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Abstract 

 

Enterocin 7 is a two-component, leaderless bacteriocin comprised of an A and B peptide 

and produced by Enterococcus faecalis 710C. The secondary structure of enterocin 7B was 

investigated through circular dichroism. A high degree of α-helicity was discovered by circular 

dichroism, regardless of solvent. The solution structure of enterocin 7B was solved based on 

NMR spectroscopic data. The peptide was found to consist of three amphipathic α-helices, 

confirming the high degree of helicity predicted by circular dichroism. The overall structural fold 

in enterocin 7B was identified in other leaderless and circular bacteriocins and is a privileged 

motif in these classes of antimicrobial peptides.  

 Subtilosin A is a circular, sactibiotic bacteriocin isolated from Bacillus subtillus JH642. 

This highly hydrophobic peptide of 34 amino acid residues contains three thioether bonds 

between the sulphur of cysteine side chains, at position 4, 7, and 13, and the α-carbon of 

partnering amino acids (Phe31, Thr28, and Phe22, respectively). A previous study of the solution 

structure of subtilosin A determined the stereochemistry of each α-carbon of Phe31, Thr28, and 

Phe22 to be D, D, and L, respectively. The all D energy minimization calculation was very close 

in energy to the reported D,D,L isomer, and therefore the crystal structure of this peptide is 

desirable. The solubility of subtilosin A was investigated; cyclodextrins were used as additives to 

increase the solubility of subtilosin A.  A biotin bioconjugate of subtilosin A was synthesized to 

use as a non-covalent co-crystallization partner with streptavidin. A Meldrum’s acid derivative 

was synthesized to conjugate subtilosin A with carbonic anhydrase for use as a covalent co-
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crystallization partner. Efforts are underway to optimize the linkage between subtilosin A and 

carbonic anhydrase using the Meldrum’s acid derivative.  

 Phenol-soluble modulins are virulence factors produced by a wide variety of 

staphylococcus bacteria. Of particular interest are the phenol-soluble modulins produced by the 

multi-drug resistant Staphylococcus aureus.  Phenol-soluble modulins α1, and α3 were 

synthesized by solid phase peptide synthesis and phenol-soluble modulin β2 was isolated as a 

fusion protein with the small-ubiquitin like modifier protein that was subsequently cleaved. The 

secondary structure of these peptides was investigated using circular dichroism. Each peptide 

was found to be α-helical in a solution of 50 % trifluoroethanol: water. The solution structure of 

each peptide was solved using NMR spectroscopic data. Phenol-soluble modulins α1, and α3 

were each found to be a single amphipathic α-helix and phenol-soluble modulin β2 was found to 

be comprised of three amphipathic α-helices that pack in such a way as to give a hydrophobic 

core and hydrophilic surface. The structure of phenol-soluble modulin α1 differed slightly from a 

predicted structure previously reported. Phenol-soluble modulin β2 was found to be primarily α-

helical, despite the low values of α-helicity predicted by circular dichroism.   

 Neopetrosiamide A and B are tricyclic peptides isolated from the marine sponge 

Neopetrosia spp. These peptides are potent metastasis inhibitors and they differ from one another 

only in the stereochemistry of the sulfoxide moiety of the oxidized methionine at position 24. 

Analogues of these peptides in which the methionine sulfoxide is replaced with various non-

canonical and canonical amino acids revealed reduced or abolished activity, suggesting a 

mechanistic ‘hot-spot’ of this peptide. Efforts to reduce the synthetic steps required to form the 
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three disulfide bridges by substituting the cysteine residues with hydrophobic residues were 

unsuccessful, indicating that the native neopetrosiamide is held tightly together by the three 

disulfides. Attempts to isolate and identify the biological receptor of neopetrosiamides through 

fluorescent labeling were unsuccessful. New folding studies using structure inducing solvents did 

not greatly improve the global oxidation of the cysteine residues to the correct disulfide 

connectivity. However, the use of chaotropic salts improved the global oxidation, resulting in a 

1:1 mixture of desired neopetrosiamide with correct disulfide connectivity to undesired 

neopetrosiamide with incorrect disulfide connectivity.  
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Preface 

Parts of Chapter 2 of this thesis have been published as Lohans et al. Biochemistry 2013, 

52, 3987-3994. I isolated enterocin 7B, ran circular dichroism experiments and acquired the 

NMR spectroscopic data for this peptide. I interpreted the NMR data and through the use of 

CYANA, I performed the structure calculations for enterocin 7B. Dr. Chris Lohans performed 

similar experiments for the partner peptide enterocin 7A. Additionally, Dr. Chris Lohans 

performed antimicrobial activity tests and prepared the manuscript for publication. I assisted 

with editing and providing supplementary information for enterocin 7B for this paper. Overall I 

was responsible for 45 % of the work on this manuscript. Subsequent studies and attempts to 

identify the biological receptor through genome sequencing have been done in collaboration with 

Dr. Marco van Belkum and myself.  

Chapter 4 has been published as Towle et al. Biochemistry 2016, 55, 4798–4806. I 

synthesized PSMD1, PSMD3 and attempted to synthesize PSMβ2. When the biological approach 

for isolating PSMβ2 was adopted I worked in collaboration with Dr. Marco van Belkum to 

obtain the required genes for the SUMO fusion protein. Dr. van Belkum assisted with the 

molecular biology aspect of this project. I was responsible for the initial protein isolation and 

purification of PSMβ2 from the heterologous expression. Jeella Acedo isolated and purified 

additional PSMβ2 while I was on maternity leave. I performed the circular dichroism 

experiments and acquired NMR spectroscopic data for all three peptides. I interpreted the NMR 

data and performed the structure calculation experiments for PSMD3 and PSMβ2. The NMR 

data for PSMD1 was sent to Dr. Chris Lohans. He solved the structure of PSMD1. Jeella Acedo 
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acquired additional NMR data for PSMβ2 while I was on maternity leave. I performed 

approximately 80 % of the work on this project, and wrote the manuscript with help from Dr. 

Marco van Belkum and edits from Dr. Chris Lohans and Ms. Jeella Acedo.  

Part of Chapter 5 has been published as Towle et. al Org. Biomol. Chem., 2013, 11, 1476-

1481. I synthesized the analogues of neopetrosiamide in conjunction with Dr. Jennifer Chaytor. 

Of the 9 methionine 24 analogues I synthesized and purified 7. Dr. Jennifer Chaytor synthesized 

the 3 leucine disulfide replacement analogues and Dr. Hongqiang Liu synthesized the 3 

phenylalanine disulfide replacement anologues. I re-synthesized the 3 phenylalanine disulfide 

analogues when we required more material and I purified all of Dr. Jennifer Chaytor’s analogues. 

