported amide bond formation in the presence of proteases in solid phase peptide 

synthesis using water as the solvent.476,477 Even though desired peptides were obtained through 

this method, yields varied depending upon the nature of the coupled amino acid – 

hydrophobicity, polarity and charge. Preliminary studies were done on smaller peptides 476 and 

later the methodology was expanded to larger sequences.478 The authors did still use DMF as 

a solvent during washing steps and Fmoc deprotection and the methodology was challenged 

when a larger sequence was attempted due to the fact that the equilibrium of the reaction 

between peptide bond formation and hydrolysis favoured the hydrolysis step. 

 

 

Scheme 6: Schematic representation of protease catalysed formation and hydrolysis specific 

for the A2-A3 peptide bond. 

 

As mentioned previously (Chapter 1), one of the most important peptide modifications is 

cyclisation. Cyclisation provides biostability and bioavailability along with enhanced 

properties.479 Presently, the only environmentally benign method for cyclisation is with the use 

of enzymes. Sortases, transpeptidases from Gram-positive bacteria, have been used for the 
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coupling of peptides and glycopeptides to proteins.480-482 Ploegh et al. have used Sortase A 

(SrtA) for cyclisation of proteins.483 Similarly, Wu et al. utilised SrtA for head-to-tail 

cyclisation of specific bifunctional peptides484 (Scheme 7). The efficiency of the cyclisation 

seemed to be based on the length of the peptide, and better results were obtained with peptides 

consisting of more than 15 amino acids.484 

 

Scheme 7: Cartoon diagram of the cyclisation of peptides mediated by SrtA. G= Glycine, 

ss=Sorting signal484 

 

Enzymes usually recognise peptides containing L-amino acids.485 Butylase-1, an enzyme ligase 

from pods of Clitoria ternatea, has proven efficient to cyclise macrocycles bearing both D and 

L – amino acids.485-488 This ligase is specific to Asn/Asp and the presence of the dipeptide His-

Val in P1’ and P2’ positions is necessary for the enzyme to recognise the substrate.485-488 

Cyclisation yields varied based on the preferences of the amino acid, ranging from low (< 20%) 

to high (> 90%) yield, and the ligase shows tolerance for both natural and unnatural amino 

acids485 (Scheme 8). 
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Scheme 8:  Synthesis of D-amino-acid-containing analogues of SFTI, conotoxin MrIA, and θ-

defensin mediated by Butelase-1. L- and D- amino acids are shown with upper and lower–case 

letters, respectively. Butelase 1 recognises the C-terminal tripeptide motif NHV. After 

cyclisation, HV is cleaved off and the resulting cyclic peptides consist of Gly and D-amino 

acids, except for Asn. 

 

6.1.2 Solvent Free and Mechanochemical Synthesis 

 

The first successful attempt at synthesising peptides in the absence of solvent was reported in 

2009.489 Lamaty et al. reported the first synthesis of aspartame, a dipeptide used as a sweetener,  

Figure 93(Figure 93) using the ball-milling technique.490,491 Their methodology wasextended 

to tripeptides with high yields.  In future work, the authors optimised the reaction conditions 

and using a minimum amount of EtOAc, a solvent that has been described safe to be used even 

as a food additive, managed to synthesise the pentapeptide Leu-enkephalin (Figure 93) in nine 

steps with very good yield (46% overall yield).492 The nine steps contain no harmful organic 

solvent while even the Boc deprotection steps were done in the absence of solvents (HCl (g)). 

Later on with the use of ball mill, Lamaty et al. reported the successful direct synthesis of tri- 

and tetrapeptides using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) to couple non-

activated N-protected -amino acids with amino esters.493 The synthesis was successful in both 
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GVL and EtOAc and the yields of the reactions ranged from good to excellent (51-91%).493 Of 

note is that α-amino acids were successfully coupled to α-amino esters using again EDC∙HCl 

in conjunction with ball mills for the synthesis of dipeptides but for the reaction the toxic base 

DMAP and the explosive liquid additive, nitromethane, were used.494 The superiority of the 

use of the ball milling technique in terms of yield, purity and environmental impact compared 

to SPPS and solution phase synthesis was proven in the synthesis of the challenging 

tetrapeptide VVIA,495 (Scheme 9) an inhibitor of neurotoxicity induced by an amyloid β 

protein Aβ42496 (Figure 93). 

 

Scheme 9: Synthesis of Boc-VVIA-Obn by the ball-milling approach.495 

 

Other mechanochemical syntheses of dipeptides using 2,4,6-trichloro-1,3,5-triazine and PPh3 

under solvent-drop grinding conditions, 497 synthesis of N-protected amino acids in the absence 

of solvents 498 and the synthesis of ,β- and β,β- dipeptides from β-UNCAs in solvent-free 

conditions 499 have also been reported; thus making the use of ball milling an interesting and 

environmentally benign alternative to the standard peptide synthesis protocol.  

 

Morales-Sernas et al. have employed heterogenous catalysts such as hydrotalcite minerals in 

the presence of EDC and HoBt using DCM to synthesise peptides.500 The protocol recently 

became greener when Landeros et al.  combined all of the above developments (use of milling 

stones, hydrotalcite minerals, and solvent-free conditions) to synthesise α,α-, α,β-, and β,β-
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dipeptides by amidation between N-protected amino acids and amino methyl ester 

hydrochlorides.501 

 

6.1.3 Microwave Irradiation / Water as Solvent 

The pentapeptide Leu-enkephalin (Figure 93) was also synthesised using microwave 

irradiation and water as a solvent for coupling and deprotection.502 The authors suggest a novel 

MW assisted SPPS protocol that combines Boc-protected amino acids, EDC/HONB as 

coupling reagents and a zwitterionic detergent to obtain peptides with only a small amount of 

MeOH during the washing of the Boc-removal step.502  

Kawasaki et al. also reported the synthesis of Leu-enkephalamide on PEG grafted rink amide 

resin using water dispersible nanoparticulate Fmoc503,504 and Boc amino acids.503,505 Grinding 

of Fmoc amino acids in ball-mill with zirconia beads created water dispersible nanoparticles 

of Fmoc amino acids. The authors used WSCD, a water soluble carbodiimide (Figure 92), as 

a coupling reagent and performed deprotection of Fmoc using 0.1 N NaOH in 90 % EtOH. 