All biological testing of the analogues was performed by myself or in collaboration with Pamela 

Austin at UBC. I was responsible for writing the neopetrosiamide manuscript and Dr. Chaytor, 

Pamela Austin, Dr. Roberge, and Dr. Vederas provided edits to the manuscript.  
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Chapter One: Introduction 

1.1 Introduction 

Secondary metabolites produced by bacteria are highly diverse in structure and 

function.1,2 In fact, the natural products biosynthesized by bacteria have been the cornerstone of 

the pharmaceutical industry over the past 60 years.2 There has been a golden age of drug 

discovery upon the realization that bacteria produced a plethora of biologically active 

compounds.1,3 These compounds are known for their wide variety of medicinal applications, but 

perhaps the most noteworthy property of these metabolites has been their evolution as 

antibiotics.3,4 The discovery and use of penicillin arguably transformed human existence, 

enabling many medical procedures by preventing and treating bacterial infections. From the 

discovery of penicillin, many more antibiotics followed including vancomycin, erythromycin, 

and tetracycline (Figure 1).4 Through the continued use and overuse of antibiotics, our global 

community has observed an overall increase in the number of bacterial infections resistant to our 

current drug therapies. Ongoing development of new antibiotics is primarily limited to the 

elaboration of scaffolds derived from antibiotics already on market (Figure 2).5 While this has 

led to more potent antibiotics, bacterial resistance remains a problem due to targeting the same 

pathways as before.6 By the year 2050, an estimated 10 million people will die prematurely due 

to drug-resistant bacterial infections, costing the global economy approximately 100 trillion USD 

in medical fees and lost production.7 There is an urgent need to further expand our repertoire of 

novel antibiotics with alternative modes-of-action. Along with new drug-discovery, it is 
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necessary to form a more complete understanding of bacterial pathogenicity and emergence of 

resistance through investigation of cellular mechanisms.  

 

 

Figure 1- Examples of antimicrobial compounds isolated from fungi and bacteria. 
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Figure 2- Examples of derivitization of common backbone scaffolds to give new antibiotic 

drug compounds. 

Many bacteria produce ribosomally synthesized antibiotic peptides called bacteriocins.8–

10 These peptides offer an advantage over traditional antibiotics due to their highly diverse 

structures and more recently revealed, differing modes-of-action.3,5,11 Bacteriocins have 

traditionally been thought to be produced by bacteria as a way of providing the producing 

organism with an evolutionary edge over other bacteria in their respective environments.8 Many 

foodborne pathogens are Gram-positive bacteria, and for this reason, the bacteriocins produced 

by Gram-positive bacteria are of particular interest. 12–14 More recently, many bacteriocins have 
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displayed a broad-spectrum of activity against many different species of bacteria, garnering 

attention from not only the pharmaceutical industry, but also the food preservation 

industry.11,12,15 

The structural diversity of bacteriocins, particularly those isolated from Gram-positive 

bacteria, has lead to a rudimentary classification system.16 As more bacteriocins are discovered 

and reported, it is apparent that this classification system is imperfect, and is primarily based on 

bacteriocins produced by lactic acid bacteria. These antimicrobial peptides are grouped as 

follows. Class I bacteriocins are called lantibiotics.16,17 Peptides of this class contain post-

translational modifications and have at least one lanthionine (Lan) or a methyllanthionine 

(MeLan) ring.16,17 Class II bacteriocins are small (<10 kDa) heat-stable peptides; many 

subclasses of bacteriocins are included under this umbrella, such as leaderless and circular 

bacteriocins.16,17 Crossover exists between the subclasses of Class II bacteriocins and many fit 

within the definition of two or more subclasses. Bacteriolysins are the Class III bacteriocins and 

they are large heat-labile, antimicrobial proteins. 11,16,17 The last class of bacteriocins are Class 

IV, these antimicrobial peptides include post-translational modification to attach lipid or sugar 

moieties.10,11 

Development of new antibiotics from bacterial fermentations suffers from several 

drawbacks. There is a high rate of re-discovery of known biologically active compounds, and 

newly discovered bacteriocins are typically difficult to synthesize chemically.17–19 Problems with 

low-yielding fermentations, toxic side effects, and chemical instability of the desired 

antimicrobial peptides are all setbacks in the development of therapeutic bacteriocins.12,15,17 
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Many pharmaceutical companies have abandoned natural product discovery in favour of the 

more efficient modification of existing scaffolds, which suffer from the same pitfalls of bacterial 

resistance as their predecessors.1,2,5,20 As a global community, we are facing a post-antibiotic era 

where common medical procedures may no longer be available, and ordinary bacterial infections 

may become fatal.7 We must expand the selection of antibiotics we have in our arsenal and we 

must work towards understanding the nuances of antibiotic resistance. 

1.2 Leaderless Bacteriocins 

1.2.1 Introduction 

Leaderless bacteriocins are a subclass of Class II bacteriocins.17 Unique from other 

bacteriocins in that they are produced without a leader sequence, these peptides contain no post-

translational modifications.21 Typically, recognition of the leader sequence by enzymes is 

required to install post-translational modifications such as lanthionine and methyllanthionine 

rings or the creation of thioether bonds, as in the case of sactibiotics. The leader sequence is also 

thought to potentially be important in the cyclization of the C- and N-termini.22–24 Transport 

proteins also recognize the leader sequence, facilitating the export of the bacteriocin from the 

host cell with cleavage of the leader peptide to form the mature, biologically active 

compound.23,25 Furthermore, observation of biological activity can be reduced until this 

proteolytic cleavage occurs, suggesting the leader peptide imparts self–immunity to the 

producing organism.23 The production of bacteriocins without this leader sequence represents a 

growing group of Class II bacteriocins that display potent antibacterial activity against a wide 

variety of organisms.26  
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The first leaderless bacteriocins reported were isolated from Enterococcus faecium L50.21 

A two-component bacteriocin, enterocin L50A and enterocin L50B (EntL50A and EntL50B) 

display individual activity and additional synergistic activity. Since this first report, there been 

many other leaderless bacteriocins discovered, including enterocin 7 (Ent7), weisellicin M 

(WeiM), aureocin A53 (AurA53), lactacin Q (LqnQ), lacticin Z (LcnZ), mutacin BhtB (BhtB), 

and epidermicin N (ENl01), LsbB, enterocin K1 (EntK1) and enterocin EJ97 (EntEJ97). 27  

Grouped further, three families of leaderless bacteriocins exist based on sequence 

similarity (Figure 3).28 Those containing a conserved C-terminal K-XXX-G-XX-PWE motif are 

consolidated into the LsbB family, whereas those that contain around 44 amino acids are part of 

the EntL50 family.29 The largest class, the AurA53 family, characterized by sequences of 

approximately 50 amino acids. The scope of activity of these leaderless bacteriocins varies 

greatly, and more recently there have been considerable advances in the structural studies and 

mode of action studies for each class of these leaderless bacteriocins.30–32 



 

 

7 

 

 

Figure 3- Clustal Omega sequence alignment of the different families of leaderless 

bacteriocins.33 Asterisks (*) indicate identical amino acids, colon (:) indicate amino acids 

which are highly similar and periods (.) indicate amino acids that are similar.  

1.2.2 Biosynthesis 

The biosynthesis of leaderless bacteriocins is not well understood in comparison to other 

groups of bacteriocins. Annotated gene clusters are available for several leaderless bacteriocins 

including enterocin L50, aureocin A53, lacticin Q, lacticin Z, epidermicin N101, mutacin BhtB, 

and LsbB; however, only a few of these have been studied extensively. 21,34–39 

Enterocin L50 was the first reported leaderless bacteriocin, and yet, the specific genes 

that code for immunity and transport of this peptide are still unknown. Despite the simplicity of 
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the locus containing the Enterocin L50 structural genes, none of the neighboring open reading 

frames exhibit homology with known transport or immunity proteins.21 

Gene clusters of leaderless bacteriocins belonging to the AurA53 family are better 

understood. Unlike many other classes of bacteriocins, the locus encoding for AurA53 contains 

genes for two immunity proteins. Similarly, the gene cluster of BhtB, LqnQ, and LcnZ each 

contain genes encoding for three immunity proteins. Also unique to this family of bacteriocins is 

the presence of a multicomponent ABC transport protein. AurA53 has a three-component ABC 

transporter whereas the loci encoding for BhtB, LnqQ, and LnqZ contain a two-component ABC 

transporters.34–37 Of this family of bacteriocins, the genes of LnqQ are the most studied.36,40 

Heterologous expression of six genes in the LnqQ locus is sufficient for full production and 

immunity of LnqQ.40 Genes that encode for the transport of LnqQ, lnqEF are also able to impart 

partial immunity.40 However, three additional genes, lnqBCD, are required for full immunity of 

the producer to LnqQ.40  

1.2.3 Mode of Action 

Historically, bacteriocins were thought to elicit a bactericidal response through non-

specific interactions with the cell membrane of organisms.41 Many types of interactions were 

postulated to play a role in the antimicrobial behaviour exhibited by these bacteriocins. Ionic 

interactions between the cationic peptides and the anionic phospholipid cell membrane were 

considered dominant in the initial attraction of these antimicrobial agents to the cell surface.41 

Upon contact between the peptide and cell membrane, hydrophobic interactions were considered 

to take over, specifically, anchoring of the peptide into the membrane by the surface-exposed 



 

 

9 

 

aromatic residues.42,43 Regardless of the initial mode of attraction, these bacteriocins appear to 

form pores within the cell membrane leading to leakage of small and large molecules.41 Lacticin 

Q and aureocin A53 are perhaps the most well studied regarding mode of action and pore 

formation.44–46 Lacticin Q has been reported to form torroidal pores, at micromolar 

concentrations, in liposomes containing L-α-phosphatidylcholine and L-α-phosphatidyl-DL-

glycerol, suggesting that no docking molecule is needed.44,45 The pores formed when lacticin Q 

interacts with membranes has been reported to be as large as 4.6 nm, which allows for leakage of 

both small and large molecules. 45 

Similarly, aureocin A53 has been shown to interact with liposomes in the low micromolar 

range. However, aureocin A53 does not form discrete pores, but rather, causes general 

permeation of the cell membrane to elicit a bactericidal response.46 Interestingly, aureocin A53 

was found to interact more strongly with neutral membranes over anionic membrane surfaces, 

contrary to the hypothesis that ionic interactions initially dominate the electrostatic attraction 

between the cationic antimicrobial peptides and the cell membranes. 46 

With the advent of readily available and affordable whole genome sequencing (WGS), 

mutation of bacterial strains sensitive to bacteriocins that results in resistant colonies can be 

investigated and the resulting genomes are being sequenced.31,47–49 In many cases the comparison 

between the mutated and parent genomes has revealed single nucleotide polymorphisms (SNPs) 

that result in mutations in specific membrane bound proteins, suggesting the mode of action of 

bacteriocins may be more complex than originally proposed.  The first reported case of using 

genome comparisons to identify a receptor or docking molecule for a bacteriocin is in the case of 
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garvicin ML.47 In this study, it was found that all mutant strains of bacteria contained large 

mutations in the chromosomal region that encodes for maltose breakdown and uptake. This 13.5 

kb deletion encodes 12 different proteins including 3 that are involved in the maltose ABC 

transport protein. To confirm the maltose ABC transporter as a receptor to the garvicin ML 

bacteriocin, carbohydrate fermentation assays were studied. The wild type L. Lactis IL1403 

ferments starch and maltose while the resistant L. lactis mutants did not grow in the presence of 

either carbohydrate, indicating that the resistant mutants had lost the ability to utilize 

maltose.47,48 Similar studies have been conducted for the leaderless bacteriocins LsbB, EntEJ97, 

and EntK1.31 For each of these leaderless bacteriocins, a frameshift mutation has been identified 

in either the YvjB or rseP gene, genes that are important in the stress response of bacteria.31 

While RseP has been identified as a receptor for the EntJ97 and Entk1 leaderless bacteriocins, 

there remains some question as to the specific interactions responsible for eliciting a bactericidal 

response. The RseP protein is highly conserved among different species of bacteria, and yet each 

of these leaderless bacteriocins has differing spectrums of activity. It is also unknown whether 

leaderless bacteriocins of the EntL50 and AurA53 families share a similar receptor. Considering 

the differences in secondary structures and the lack of the K-XXX-G-XX-PWE motif, it seems 

unlikely that the leaderless bacteriocins of the latter families share the same receptor as the LsbB 

family of bacteriocins.  

Despite the fact that the receptor-bacteriocin interactions are not well understood, it is 

becoming clear that the interaction between these antimicrobial peptides and the cell membrane 

is no longer as simple as it was once proposed. It appears that there is accumulating evidence 
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that, at low concentrations, these peptides do indeed have a receptor or docking molecule, though 

it remains unclear if the presence of a receptor governs the initial attraction of the bacteriocin to 

the cell membrane.31,47–49 It may be that the cationic surface dominates the initial attraction, but 

that the docking molecule is required to orient the antimicrobial peptide on the cell membrane 

surface in such a way that allows for hydrophobic insertion and pore formation.31,47–49  

1.3 Sactibiotics 

1.3.1 Introduction 

 Sactibiotics are a subclass of bacteriocins that contain a relatively rare sulfur to α-carbon 

linkage. These ribosomally synthesized peptides are post-translationally modified to insert a 

thioether bond between the sulfur atom on the cysteine side chain and the α-carbon atom of 

another amino acid. Sactibiotics exhibit a relatively narrow scope of activity relative to many 

other bacteriocins. The first sactibiotic to be discovered was subtilosin A (SubA) though this 

class of peptides has been expanded to include thuricin CD, thurincin H, sporulation killing 

factor, and a T6I variant of subtilosin A.50–53  

1.3.2 Biosynthesis  

  The gene clusters involved for sactibiotics are similar to other bacteriocins in that they 

include structural genes and genes encoding for transport, immunity, and post-translational 

modifications. Unique to the sactibiotic gene clusters is the presence of genes encoding one or 

more S-adenosylmethionine (SAM) proteins.54 Radical SAM proteins contain iron-sulfur clusters 

and participate in the cleavage of S-adenosylmethionine, resulting in the formation of a S-

adenosyl radical that can lead to a variety of biological reactions.54 These enzymes have been 
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found to participate in isomerizations, aerobic oxidations, and, in the case of sactibiotics, ring 

formation (Figure 4). 55,56 

 

Figure 4- Proposed mechanism of thioether formation by radical SAM enzyme between a 

cysteine thiol and the α-carbon of a neighbouring amino acid. 

The individual gene loci of the different sactibiotics are quite interesting. In the case of 

thuricin CD, two genes, trnC and trnD, encode for two separate radical SAM enzymes. Most 

likely, the resulting proteins TrnC and TrnD each modify one peptide, TrnA or TrnB, 

respectively.51 Each peptide in Thurincin CD contains three thioether bonds. Interestingly, while 

both TrnC and TrnD contain the signature amino acid motif found in most SAM enzymes, C-

XXX-C-XX-C, TrnC has been shown to have sequence homology with an oxidoreductase aryl 
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sulfatase regulatory protein, whereas TrnD has been shown exhibit sequence homology with a 

family of molybdenum cofactor enzymes.51 The significance of this is not yet known.  