HONB and DIEA were used as additive and base respectively. At the final step, the reaction 

mixture was washed with water and the nanoparticles were removed by filtration. With the use 

of microwave irradiation, the authors expanded their methodology to difficult sequences506 and 

to sequences that contain Cys507 and His508 residues with low Cys and His racemisation levels.  
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6.1.4 Leuch’s Anhydrides 

 

 

Scheme 10: Synthesis of NCAs (Leuch’s anhydrides) a) by the Leuch method and b) 

microwave assisted. 

 

It has been over 100 years since Herman Leuchs et al. published the first syntheses and 

properties of α-amino acid N-carboxyanhydrides (NCAs, Leuch’s anhydrides).509-511 The 

original synthesis of NCAs requires the reaction of N-alkoxycarbonyl α-amino acids and a 

halogenating agent with concomitant thermal cyclisation512 (Scheme 10). The preparation of 

these NCAs is usually done in organic solvents.513 These anhydrides are very reactive and have 

been used in peptide synthesis. An advantage of this method is that the amino acids that are 

used do not need to be protected.351,514-516 The NCAs already have an activated CO group (C5) 

that also acts as a protecting group for the amine. From a mechanistic point of view, these two 

key aspects provide the platform for a fast acylation of the amino groups at low temperatures 

(due to the activation of the CO group) and also prevent any reaction of the amino group with 

NCAs.517  
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Scheme 11: Controlled peptide synthesis using a) NCAs, b)TCAs and c) UNCAs.518 

 

A disadvantage of using NCAs is their high reactivity which can result in the formation of 

uncontrolled homopolyamino acids. Under alkaline aqueous conditions and low temperature 

(0 ̊C), NCAs can be mono-coupled to N-unprotected amino acids. Repetition of this process 

results in the synthesis of small oligopeptides (Scheme 11). Through this route NCAs can be 

overcoupled especially if the intermediate carbamic acid that is formed is unstable (Scheme 

11) which will result in the formation of the aminodipeptide in the presence of NCA.  Thio-

analogues of the NCAs have shown an advantage, due to the formation of a more stable 

thiocarbamic acid as the intermediate and a disadvantage due to racemisation (Scheme 11). N 

protection of the NCAs (UNCAs) can be done using Boc or Cbz protecting groups.519 The N 

protection obviously prevents any overreaction while producing CO2 as the only byproduct of 

the coupling reaction (Scheme 11). As stated above, the authors reported the synthesis of α,β- 

and β,β- dipeptides from β-UNCAs in solvent-free conditions using ball-milling.499,518 
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In the presence of triphosgene, amino acids can also produce N-carboxyanhydrides. Recent 

advances in technology allowed researchers to modify the methodology516 by employing MW 

irradiation allowing the condensation under solvent-free conditions351 (Scheme 10). The 

authors applied their methodology using PEG resins, to synthesise peptide amides, on the short 

opioid peptide endomorphin-1 (EM-1) (Figure 93) and reported a successful synthesis with 

moderate yield and purity. 

 

6.1.5 Greener and Safer Solvents and Reagents 

 

 

Figure 92: Chemical structures of commercially available potentially hazardous (left) and 

alternative green (right) additives that are most commonly used in SPPS. 

 

As stated above, the high toxicity of DMF and its environmental impact encouraged and 

inspired many researchers to find suitable alternative solvents that could be used in peptide 

synthesis while retaining the simplicity of the standard protocol. Even though McMillan et 

al.520 did not directly test their findings on peptide synthesis, they have reported a screening of 

different solvents and their impact on four amide bond forming reactions.520 The results of their 



214 

 

evaluation suggest that dimethyl carbonate  (DMC) , EtOAc and 2-MeTHF can be used to 

replace DMF and DCM in amide coupling processes with satisfactory results.520  

 

Undoubtedly, Albericio’s lab has made significant contributions in traditional peptide synthesis 

as well as in making the protocol greener and safer. The explosive nature of HOBt 521 and 

HOAt,  along with the toxicity of HATU, lead the lab to investigate and report third generation 

coupling reagents and suppressors of racemisation. Many researchers have used OxymaPure401 

and  K Oxyma522 (Figure 96) to suppress racemisation and COMU417,418,523 (Figure 96) instead 

of HCTU and HATU as a coupling reagent with excellent results. In some cases, coupling with 

COMU resulted in better yields when compared to HATU and HDMA.417 Preliminary concerns 

of COMU’s stability in DMF and other organic solvents524 due to hydrolysis have been recently 

overcome with the authors reporting in depth studies of COMU’s very good stability in 

green/greener solvents.525 Differential scanning calorimetry (DSC), a technique used to detect 

the kinetics of decompositions, was also performed and the results proved the non-autocatalytic 

nature of the morpholonium and oxime-based COMU in comparison with the autocatalytic 

nature of the benzotriazole based HDMA and HDMB. These results further proved the safety 

of COMU and the minimum risk of a sudden explosion due to thermal runaway.417  More 

information on the advances and the evolution of the oxyma based reagents can be found in an 

excellent review written by the original authors.526 The lab also reported studies using THF and 

ACN in peptide synthesis substituting DMF, with results comparable and in some cases even 

better than DMF.527 These solvents, although not considered green, constitute an 

environmentally friendlier approach to DMF and DCM. Later on, the lab expanded McMillan’s 

methodology using  2-MeTHF and cyclopentyl methyl ether (CPME) providing an alternative 

green solution to THF and ACN for the synthesis of amide bonds in peptide synthesis.528 The 

results of their study showed that even though the amino acids were dissolved in the solvents 
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and the resin was swollen sufficiently, Fmoc deprotection using 20% piperidine in these 

solvents was not successful.528 This obstacle was recently resolved when the authors screened 

different piperidine cocktails using a range of solvents in both Chem Matrix529 and PS resins.530 

The results highlight the difficulties of the Fmoc removal step but also suggest that NFM and 

GVL, followed by PhCF3, are the most efficient green alternatives for DMF.529,530 The authors 

were able to successfully apply their protocol to the synthesis of Aib-enkephalin pentapeptide 

(H-Tyr-Aib-Aib-Phe-Leu-NH2) (Figure 93)  and Aib-ACP decapeptide (H-Val-Gln-Aib-Aib-

Ile-Asp-Tyr-Ile-Asn-Gly-NH2) (Figure 93) on PS resin.530 The synthesis of these two peptides 

is considered challenging due to the Aib-Aib moiety531 thus further emphasising the importance 

of the reliability of their results for difficult sequences as well.  Albericio’s lab also reported 

the use of cyclopentyl methyl ether as a substitute to the commonly used diethyl and tert butyl 

ethyl ethers for the precipitation of the crude peptide upon global deprotection.532 

 

COMU was also used for the amide bond formation and the synthesis of dipeptides in the 

presence of TPGS-750-M,533a designed surfactant that, when dissolved in water, assembles 

into nanomicelles.534,535 The authors reported the synthesis under environmentally benign 

conditions. Several important aspects of the methodology were the use of water as a solvent 

and COMU as the coupling agent, the low racemisation and E factor, and the recyclability of 

the reaction medium.  

 

More recently, Lawrenson et al. showed that PC can substitute DMF during all steps of the 

synthesis in both liquid and solid phase synthesis using either the Fmoc or Boc strategy.536 The 

racemisation of the activated amino acids in PC is negligible and the methodology was applied 

to the synthesis of the nonapeptide bradykinin (an inflammatory mediator) (Figure 93).536 The 

authors have also reported extensive and in-depth studies screening different green solvents 
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and their ability to swell the most commonly used resins.537 Interestingly, the authors report 

that the piperidine cocktail needs to be freshly prepared but no data on the stability of piperidine 

in PC are given. The most recent report on the greening of peptide synthesis comes from 

Novartis Pharmaceutical.538 The scientific research team at Novartis screened a series of 

solvents and provided in depth information regarding all challenging steps of the synthesis. Out 

of the 34 solvents that were screened, NBP was found to have the optimal performance for all 

the steps and was successfully used for the synthesis of the linear precursor of the cyclic peptide 

octeotride, which is manufactured by Novartis and is used for the treatment of gigantism 

(Figure 93).539  

 

Figure 93: Chemical structures of the peptides synthesised with greener approaches. 

Analogues of Leu-enkephalin were also synthesised exchanging the Gly-Gly moiety shown 

in red with the Aib residue. 351,490-493,502,503,505,530,536,539 
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6.2 Results and Discussion 

 

As stated in the previous section, several attempts were made to establish a greener SPPS.  

Inspired by the use of PC as a substitute for DMF in the synthesis of a nonapeptide (bradykinin), 

the synthesis of peptides that are longer and more challenging to synthesise was attempted in 

order to expand published methodology. Additionally, HCTU and HOAt were exchanged with 

COMU and K-Oxyma to test the efficacy of these greener coupling reagents.   

The authors initially reported the swelling of several resins in different solvents including 

PC.537 Using PC, ChemMatrix and Tentagel followed by Wang resins swell sufficiently and 

comparably to DMF. Due to the expensive nature of ChemMatrix, initial attempts were made 

on chlorotrityl, Wang and Tentagel resins to synthesise peptide 2 reported in Chapter 6 and 

peptide 17, a lipopeptide analogue of battacin previously reported by our group (Figure 94).412  
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Figure 94 Chemical structures of peptides 2 and 17 and CJ.15, 208. 

 

When synthesis of peptide 2 was attempted on chlorotrityl resin using PC, the first amino acid 

(Arg) was not able to load probably due to the resin’s inability to swell enough. A Wang resin 

preloaded with Arg was then used. Fmoc deprotection using 20% piperidine in PC (freshly 

prepared) was unsuccessful even after two runs of 20 minutes each (Kaiser test). The 

deprotection was performed using 20% piperidine in DMF and was successful (Kaiser test).  

Upon deprotection with piperidine/DMF, attempts to couple the next amino acid using 

COMU/K-oxyma/DIPEA in PC were unsuccessful even after a two-hour coupling (Kaiser 
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test). A second coupling (overnight) using the same conditions was performed and the coupling 

was still unsuccessful. The assembly of peptide 2 on Wang resin was therefore abandoned.  