The biosynthesis of substilosin A is particularly complex. There is an operon that 

contains seven genes (albA- albG), encoding for proteins which modify the precursor peptide of 

subtilosin A, encoded by the structural gene sboA.57,58 Subtilosin A contains three thioether 

bonds in addition to being cyclized through the N- and C-termini. Located upstream of the 

modifying peptides, sboA is overlapping with a second structural gene, sboX.58 A single 

nucleotide reading frameshift from sboA, sboX encodes a putative class II bacteriocin.57 The 

leader sequence of SboX contains the typical Gly-Gly motif indicative of a prebacteriocin 

cleavage site.57 However, the resulting peptide product from the gene sboX has never been 

detected, nor has disruption of the gene itself affected the biosynthesis of subtilosin A.57 

Remarkably, a single promoter has been found to be responsible for the transcription of the sbo-

alb genes. Mutagenisis studies on each of the sbo-alb genes has revealed that non-polar 

mutations in albBCD resulted in reduced antimicrobial activity, whereas non-polar mutations in 

sboA, albA, and albF resulted in abolishment of antimicrobial activity indicating the respective 

genes are essential for subtilosin A biosynthesis.57 AlbA has been found to contain two C-XXX-

C-XX-C motifs characteristic of the iron-sulfur clusters present in SAM enzymes.24 

Furthermore, this study was the first published account of an active radical SAM sactibiotic 

enzyme reconstituted in vitro.24 This study also suggests that the leader peptide is essential for 

maturation of the subtilosin A precursor and that the formation of the three thioethers is 

performed during the first step in the maturation process.24 AlbBCD are required for subtilosin A 



 

 

14 

 

immunity, and AlbC has additionally been shown to be homologous with ABC transport 

proteins, suggesting it is responsible for the extracellular transport of subtilosin A.24 AlbE and 

AlbF are putative proteases, presumably needed for the cleavage of the leader peptide and 

macrocyclization.24 The exact role of each protein involved in each proteolytic step remains 

unclear. Additionally, it is unknown what function AlbG plays in the biosynthesis of subtilosin 

A.24 

Relatively little information has been revealed regarding the synthetic gene cluster of 

Thuricin H. Thuricin H is unique in that the gene locus contains three identical structural genes 

in tandem.52 This is thought to allow for increased production of bacteriocin but may also point 

to an evolutionary origin involving gene duplication.52 In addition, it is the only sactibiotic that 

contains four thioether bridges.59 Interestingly, the gene cluster of thuricin H is the only example 

of a sactibiotic gene cluster successfully expressed in a heterologous host to date.60 Notably, the 

host was immune to the bacteriocin upon introduction of the entire gene cluster, suggesting that 

immunity genes are present in the loci, though which exact gene is responsible for immunity 

remains unknown.  

1.3.3 Mode of Action 

The mode of action of sactibiotics remains largely a mystery. In contrast to what is 

known about the lantibiotics and many class II bacteriocins. Only a few studies exist that look at 

the mechanism of action of sactibiotics. Unlike many other bacteriocins, sactibiotics are not 

believed to form pores in bacterial cell membranes.  Thuricin CD has been found to trigger a 

relatively slow release of the intracellular enzyme acetate kinase from Clostridium difficile cells, 
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but it has been postulated that this is not the same pore forming mode of action as it is in the case 

of the lantibiotic lacticin 3147.61 Lacticin 3147 induces rapid release of acetate kinase, whereas 

thuricin CD slowly releases acetate kinase.51,61 The slow liberation rate of acetate kinase 

observed upon treatment of thuricin CD suggests that it is unlikely that discrete membrane pores 

are formed.51 

When B. cereus F4552, sensitive to thurincin H, was exposed to thurincin H the cell 

membrane integrity was maintained.62 The rod-like structure of the cells was intact at 

concentrations of 32 x the MIC. Concentrations of 256 x the MIC caused changes in the 

morphology of the cells.62 This is in contrast to nisin, in which concentrations as little as 2 x the 

MIC affects membrane permeability through sequestering lipid II and inhibiting peptidoglycan 

formation resulting in pore formation.62 The high concentrations of bacteriocin required to 

disrupt membranes indicate that thurincin H is most likely not involved in pore formation. 62,63 

Subtilosin A is perhaps the most well studied sactibiotic, and yet its exact mode of action 

remains elusive. One study suggests that subtilosin A does indeed form pores, as the addition of 

this bacteriocin to G. vaginalis cells resulted in immediate depletion of the transmembrane pH 

gradient even though there was no effect on the transmembrane electric potential.64 This study 

also observed efflux of intracellular ATP and the authors propose that subtilosin A forms 

transient pores which allow for the efflux of ions and intracellular ATP, ultimately resulting in 

cell death.65  

A second study focused on the mode of action of subtilosin A proposed general 

membrane permeabilization through interaction with the phospholipid head group.66 Through the 
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use of solid-state NMR, fluorescence studies and differential scanning calorimetry, subtilosin A 

was found to be partially buried in the lipid bilayers.66 As the concentration of peptide increases, 

the portion of the peptide embedded in the lipid bilayer results in a conformational change in the 

lipid head group and disruption of the hydrophobic component of lipid membranes leading to 

general permeabilization, leading to cell death. 66 

It is still unknown as to whether or not sactibiotics require a receptor molecule on the 

surface of the cell membrane. The high concentrations of peptide required to elicit a bactericidal 

response suggests that these peptides act in a general detergent manner. However, the specificity 

and narrow-spectrum of activity contradicts this hypothesis. The use of genome sequencing 

holds promise for unraveling the specific mode of action of many of these sactibiotics. Whole-

genome sequencing of wild type and resistant strains offers the advantage of locating single 

nucleotide polymorphisms (SNPs) in genes that encode for membrane bound proteins. As in the 

case of lactococcin G, LsbB, garvacin ML and others, application of this genetic technique to 

sactibiotics could further illuminate exactly how these sactibiotics elicit antimicrobial responses. 

31,47–49 

1.4 Phenol-soluble Modulins 

1.4.1 Introduction 

Bacteria have evolved to produce many secondary metabolites that create a competitive 

edge to aid in their survival. While the production of antimicrobial peptides in bacteria has 

garnered much attention due to potential therapeutic applications, this represents only one half of 

the story in regards to the evolution of bacterial survival in hostile environments. Production of 
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virulence factors by bacteria represent a second method in which bacteria can manipulate their 

environment to make it more hospitable to the organism’s own growth and survival.67  

Traditionally, our therapeutic approach for the treatment of bacterial infections has been 

limited to treatment with antibiotics. With the emergence of antibiotic resistance, the global 

community has addressed the need to develop new antimicrobials. There are several inherent 

problems with this strategy, namely that new resistance is likely to always occur in receptor-

dependent antibiotics.68 An alternative to this traditional strategy is to look at the virulence 

factors produced by bacteria, and potentially “disarm” the pathogenic bacteria, enabling the host 

immune system to eliminate the infection.67 There are many contributing factors to virulence in 

bacteria, but anti-virulence research typically focuses on toxin production, quorum sensing, and 

biofilm formation. 67 

Methicillin-resistant Staphylococcus aureus (MRSA) leads to a bacterial infection with 

wide-reaching global implications. Typical S. aureus infections affect the respiratory tract as 

well as skin and soft tissue infections.69,70 Left untreated, S. aureus can lead to endocarditis, 

osteomyelitis and septicaemia.69,70 MRSA is particularly pathogenic due to the large number of 

virulence factors produced.71 Phenol-soluble modulins (PSMs) are thought to be some of the 

predominantly produced virulence fators; in fact, up to 60% of the protein mass excreted by 

some strains of staphylococci is due to these peptides.72–76Additionally, the wide-ranging 

functions of these virulence factors make them an attractive target in attempts to circumvent the 

pathogenicity of staphylococcal infections. 72,74–78 
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1.4.2 Biosynthesis 

Phenol-soluble modulin gene clusters are located in three distinct locations of the 

genome.79 Interestingly, the loci encoding for all PSMs are located in the core genome or in 

highly conserved genomic islands of the genome, meaning that they are present throughout all 

species of Staphylococci.75 An important distinction is that while PSMs from different species 

may share the same name, the amino acid sequence is often different. For that reason, when 

referring to PSMs, one must refer to the specific organism in which the PSM was isolated (e.g. S. 

aureus PSMα1).75 In the case of MRSA, the shorter, α-type PSMs are encoded by the psm-α 

locus, and the longer, β-type PSMs are encoded in the psm-β locus.79 Notably, the last PSM 

produced by MRSA, δ-toxin, is encoded by the agr locus, which also encodes for RNAIII, an 

effector molecule of the Agr quorum sensing system. 80 

Like antimicrobial peptides produced by bacteria, these virulence factors are exported 

from the host cell through the use of an ABC transporter, termed the phenol-soluble modulin 

transporter (Pmt).81 The locus encoding for this transport system contains four genes (pmtA-D), 

of these pmtA and pmtC encode ATPases. Two membrane associated proteins are encoded by 

pmtB and pmtD,.81 Remarkably, this transport system is responsible for the extracellular 

transport of all PSMs regardless of size or structure.  Also worthy of notice, is the fact that the 

pmt locus is highly conserved throughout all species of staphylococci and absent from non-

staphylococcal genomes as is the production of PSMs.75,81 Recent studies have shown that 

deletion or mutation of the pmt locus results in cell death. Without the Pmt transporter, the PSMs 
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accumulate in the cytoplasm leading to cellular deficiencies and defects. 81 In addition, the Pmt 

transporter has been found to contribute to self-immunity of the producing organism.81 

1.4.3 Mode of Action 

PSMs have been reported to have a wide variety of functions, with differing functions 

attributed to α-type and β-type peptides.  Common to all of the PSM peptides are the attributes 

that aid the staphylococcus species for survival in their environmental niche, namely, the 

epithelial surfaces of mammals.72 The detergent-like characteristics of all PSM peptides have 

been shown to be important in the spreading of staphylococci on solid surfaces and, not yet 

proven, are thought to be important in the emulsification of nutrients from solid surfaces.72 The 

structuring of biofilms also seems to be a common characteristic of all PSM peptides.82–84 

Biofilms are important to the pathogenic bacteria for many reasons. These surface-attached 

agglomerations protect the bacterial cell from the host’s immune response and, in some cases, 

can help safeguard the organism from antibiotics.82,85 Biofilm formation is well studied. In 

particular, the components which make up the extracellular matrix are well characterized and 

include a mixture of poly N-acetylglucosamine, extracellular DNA, teichonic acids and a variety 

of proteins.86 PSMs are unique in their biofilm function as they play a key role in the structuring 

of these agglomerations.72,83 PSMs, specifically the β-type PSMs, have been shown to form 

channels within the biofilm; important for nutrient delivery throughout the biofilm.83 The β-type 

PSMs also play a crucial role in the detachment of cells from the biofilm and spread of the cells 

to other locations.83 
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The shorter, α-type PSMs have been found to have additional deleterious characteristics, 

such as cytolysis of many eukaryotic cells.79 PSMs of the α-type elicit cytolysis through 

membrane perturbation.78 Membrane disruption is proposed to result from a non-specific 

interaction between the PSMs and the cell membrane. Much of our understanding of the 

cytolytic nature of the PSMs has been through studies with PSM δ-toxin, which has been shown 

to form transient pores within phosphatidylcholine lipid vesicles.87 Recent reports have shown 

that even the β-type PSMs, which are not cytolytic in vitro, display pore formation in these 

artificial membranes.88 These observations, along with the new developments in the discovery of 

receptors for various antimicrobial peptides, may suggest that the pore formation of these 

virulence factors may be due to more than their detergent-like natures and that there may be 

more complex, receptor-based interactions taking place at the cell membranes.  

1.5 Neopetrosiamides 

1.5.1 Introduction 

Bacteria and cancer cells share a commonality in that the surface of their membranes are 

more negatively charged than the normal mammalian cell.89 This physical attribute lead to the 

hypothesis that anticancer peptides (ACPs) and AMPs may share similar determinates of 

selectivity and activity. However, many AMPs do not exhibit anti-cancer characteristics and the 

specific cellular targets and interactions between anti-cancer peptides and antimicrobial peptides 

are not well understood. 90 

Anti-cancer peptides are generally sub-divided into two distinct groups. The first group 

of ACPs exhibit activity against bacterial cells and human cancerous cells but do not show 
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activity against healthy mammalian cells.89,90 The second group of ACPs exhibits activity 

against both cancerous and non-cancerous cells. Certain anti-cancer peptides are thought to elicit 

a membranolytic response in a similar manner to antimicrobial peptides, specifically through 

membrane permeabilization.89,90 

Neopetrosiamides A and B are interesting anti-cancer peptides in that they are active 

against cancer cells and inactive against healthy mammalian cells.91 These peptides do not cause 

cell death through membrane permeation, rather they inhibit the growth and spread of the cancer 

cells in a reversible fashion.91 Neopetrosiamide A and B share the same amino acid sequence and 

differ only in the stereochemistry of the sulfoxide moiety at the oxidized methionine at position 

24.92,93 Each diastereomer displays equal activity in vitro, herein the combination of 

neopetrosiamide A and B is referred to as simply neopetrosiamide. 92 

1.5.2 Biosynthesis  

  The biosynthesis of neopetrosiamides is currently unknown. Isolated from a sponge in 

Papua New Guinea, it is unknown as to whether the sponge produces the peptide or if a 

symbiotic bacterium is responsible its formation. Attempts to sequence the genome of the sponge 

were unsuccessful simply because we were unable to obtain a sample of the original sponge.  

1.5.3 Chemical Synthesis 

Chemical synthesis of neopetrosiamides requires selective oxidation of the cysteine 

residues to form the three disulfide bonds sequentially. Our group previously developed an 

orthogonal protection/deprotection strategy to control disulfide formation between the cysteine 

residues.93 This complex synthesis is required as the global oxidation of the neopetrosiamide 
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peptides resulted in biologically inactive peptides. Disulfide mapping through partial reduction, 

alkylation of disulfide bonds, and MS/MS sequencing revealed incorrect disulfide connectivity 

lead to inactive peptides, despite the NMR structures being virtually identical (Figure 5).  

 

Figure 5- PyMOL representations of A) corrected NMR structure of neopetrosiamides and 

B) originally proposed NMR structure of neopetrosiamide. Color-coding is as follows: 

green; represents hydrophobic residues, blue; positive charge, red; negative charge, yellow; 

disulfide bonds, and grey; neutral in the space filling surface structure. 