 

To examine the synthesis of peptides on Tentagel resin using PC, the synthesis of peptide 17 

was attempted. Tentagel, Rink amide is first coupled and therefore the peptides yielded are in 

their amidate form and not as free acids, therefore peptide 17 (and not peptide 2) was chosen 

which unlike peptide 2 is a peptide that bears two NH2 groups at both C- and N –termini. The 

resin swells adequately similar to what the authors previously published. 537 Following the 

reported protocol 536 the resulted crude peptide was characterised by MALDI and the mass 

corresponded to a peptide with a deletion of the first Leu and the final fatty acid (4-methyl 

hexanoic acid) . 

 

 

Figure 95: Chemical structure of DMF (left) and PC (right). 

 

These results highlight the importance of the resin swell, and the solvent effect on the coupling 

efficacy of the reagents. Focus was then shifted to the synthesis of a shorter peptide because 

the steps towards its synthesis would be easier to monitor. For this reason, the linear precursor 

of the cyclic tetrapeptide CJ-15, 208, a kappa opioid receptor antagonist540 was synthesised 

(Figure 94). The linear peptide was successfully synthesised on ChemMatrix resin using PC. 

The HPLC chromatogram of the crude peptide revealed that even though the synthesis was 

successful, the purity was not comparable to the synthesis done using DMF (Figure 96). 

Despite the poor purity, the cyclisation step was attempted to investigate whether the key 
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cyclisation step would be successful using PC as a solvent. To date, the only reported 

environmentally benign method that has been used for cyclisation of peptides is with the use 

of enzymes such as sortases as seen in the previous section (p.205). 480-482  One hindrance of 

this method is that enzymes require a recognition site. 

 

 Due to the resulted low yield of the linear precursor of CJ-15, 208 using PC, the cyclisation 

was performed on the crude linear protected peptide without further purification. The 

cyclisation was successful in 4 hours using PC as the solvent, DIPEA as the base and PyaOP 

as the coupling agent as shown by ESI/MS (Figure 97). Despite the fact that PC is a green 

solvent, one of the obstacles that needs to be overcome is the evaporation of the solvent. The 

solvent has a very high boiling point (242 ̊C) and the in vacuo evaporation is almost impossible 

and requires significantly elevated temperatures that may lead to cyclodimerisation. The 

authors report the use of a short-path distillation apparatus upon extraction with EtOAc to 

evaporate some of the remaining solvent and then the use of column chromatography to fully 

purify any remaining solvent (Professor M. North’s personal communication). Following their 

steps and upon extraction with EtOAc, the distillation was not successful, even at temperatures 

as high as 170oC. A possible reason for this could be the differences between the apparatus 

used for this thesis and the apparatus of North’s group. Nevertheless, the fact that a challenging 

cyclic tetrapeptide was successfully synthesised using PC is a promising platform for further 

investigation of the use of green solvents for the key cyclisation step. 
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Figure 96:  Synthesis of the linear tetrapeptide CJ 15,208 in A) DMF and B) PC. Arrows point to the desired peptide.
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Figure 97:  ESI/MS of the cyclised CJ 15,208 in PC. 

 

6.3 Discussion 

 

As mentioned above, the simplicity and reproducibility of the standard solid phase peptide 

synthesis protocol (SPPS) established it as the main protocol for the synthesis of peptides. To 

date, several attempts were made for a greener protocol. The promising results of all these 

attempts mainly rely on the moderate to high yield while retaining low to zero racemisation. 

Even though the use of enzymes, ball milling and NCAs gave satisfactory results, these 

methods are not easy to use, require specific equipment and laborious procedures. Even though 

UNCAs provide some advantages over NCAs, such as having CO2 as the only byproduct and 

preventing overreactions as stated above, their synthesis is strenuous and at the final step the 

deprotection of all the protecting groups will still yield a high percentage of organic waste. 

Further attempts for enzymatic approaches were also made,541  but the use of organic solvent 

was still necessary and the procedures were complicated (especially when compared with the 
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simple standard Fmoc protocol) with many parameters that could affect not only the yield of 

the synthesis but the success of each step as well. The surfactant TPGS-750-M also makes an 

important improvement in the timeline towards a greener protocol but only if the reported 

methodology can be applied to larger and more challenging sequences. It is noted here that 

more attention should be focused on NCAs since the absence of any protecting groups renders 

them a green and environmentally benign approach to peptide synthesis and not just a greener 

attempt.  

 

Regarding the solvents used, all the research data seem to suggest that a dual solvent system 

might be ideal for SPPS.538 The deprotection of the Fmoc seems to be more favourable in polar 

aprotic solvents and in contrast the amide bond is formed faster in nonpolar aprotic solvents. 

From an industrial point of view though, the use of a mixture of solvents makes the recycling 

process more expensive and arduous and the regulations that a manufacturing company has to 

implement are more complicated.538 

 

The most important changes that need to be adopted are the use of third generation coupling 

reagents, such as COMU, that have been proven to be safer and result in excellent yields with 

low racemisation, and the use of green solvents, such as GVL, PC and NBP. None of the 

methods mentioned above have been used for longer sequences and sequences prone to 

aggregation but the fact that propylene carbonate showed good results in all the steps of the 

synthesis (from resin swelling to a good purity of crude product) of a nonapeptide and based 

on the recently reported stability of COMU in GVL points towards a promising direction. To 

further establish this new direction, the stability of both COMU and piperidine in PC and NBP 

should be thoroughly investigated.  
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Modifications such as cyclisation of peptides have been reported to play crucial roles in the 

antimicrobial activity and stability of the peptide. Even though the authors did report the 

synthesis of a linear precursor of octeotride in NBP, the final cyclisation was not reported. 

Therefore, an extension of these methodologies to include methods that are commonly used to 

modify peptides (such as cyclisation and N-methylation) is of significant importance. 

Additionally, challenging sequences that need the introduction of capping steps (usually 

performed with acetic anhydride in DMF) and syntheses using Mitsunobu rearrangements 

(usually performed in organic solvents)542 would also need to be attempted using green 

solvents. Success of these syntheses would mark a new era in peptide synthesis. 

 

A final note on the expenses, since the cost of any methodology is taken into serious 

consideration both for academic and industrial purposes. As can be seen from Table 21 below, 

propylene carbonate can be found at a reasonable price compared to DMF. On the other hand, 

GVL is not readily available from many companies yet. In the case of reagents, unfortunately, 

COMU’s price might be prohibitive, especially for labs that are mainly focused on peptide 

synthesis and large amounts of reagents are needed. Since the synthesis of the reagent is not 

challenging,417 with more and more labs and pharmaceutical companies moving towards 

greener options for peptide and pharmaceutical syntheses, it will not be too long before global 

chemical vendors meet the increased demand to manufacture such reagents and solvents 

making these more readily available at reasonable prices.  
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Table 21 Costs of the most important reagents and solvents as found in the databases of three 

large suppliers. 

Solvent 

Reagent 

Price (L) or 100g (NZD) 

 Merck  Sigma AK 

Scientific 

PC 53.86 197 48 

DMF 50.26 113 - 

GVL - 126.50 - 

NBP - 522.00 - 

COMU 577.5 1655 220 

HATU - 2790 130 

Oxyma - 502 29 

HCTU 380 803 75 

HoBt - 380 101 

 

6.4 Future Direction 

 

Despite the fact that the synthesis of the nonapeptide bradykinin was reported successfully 

using PC as a substitute to DMF, data from this thesis show that the methodology still needs 

fine tuning and further development. The fact that the coupling efficiency in PC is remarkably 

lower when compared to DMF (as shown by the evidence that each amino acid needs to be 

coupled at least twice) along with the fact that the 20% solution of piperidine in PC needs to 

be freshly prepared due to the reaction of piperidine with PC, renders this methodology less 

appealing in its current form.  Several key aspects (mentioned below) need to be screened and 

monitored prior to substituting DMF with PC: 
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 The authors report that PC reacts slowly with piperidine (Professor M. North personal 

communication) and therefore the solution of piperidine in PC needs to be freshly 

prepared. This renders PC unfit for use with peptide synthesisers because the 

synthesisers use a stock solution of the 20% piperidine cocktail. Nevertheless, to date 

no data on the reaction of piperidine (time over products) have been reported. If the 

reaction occurs slowly, perhaps an overnight solution can still be of use. 

 The stability of COMU has been evaluated in various green and toxic solvents but the 

authors did not report the stability of the coupling agent in PC. 

 Even though many reports can be found on linear peptides, presently no report on the 

key cyclisation step could be found. The key cyclisation step is usually performed in 

solution and therefore evaporation of the solvent is necessary prior to purification. The 

reported use of the short path distillation apparatus raises significant concerns. The use 

of high temperatures is not a green and sustainable method and furthermore free amines 

are prone to reactions with carbonates especially at high temperatures. Therefore, a 

screening of different solvents for the key cyclisation step could potentially reveal a 

solvent more suitable than PC in all sustainable aspects. 
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6.5 Experimental Section 

 

6.6 Synthesis and Characterization of Peptides:  

 

All the peptides were manually synthesized and purified following the Protocol A -General 

Synthetic Protocol that was described in Chapter 4. As mentioned above, the peptides were 

assembled on either chlorotrityl, wang, tentagel or ChemMatrix resins. Removal of Fmoc was 

performed using a 20% piperidine in either DMF or PC. The resins were washed several times 

with the appropriate solvents (DMF or PC) prior to characterization of the purity of the peptides 

using analytical HPLC and the mass of the peptides using ESI/MS respectively as mention in 

the Synthetic Protocol described in Chapter 4.  
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CHAPTER 7: Conclusions  

 
  

This chapter summarises the conclusions derived from the 

previous chapters and provides a potential plan for future 

development. 
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7.1 Conclusion and Future Directions 

 

Bacterial infections can cause numerous diseases, several of which can be fatal.  The ability of 

bacteria to create resistance against current antibiotics necessitates the need for novel 

antibiotics that can provide shielding against infections from such resistant strains.  

 

Due to the biological importance of peptides, this thesis is focused on the synthesis, 

characterisation and biological evaluation of several peptides (Chapters 3-6). Chapter 3 reports 

the first synthesis of the human autophagy, 16 polypeptide (Atg16) (K5), and initial attempts 

to enhance the activity of the peptide against bacterial strains. Analogues bearing the unnatural 

amino acid Nal in the place of Phe were found to be more active and peptide K23, the peptide 

possessing both Nal and a higher charge, was the lead compound for further investigations. 

Using fluorescent dyes and microscopy, the membranolytic effect of the peptide against the 

pathogens was proven. Additionally, ROS studies revealed an auxiliary mode of action through 

the production of free radicals.  

 

Even though the activity of peptides K5, K9, K15 and K23 was promising, additional studies 

were considered necessary to enhance the activity and reduce the length of the peptides. 

Chapter 4 reports the design and the synthesis of a library of peptides which are truncated 

versions of peptide K23. The most potent analogue was further developed by acetylation and 

several other peptide-analogues were synthesised. Results show that the most potent N-

acetylated peptide-analogue was K30, an analogue that bears 4-methyl hexanoic acid at the N- 

terminus. This is in agreement with studies previously reported by our group on battacin, a 

lipopeptide that showed enhanced activity once conjugated with 4-methyl hexanoic acid. 