Fmoc-solid phase peptide synthesis, with orthogonal protecting groups with respect to the 

cysteine side chains, afforded the linear peptide.93 Cleavage of the peptide from the resin with 

trifluoroacetic acid lead to the linear amino acid chain with all acid labile groups removed, 

including the two cysteines protected with the trityl protecting group.93 The crude peptide is 

A)� B)�
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dissolved in acetic acid and the first disulfide is formed through the oxidation of the free thiols 

with iodine. Upon formation of the first disulfide bond, the second pair of protecting groups are 

removed in-situ by the addition of water.93 The second disulfide is formed by excess iodine still 

in solution. The desired bis-disulfide peptide is separated from mono-disulfide peptides and 

incorrectly folded bis-disulfides by HPLC.93 Trifluoroacetic acid was used to dissolve the 

purified bis-disulfide peptide which leads to the removal of the final cysteine protecting group, t-

butyl. Oxidation of the last disulfide bond was achieved through oxidation with DMSO and the 

resulting t-butyl cations were quenched with anisole.93 Final purification of the desired tris-

disulfide is accomplished by HPLC. 

1.5.4 Mode of Action 

There is little known about the exact mode of action of the neopetrosiamide peptides. 

They have been shown to inhibit the amoeboid migration, a crawling-like movement where the 

cytoplasm slides and a pseudopodium is formed to move the cell forward, of LS147T colon 

carcinoma.94 Neopetrosiamides have also been shown to inhibit mesenchymal migration, cell 

motility characterized by cell polarization and proteolytic degradation of the extracellular matrix 

(ECM), of MDA-MB-231 breast carcinoma and HT-1080 fibrosarcoma cells.91,92,95 Previous 

studies have shown that the inhibition of cancer cell migration is a result of reduced cellular 

adhesion to the ECM. Pre-attached cells became round and retract from the underlying layer of 

ECM. Retraction of the cells from the substratum is characteristic of reduced cell-surface β-

integrins. Indeed, many other anti-tumor peptides have been developed which block integrins 

from binding with their cognate ECM ligands.96 Unlike other anti-tumor peptides, which contain 
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the RGD amino acid motif, neopetrosiamide does not include a known binding domain to the 

integrins.96,97 Importantly, neopetrosiamides cause membrane protrusions on the cell surface 

which trigger the release of membrane vesicles containing high concentrations of integrin 

subunits, growth-factor receptors, and other proteins associated with surface adhesion.91 The 

effects of neopetrosiamides are reversible upon removal of the peptide, and do not affect non-

cancerous cells.  While the effects of neopetrosiamides are well characterized, it is not well 

understood how these peptides elicit these biological responses.  

1.6 Applications of Antimicrobial Peptides 

1.6.1 Food Preservation  

Lactic acid bacteria (LAB) are a unique class of bacteria in the sense that they are 

designated as “generally regarded as safe” (GRAS). This classification has afforded their use in 

the food preservation industry. Commonly found in fermented foods, LAB produce a wide 

variety of bacteriocins. The antimicrobial peptides produced by the LAB are active against a 

broad-range of Gram-positive bacteria that cause food spoilage and that are food pathogens such 

as Listeria monocytogenes, Clostridium botulinum, and Bacillus cereus.  Though chemical food 

preservatives are effective in preventing the growth of most food borne pathogens, they 

compromise the quality of the food, and detract from the food’s freshness.15 The drawbacks of 

using chemical preservatives has lead to an opening in the food preservation industry for the use 

of bacteriocins produced by LAB. 15 

Despite the plethora of bacteriocins produced by LAB, only two are currently utilized by 

the industry, Nisin A and Pediocin PA-1.98 Nisin A, a lantibiotic, has been in use since 1969 and 



 

 

25 

 

is used in over 50 different countries.15 It is active against a wide variety of important food 

pathogens including L. monocytogenes, S. aureus, Clostridium spp., and B. cereus.15,99 Pediocin 

PA-1 is commercially available as a powdered fermentate and is used against the Gram-positive 

bacteria, L. monocytogenes, Clostridium perfringens, and Enterococcus faecalis.100 

1.6.2 Antibiotic Therapeutics 

Bacteriocins exhibit key characteristics that make them attractive alternatives for use as 

antibiotics. Specifically, the low toxicity, high potency, wide availability, broad- or narrow-

spectrum of activity, and their ability to be bioengineered are features of these peptides that have 

lead to a renewed interest in their application as antibiotic therapeutics.11 Many bacteriocins 

have been shown to have in vitro activity. Lantibiotics, such as nisin, lacticin 3147, and 

actagardine have all been shown to be active against notable pathogens such as vancomycin-

resistant enterococci, Streptomyces pneumonia, and MRSA.101 Sactibiotics, namely thuricin CD 

and subtilosin A, have been shown to have selective activity against C. difficile and L. 

monocytogenes, respectively.51 Furthermore, class II bacteriocins have been shown to have 

broad-spectrum activity against a wide variety of Gram-positive bacteria including L. 

monocytogenes. 38,102–104 

Regardless of in vitro studies demonstrating the potential of bacteriocins against many 

pathogens, the clinical relevance of these antimicrobial peptides is still quite limited. Lantibiotics 

have been the most widely studied. Nisin has been shown to inhibit S. pneumonia and, when 

administered intravenously, is 8-16 times more effective than vancomycin.105 A naturally 

occurring variant of nisin, nisin F, has been shown to be effective against S. aureus infections in 
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the respiratory tract of rats.106,107 Furthermore, mercacidin is active against this same pathogen in 

the nasal cavity of mice.108 The thiopeptide LFF571 is currently in phase II clinical trials for the 

treatment of C. difficile and vancomycin-resistant enterococci.109 Notably, class IIa pediocin-like 

bacteriocin, E50-52, has been shown to inhibit growth of Mycobacterium tuberculosis.110   

Clinical trials of purified bacteriocins are quite rare, despite the plethora of biodiversity in 

this class of antimicrobials. With the rise in antibiotic resistance there is renewed interest in the 

application of these bioactive peptides as therapeutics. 

1.6.3 Anti-tumor Therapeutics 

With the growing interest in peptide therapeutics, there has been an increased interest in 

the use of antimicrobial peptides as potential anti-cancer agents. 111 Application of bacteriocins 

as anti-cancer therapeutics offers an attractive alternative to the highly toxic chemotherapeutics 

currently used. Due to being fairly small peptides, they are reasonably non-immunogenic in 

nature, and they are easily hydrolyzed to individual amino acids.111,112 Colicins, microcins 

pyocins, pediocins and nisin are just a few bacteriocins that have displayed potent activity 

against cancer cell lines.111–118 Laboratory studies have shown these peptides display activity 

against a wide variety of cancer cell lines through differing modes-of-action. The cell surface 

targets on differing cancer cell lines appear to greatly affect the activity of the different 

bacteriocins.119,120 The interactions between bacteriocins and their cellular targets is not well 

understood and requires further investigation. Despite the overwhelming evidence of 

effectiveness in vitro there are no studies looking at the efficacy of using bacteriocins in cancer 

patients.111 
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1.7 Overview of Projects 

From a scientific perspective, much is still unknown about the wide variety of peptides 

produced by bacteria. Wide-ranging in function, many of these peptides have evolved to 

optimize bacterial colonization. Some peptides have evolved to have antimicrobial activity 

against related organisms, providing an evolutionary edge; others have evolved to increase the 

pathogenicity of the bacteria, further enhancing the bacteria’s chance of survival in hostile 

environments. Certain peptides have been found to have beneficial attributes such as anti-tumor 

characteristics. Herein, the projects describe structural elucidation of peptide antimicrobials and 

virulence factors, as well as investigation of structure activity relationships of an anti-tumor 

peptide. Furthermore, efforts towards the identification of the biological receptor of various 

antimicrobial and anti-metastatic peptides will be discussed.   