Microscopic studies revealed that the peptide caused disruption of the membranes of bacterial 
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cells and concomitant detachment of the cell wall leading to cell death. The NMR of free K30 

in solution and in lipid-bound state, showed that the peptide is found unordered in buffer but 

adopts the interesting motif helix-loop-helix once bound in D8PG micelles.  

 

Further attempts to enhance the activity of K30 through organometallic conjugation and 

branched versions of the peptide unfortunately failed, pointing to the required appropriate 

balance in the hydrophobicity-activity-toxicity relationship.  Despite this though of particular 

interest for future experiments would be the evaluation of the stability of both peptide K30, the 

organometallic analogues and the branched versions of the peptide in the presence of blood 

serum. These type of assays may prove that even though conjugation to organometallics or 

branching of the peptide did not result in significant activity there might have been a beneficial 

effect on the bio-stability and bio-availability of the peptide. 

 

For future direction the attention for this family of peptides (Atg16) will be shifted on 

investigation of their role in autophagy. As explained in Chapter 3 Atg16 forms a complex with 

Atg5, which plays a crucial role in autophagy. This has inspired us to conduct some 

experiments to further reveal if Atg16 (K5) and its analogues showed any effect on autophagy. 

Preliminary results show that K6 can inhibit autophagy whereas K5 and K15 showed the 

potential to activate autophagy. Chloroquine (CQ), a known autophagy inhibitor,543 was used 

as the control of this assay (Figure 98 A). One of the obstacles during this screening, was the 

fact that even though the peptides are dissolved in water, upon addition of the media used for 

the bioassays of the cancer cell lines the peptides precipitate as can be seen under microscope. 

This is possibly due to high quantity of the serum present in the media. This precipitation is the 

main reason behind the significant error bars of the assays and the inconsistency of the results 

(Figure 98 B). 
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Figure 98: A) Average results of four experiments of 100uM of peptides in the presence of 

CQ against HeLa cell line B) Residues of peptide K9 on the plate even after multiple cell 

washes as observed under light microscope. The experiments were performed by Dr. 

Euphemia Leung at FMHS (Faculty of Medical and Health Science-University of Auckland) 

 

As a future plan the peptides can be attached to a cell penetrating peptide (CPP) such as TAT.544 

This may serve a double purpose. The peptides may be more soluble due to the presence of the 

polyarginine stretching of TAT molecule, and secondary this might increase the peptides 

activity due to a better penetration of the peptide into the cell. An excellent example of this is 

the peptide Tat-beclin 1.545 Attachment of residues 267–284 of beclin 1 to the CPP TAT, 

resulted in a peptide that inhibits autophagy.545 This peptide is commercially available from 

Novus Bio and can be used as the positive control for these assays. 

 

In Chapter 5, the attention was shifted to continuing studies conducted in the lab by previous 

researchers on peptides that bear the 2-Abz-D-Phe turn and their propensity to adopt a β-hairpin 

structure. Both the designed linear and cyclic peptides showed remarkable activity against the 

pathogens tested with some of the peptides showing low micromolar activity against MRSA. 

The most potent peptide revealed to be the cyclic peptide KV11 that bears two symmetrical 

turns, similar to gramicidin S. An important finding of this chapter was the peptides’ ability to 

adopt a perfect β-sheet structure only if the turns bear one D and one L-alanine. A similar 

finding has been reported by Garcia A. et al. who discovered the importance of heterochirality 

A) B) 
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in the propensity for hydrogels. 459 Due to time restrains the NMR assignments were not 

completed but preliminary results reveal a β taco shaped structure for peptide KV8. All the 

data seem to highlight that one D-alanine and one L-alanine on the two symmetrical turns seems 

to result in a β sheet structure. As a proof of principle this two symmetrical heterochiral turns 

can be used on shorter peptides that are usually found in random coil to observe whether the 

results will be the same as the ones reported on Chapter 5. 

 

Despite their biological significance, the synthesis of peptides is accompanied by enormous 

toxic waste. In an attempt to establish a greener peptide synthesis protocol, DMF was 

exchanged with PC, a green solvent. Preliminary results show that PC can be used for the 

synthesis of peptides but not in comparable purity to DMF. Interestingly, the solvent was 

successfully used for the cyclisation of the cyclic tetrapeptide CJ.15.208, a kappa opioid 

receptor antagonist. 540 This promising result can be further examined in the future. All the 

green/er solvents and different methodologies that have been used so far for the greening of 

peptide synthesis and are mentioned in Chapter 6, can be re-assessed and compared on the key 

cyclisation step. The results from this screening may shed some light in making the peptide 

synthesis an environmentally benign process.  

 

 

 
 

 
 
 

 
 

 
 
 

 
 

 



233 

 

 
 

 
 

 
 
 

 
 

 

 

APPENDICES 



234 

 

Appendix A: Physical Characteristics of Peptides 

Peptide HPLC gradient 

(% solvent B; 

Time) 

HPLC tR (min) 

and % Purity  

Molecular  

Formula 

Calculated MW 

(Da) for [M + H] 
+ 

Observed m/z 

K5 15-60%; 30 min 19.29; 97.5% C196H323N65O50S 4420.45 885.29 [M + 5H] 5+ 

K6 15-50%;20 min 15.69;97.2% C96H154N28O29 2164.14 1083.08 [M + 2H] 2+ 

K6.1 15-50%;20 min 13.01;95.5% C100H156N28O29 2214.16 2214.38[M + H] + 

K7 5-60%;20 min 13.02;97.3% C48H81N11O12 1004.61 1004.61[M + H] + 

K8 5-60%;20 min 15.31;98.6% C76H125N27O18S 1736.94 868.98 [M + 2H] 2+ 

K9 15-60%;35 min 20.4; 99.0% C200H325N65O50S 4469.45 895.30 [M + 5H] 5+ 

K11 15-50%;20 min 19.31;97.8% C114H188N34O32 2546.41 1274.21 [M + 2H] 2+ 

K13 15-50%;20 min 17.72;95.9% C118H190N34O32 2596.43 866.48 [M + 3H] 3+ 

K14 15-50%;20 min 17.20;95.7% C64H106N14O19 1375.78 1375.78 [M + H] + 

K15 15-60%;35 min 20.6; 96.1% C200H325N65O50S 4469.45 1491.82 [M + 3H] 3+ 

K17 10-60% ;30 min 15.00; 98.0% C105H181N45O26 2489.42 831 [M+3H]3+ 

K18 15-60%;38 min 13.40;96.0% C122H203N49O30 2835.59 2835.29[M + H] + 

K22 15-60%;38 min 11.50; 99.0% C126H205N49O30 2885.60 2886.56 

K23 15-60%;35 min 20.56; 98% C195H318N64O47S 4340.42 1448.82 [M + 3H] 3+ 

K30 20-60%;38 min 11.80; 96.0% C133H218N50O30 2996.71 2995.39 

K31 20-60%;38 min 18.60; 97.0% C140H232N50O30 3094.82 3095.47 

K33 20-60%;38 min 21.40;97.0% C126H206N50O29 3122.85 3125.07 

K36 15-60%;38 min 18.50;97.0% C141H215N49O32 3107.67 3107.90 [M + H] + 

K37 15-60%;38 min 13.70;98.0% C129H210N50O31S 2987.61 2987.60 

K39 15-60%;38 min 17.30;97.0% C32H46N6O10 674.33 678.05 

K40 15-60%;38 min 16.70;96.0% C136H222N50O32S 3099.70 3100.85 

K41 15-60%;38 min 14.80;98.0% C290H466N106O72S2 6649.55 6640.66 

K42 15-60%;38 min 17.70;98.0% C304H490N106O74S2 6873.73 6862.81 

K43 15-60%;38 min 13.20;97.2% C129H210N50O31S 2987.61 2987.12 

K44 15-60%;38 min 16.30;95.0% C136H222N50O32S 3099.70 3101.88 

K46 15-60%;38 min 19.30;97.0% C136H224N50O30 3037.75 3038.77 
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K47 15-60%;38 min 14.4;98.0% C290H460N106O72S 6611.53 6600.04 

K48 15-60%;38 min 17.5;95.0% C296H490N110O74S 6801.77 6821.41 

K49 15-60%;38 min 11.15;59.52% C137H214FeN50O30 3095.61 3096.52 

K53 15-60%;38 min 16.86;99.2% C139H226FeN48O31 3121.49 3147.81 

K54 15-60%;38 min 16.86;97.7% C143H222Fe2N48O31 3221.34 3246.56 (+Na) 

K57 15-60%;38 min 88.09;85.8% C137H227FeN51O31 3138.71 3138.82 

K58 15-60%;38 min 81.92;80.5% C141H223Fe2N51O31 3238.61 3238.84 

K63 15-60%;38 min 17.71;97.8% C143H236Fe2N50O32 3293.70 3294.04 

K64 15-60%;38 min 17.68;95.0% C147H232Fe3N50O33 3393.61 3393.79 

2  15-60;35min 11.61;99% C93H142N34O15 1976.14 1976.30 

KV2 15-60;35min 12.32;95% C95H144N30O14 1958.13 1959.97 

3 15-60;35min 11.68;98.5% C95H144N30O14 1948.16 1949.48 

KV3 15-60;35min 12.10;98.6% C95H144N30O14 1930.15 1931.69 

KV8 15-60;35min 14.20;98.9% C120H174N34O18 2380.93 2381.75 

KV9 15-60;35min 12.39;98.6% C101H154N32O17S2 2152.67 2154.73 

KV11 15-60;35min 12.26;99.0% C120H174N34O18 2380.93 2381.51 
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Appendix B: HPLC Traces 
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Appendix C: HRMS (ESI) and MALDI/TOF Spectra 

 

 

Figure C1: ESI-MS spectra of compound K5 

 

Figure C2: ESI-MS spectra of compound K6 
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Figure C3: MALDI/TOF spectra of compound K6.1 on CHCA matrix 

 

 

Figure C4: ESI-MS spectra of compound K7 
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Figure C5: ESI-MS spectra of compound K8 

 

 

Figure C6: ESI-MS spectra of compound K9 
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Figure C7: ESI-MS spectra of compound K11 

 

 

Figure C8: ESI-MS spectra of compound K12 
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Figure C9: ESI-MS spectra of compound K13 

 

 

Figure C10: ESI-MS spectra of compound K14 
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Figure C11: ESI-MS spectra of compound K15 

 

 

 
Figure C12: ESI-MS spectra of compound K17 
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K18 

 
Figure C13: MALDI/TOF spectra of compound K18 on a CHCA matrix 

 
Figure C14: MALDI/TOF spectra of compound K22 on a CHCA matrix 
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Figure C15: ESI-MS spectra of compound K23 

 

 

 
Figure C16: MALDI/TOF spectra of compound K24 on a CHCA matrix 

 

 

 

 [M + 3H] 3+ 
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Figure C17: MALDI/TOF spectra of compound K28 on a CHCA matrix 

 

 
Figure C18: MALDI/TOF spectra of compound K30 on a CHCA: DHB matrix (1:1) 
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Figure C19: MALDI/TOF spectra of compound K31 on a CHCA: DHB matrix (1:1) 