Chapter 2 describes the structure elucidation of Enterocin 7B, one component of a two-

component, leaderless bacteriocin.32 As one of the first structures of this class of bacteriocin, 

determined by NMR spectroscopy, an interesting comparison to circular bacteriocins was 

discovered.27 Efforts towards the elucidation of a biological receptor is discussed. 

Chapter 3 focuses on the development of a methodology that will allow for the 

crystallization of small peptides. Using subtilosin A as a sample substrate, this chapter will 

examine the advantages and disadvantages of using a readily crystallizablezable peptide to form 

a co-crystal structure of subtilosin A. The use of co-crystallization is desirable in peptides, when 

the enantiomer is not readily synthesized. In the case of subtilosin A, the enantiomer is 

synthetically unavailable due to the presence of three sulfur-to-α-carbon linkages, which are 
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without synthetic precedent. Specifically, bioconjugation of subtilosin A with streptavidin and 

carbonic anhydrase will be discussed.  

Chapter 4 concentrates on the synthesis, isolation and characterization of phenol-soluble 

modulins, virulence factors produced by MRSA.121 As the first time these structures have been 

reported, their NMR solution structure provides insight into the relationship between their 

structure and function. A comparison between previous structural models is discussed. 78,121 

Chapter 5 focuses primarily on the synthesis of analogues of the natural neopetrosiamide 

A and B analogues.122 The analogues emphasize the importance of key residues within the 

peptides. Efforts towards the identification of its biological receptor are discussed.  
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Chapter Two: Structure Elucidation of Enterocin 7B 

2.1 Background 

Leaderless bacteriocins represent a class of bacteriocins that remains relatively 

unexplored. With no leader sequence present, and thus no post-translational modifications made 

to this class of peptides, the genetic simplicity might be attractive in its potential for heterologous 

expression or synthetic apprehension, and thus its expanded use in the therapeutic or food 

preservative industry. 

2.1.1 Biological Significance of Enterocin 7 

  Enterococcus faecalis 710C was first reported to exhibit broad-spectrum activity against 

a number of Gram-positive bacteria including the noteworthy MRSA, L. monocytogenes, and 

multiple Clostridium spp.123 The observed antimicrobial activity is traced to the production of 

two bacteriocins, enterocin 7A and 7B.  Due to their synergistic behaviour, these two 

bacteriocins are part of a synergistic two-component bacteriocin system, though it should be 

noted that individually the peptides also display antimicrobial activity.123 Enterocin 7, comprised 

of an A and B peptide, is produced as a leaderless bacteriocin. Typical of other leaderless 

bacteriocins, enterocin 7 has formylated N-termini.21,121 MS/MS sequencing revealed identical 

amino acid sequences to the already known, enterocin MR10A and MR10B respectively. The A 

and B component of enterocin 7 were found to have a highly conserved primary structure, with 

74% of the amino acids being identical (Figure 6).  
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Figure 6- Sequence alignment of enterocin 7A and 7B. Asterisks (*) indicate identical 

amino acids, semi-colons (:) indicate highly similar amino acids and periods (.) indicate 

similar amino acids. 

2.2 Results and discussion 

2.2.1 Isolation and Characterization of Enterocin 7B 

From the culture supernatant, enterocin 7B was isolated using an approach adapted from 

literature.123 In the first step of the purification, a cation exchange column is used to which 

enterocin 7B binds. Elution of the cation exchange column with increasing concentrations of salt, 

results in the elution of enterocin 7B. The final wash step, containing 1 M sodium chloride, 

afforded a mixture of the two peptides present in enterocin 7. A solid-phase extraction column 

was used to remove the salt present and separate remaining contaminants through hydrophobic 

interactions. Enterocin 7A was separated from enterocin 7B through RP-HPLC.  

2.2.2 Circular Dichroism  

As the structures of leaderless bacteriocins were not yet reported, the secondary structure 

of enterocin 7B was evaluated using circular dichroism. Solvent appeared to have little effect on 

the secondary structure of enterocin 7B. Found to be α-helical in water, phosphate buffer, or 50 

% trifluoroethanol (TFE), the peptide remained α-helical regardless of solvent (Figure 7). Not 

surprisingly, the percent α-helicity increased in the presence of the structure inducing solvent, 

trifluoroethanol.124 The α-helicity of enterocin 7B was determined to be 41 %, 37 %, 46 % in 



 

 

31 

 

water, phosphate buffer, and   50 % TFE, respectively.125 The extent of the estimated α-helicity 

was somewhat unexpected as many small peptides, particularly unmodified small peptides, may 

remain unstructured until contact with a receptor or membrane is made.    

 

Figure 7- Circular dichroism data for enterocin 7B. Blue: water; red: phosphate buffer; 

and black: 50 % trifluoroethanol. 

2.2.3 NMR Spectroscopy of Enterocin 7B 

 One-dimensional NMR spectroscopy was obtained for enterocin 7B in 10 % D20. Little 

to no overlap of the amide proton signals indicated a highly structured peptide in aqueous 

conditions. Other indications of peptide structuring were present, such as the uncharacteristically 

low hydrogen chemical shifts (e.g., 0.53 ppm, 0.65 ppm and 0.82 ppm), and degenerate signals 

for many of the β- and γ-protons. Due to the large number of structural indicators in the one-

dimensional proton NMR, and poor preliminary experimental results in attempts of double 

labeling the peptide with 15N and 13C, the NMR experiments were carried forward with the 

naturally produced, unlabeled peptide.  

����
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Homonuclear NMR experiments, TOCSY, COSY, and NOESY of the unlabeled peptide 

and a heteronuclear, natural abundance 15N-HSQC were conducted. Analysis of the 15N-HSQC 

data revealed that there was minimal overlap of signals and in fact, there was no overlap of 

signals in the amide backbone of enterocin 7B. Similarly there was no overlap of signals in the 

TOCSY spectrum, allowing for full chemical assignment of the amino acid side chains. 

Chemical shifts of the amino acid side chains were assigned in accordance with signals observed 

in the TOCSY and COSY spectra. Amino acids were ordered using the standard pattern of 

NOESY signals present in α-helical structures, specifically the NH-NH(i, i+1) and αH-NH (i, 

i+1) NOESY crosspeaks. The presence of multiple αH-NH(i, i+3) NOESY signals is in 

agreement with the CD analysis of a primarily α-helical structure.  

2.2.4 Structure Calculation of Enterocin 7B 

The structure of enterocin 7B was determined using the automated structure calculation 

program, CYANA 2.1.126 Utilizing the chemical shift assignments along with a peaklist 

containing all NOESY crosspeaks (majority unassigned), the CYANA program generated 20 

lowest energy structures of enterocin 7B (Figure 8). The backbone of the 20 lowest energy 

structures overlapped well and had an overall root mean square deviation (RMSD) of 0.74 Å. A 

summary of the structure calculation statistics can be found in Table 1.1. 
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Figure 8- Overlap of the 20 lowest energy conformers of eneterocin 7B as calculated by 

CYANA 2.1. N-terminus indicated by arrow. 