 

 

 
Figure C20: MALDI/TOF spectra of compound K33 on a CHCA: DHB matrix (1:1) 
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Figure C21: MALDI/TOF spectra of compound K36 on a CHCA: DHB matrix (1:1) 

 

 
Figure C22: MALDI/TOF spectra of compound K37 on a CHCA: DHB matrix (1:1) 



268 

 

 

 
Figure C23: MALDI/TOF spectra of compound K39 on a CHCA: DHB matrix (1:1) 

 

 

 
Figure C24: MALDI/TOF spectra of compound K40 on a CHCA: DHB matrix (1:1) 
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Figure C25: MALDI/TOF spectra of compound K41 on a CHCA: DHB matrix (1:1) 

 

 

 
Figure C26: MALDI/TOF spectra of compound K42 on a CHCA: DHB matrix (1:1) 
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Figure C27: MALDI/TOF spectra of compound K43 on a CHCA: DHB matrix (1:1) 

 

 

 
Figure C28: MALDI/TOF spectra of compound K44 on a CHCA: DHB matrix (1:1) 
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Figure C29: MALDI/TOF spectra of compound K46 on a CHCA: DHB matrix (1:1) 

 

 

 
Figure C30: MALDI/TOF spectra of compound K47 on a CHCA: DHB matrix (1:1) 
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Figure C31: MALDI/TOF spectra of compound K48 on a CHCA: DHB matrix (1:1) 

 

K49 

 

Figure C32: MALDI/TOF spectra of compound K49 on a CHCA: DHB matrix (1:1) 
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Figure C33: MALDI/TOF spectra of compound K53 on a CHCA: DHB matrix (1:1) 

 

Figure C34: MALDI/TOF spectra of compound K54 on a CHCA: DHB matrix (1:1) 
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Figure C35: MALDI/TOF spectra of compound K57 on a CHCA: DHB matrix (1:1) 

K58 

 

Figure C36: MALDI/TOF spectra of compound K58 on a CHCA: DHB matrix (1:1) 
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Figure C37: MALDI/TOF spectra of compound K63 on a CHCA: DHB matrix (1:1) 

 

Figure C38: MALDI/TOF spectra of compound K64 on a CHCA: DHB matrix (1:1) 
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Figure C39: MALDI/TOF spectra of compound 2 on a CHCA matrix 

 

Figure C40: MALDI/TOF spectra of compound KV2 on a CHCA matrix 
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Figure C41: MALDI/TOF spectra of compound 3 on a CHCA matrix 

 

Figure C42: MALDI/TOF spectra of compound KV3 on a CHCA matrix 
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Figure C43: MALDI/TOF spectra of compound KV8 on a CHCA matrix 

 

 

Figure C44: MALDI/TOF spectra of compound KV9 on a CHCA matrix 
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Figure C45: MALDI/TOF spectra of compound KV11 on a CHCA matrix 
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Appendix D: NMR Traces of Compounds 

FcLys 

1H NMR (400MHz, CDCl3) 

 

 

 

 

 

 

 

 

 

13C NMR (100MHz, CDCl3) 
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K5 

*1H NMR spectrum of K5 in H2O-D2O (90:10) at 800 MHz at 308 K. 
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K9 

*1H NMR spectrum of K9 in H2O-D2O (90:10) at 800 MHz at 308 K. 
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K15 

*1H NMR spectrum of K15 in H2O-D2O (90:10) at 800 MHz at 308 K. 
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K23 

*1H NMR spectrum of K23 in H2O-D2O (90:10) at 800 MHz at 308 K. 
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*1H NMR spectrum of K5, K9, K15 and K23 in H2O-D2O (90:10) at 800 MHz at 308 K. 

 

 

Partial (amide and aromatic region) 800 MHZ 1H spectra of K5, K9, K15 and K23 in water 

at 308K. 
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K30 

 

1H NMR spectra of K30 in aqueous solution, SDS or D8PG micelles. (310K, Bruker Avance 

III 500 MHz NMR spectrometer, equipped with SMART probe) 

 

. 
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*1H NMR spectrum of KV2, KV3,KV8,KV9 and KV11 in H2O-D2O (90:10) at 700 MHz at 

308 K. KV2 and KV3 also  contained  30 mM d25 SDS. 

 

 
 

 

KV11 

KV9 

KV8 

KV3 

KV2 
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Appendix E: SEM and TEM Images of Control and Treated Bacterial Cells 

 

P. aeruginosa control 
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P. aeruginosa treated with 27μΜ οf K30 

 

 

P. aeruginosa treated with 12.5 μM of KV11 
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E. coli control cells 
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E. coli treated with 12.8 μM of K30 

 

E. coli treated with 3.12 μM of KV11 
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S. aureus control cells 
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S. aureus cells treated with 1.8 μM of K30 

 

 

S. aureus cells treated with 0.38 μM of KV11 
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MRSA control cells 
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MRSA treated with 6.25 μM of KV11 
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P. aeruginosa control cells 

 

 

P. aeruginosa treated with 3.6 μM of K30 

 

 

P. aeruginosa treated with 25 μM of KV11 
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E. coli control cells 

 

E. coli treated with 80 μM of K23 

 

E. coli treated with 25.6 μM of K30 

 

E. coli treated with 6.24 μM of KV11 

 



298 

 

S. aureus control cells 

 

S. aureus treated with 12 μM of K23 

 

S. aureus treated with 3.6 μM of K30 

 

S. aureus treated with 0.76 μM of KV11 
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MRSA control cells 
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MRSA treated with 12.5 μM of KV11 
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