 

Table 1.1- NMR structure statistic of eneterocin 7B 

 Ent. 7B 
Total NOE’s 1005 

Short (|i-j|≤ 1) 355 

Medium(1<|i-j| ≤ 5) 173 

Long(|i-j|≥5) 107 

Average Target Function value 0.64 

RMSD for full peptide  

Backbone Atoms (Å) 0.74 ± 0.20 

Heavy Atoms (Å) 1.39 ± 0.31 
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2.2.5 Structural Features of Enterocin 7B 

Enterocin 7B is comprised of three α-helices, spanning from residues 4-10, 14-29, and 

33-43 (Figure 9). The second α-helix contains a kink at residue 19, where a glycine is located. 

All α-helices are amphipathic, creating a hydrophobic core and a hydrophilic outer surface. 

Within the hydrophobic core there are aromatic residues participating in π-hydrogen interactions, 

explaining the upfield chemical shift of the β-, γ-, and δ-protons for Lys10, Lys18 and Leu40, 

respectively (Figure 10). The numerous long range NOEs are consistent with a highly compact 

structure. Multiple NOE signals are observed between residues between all three α-helices in the 

structure calculated using the CYANA program.   

 

 

Figure 9- Ribbon diagram of enterocin 7B showing the saposin-like fold. N-terminus is 

indicated with an arrow. 
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Figure 10- PyMOL representation of π-hydrogen interactions in enterocin 7B. Amino acid 

side chains are depicted in green with nitrogen, oxygen, sulfur, and hydrogen shown 

explicitly in blue, red, yellow, and grey, respectively.  

As expected from the compact structure of the three-amphipathic helices arranged to 

create a hydrophobic core, the hydrophobic surface map reveals a largely hydrophilic surface. 

The presence of the hydrophilic surface is consistent with the observation that enterocin 7B is 

highly soluble in water. Interestingly, one side of the peptide has an extended region of 

hydrophobicity, however, the exact function of this hydrophobic patch is still not well 

understood (Figure 11A). The hydrophobic face may initially form a dimeric structure as in the 
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case with the circular bacteriocin AS-48.127 Alternatively, the hydrophobic patch may interact 

with the lipid membrane leading to membrane permeabilization. Additionally, there are solvent 

exposed aromatic tryptophan residues within this hydrophobic patch. Recent studies have shown 

that aromatic residues, particularly tryptophan, are responsible for anchoring the peptides in lipid 

membranes.42,43 On the opposite face of this peptide there is a smaller hydrophobic patch 

sandwiched between two hydrophilic regions. Again, the presence of this motif is not well 

understood. It may be that this hydrophobic patch may be essential for binding to a hydrophobic 

receptor, though there is no evidence to support this.  

Considering the high pI (10.95) of enterocin 7B, it is not surprising that the electrostatic 

potential surface map reveals a predominately cationic surface of this peptide (Figure 11B). The 

high number of lysine residues in the sequence of peptide is predominately responsible for this 

cationic surface. Historically, the cationic surfaces of antimicrobial peptides were proposed to be 

an important factor in the mode of action of these peptides.128 A positively charged surface on 

antimicrobial peptides is believed to draw the peptide toward the anionic phospholipid 

membrane through electrostatic interactions. This explanation fell short upon the observation that 

aureocin A53, a highly cationic leaderless bacteriocin, binds more strongly to neutral lipid 

membranes than anionic lipid membranes.46 Additionally, whole-genome sequencing was used 

to compare sensitive wild-type bacterial strains against resistant counter parts. This has lead to 

the discovery that many bacterocins act in a receptor-dependent mechanism.29,47–49,129  
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Figure 11- Surface structure of enterocin 7B depicting A) hydrophobicity, and B) 

electrostatic potential.  

2.2.6 Comparison of Enterocin 7B to Enterocin 7A 

Former graduate student, Dr. Chris Lohans, solved the structure of enterocin 7A. The 

structure of enterocin 7A was comparable to that of enterocin 7B (Figure 12). Similar structures 

were expected due to the high sequence similarity between these two peptides. Both peptides 

have an overall hydrophilic surface, with one face more hydrophobic than the other face. Each of 

these peptides are cationic, and enterocin 7A appears to have two slightly larger anionic patches 

on opposite sides of the peptide due to the anionic residues Glu29 and Asp38. 

A) B) 

     
Hydrophilic Hydrophobic 

  
Positive Negative 
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Figure 12- Side-by-side comparison of enterocin 7A; blue, and enterocin 7B; teal. N- 

termini are indicated by an ‘N.’ 

Enterocin 7A was observed to have a slightly stronger antimicrobial response than 

enterocin 7B, and when mixed together these peptides had a slight synergistic effect.130 

Interestingly, the synergism observed between these two peptides does not arise from these 

peptides interacting exclusively with one another as no binding interactions were observed 

during isothermal calorimetry studies and there were no changes in the chemical shift of the 

amide protons in the 15N-HSQC when the peptides were mixed in solution.32 These results 

further suggest the presence of a receptor molecule for these bacteriocins.  

2.2.7 Comparison of Enterocin 7B to Other Leaderless and Circular Bacteriocins 

A conserved structural motif is identified in a number of leaderless and circular 

bacteriocins and is also present in enterocin 7B. The similarity between these classes of 

bacteriocins was first discovered in our lab upon solving the structures of the two enterocin 7 

peptides, and was later confirmed in the solution structures of aureocin A53 and lacticin 

Q.27,30,32,131 The common structural fold was coined as “the saposin-like” fold, due to its 

similarity to the fold found in saposin-like peptides (Figure 13).27,30,32,131 Our group showed that 
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the saposin-like fold, comprised of three α-helices, two of which are oriented in a “v-shape” and 

a third that is nearly perpendicular to the helices participating in the “v-shape,” is conserved in 

some leaderless and circular bacteriocins. 27 The common fold of the amphipathic helices results 

in similar features in the hydrophobic surface maps. Namely, the presence of a pocket of 

hydrophobicity sandwiched between two hydrophilic surfaces and one face of the peptide 

displaying a larger hydrophobic patch (Figure 14).27 Speculation about the function of these 

hydrophobic patches were made above, however, there is no experimental evidence as to 

whether or not these theories are correct.  

 

Figure 13- Various peptides that contain a saposin-like fold. Each distinct helix is colored a 

different color to exemplify directionality. Starting with the N-terminus, red; α-helix 1, 
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yellow; α-helix 2, green; α-helix 3 and orange; α-helix 4. In the case that there is a 5th α-

helix it is colored blue. 

 

Figure 14- Hydrophobic surface maps of various circular and leaderless bacteriocins. 

Common to all of these peptides is a predominately hydrophobic face and on the opposite 

side, a hydrophobic patch sandwiched between two hydrophilic patches. 

With respect to the mode of action of these peptides, many of these bacteriocins have 

been extensively studied. All of these bacteriocins share commonalities with the saposin-like 

peptides, that share the same structural fold.27 For these peptides, previous work has shown that 
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many form pores in the cell membrane. Variation exists in the type of pores formed by these 

peptides. In the case of the leaderless bacteriocin lacticin Q, it has been shown that it forms 

toroidal pores in cell membranes whereas the circular bacteriocin, carnocyclin A forms anion 

specific channels.45,132 Recent studies have shown that the circular bacteriocin, garvacin ML, 

interacts with a membrane bound maltose ABC transporter to elicit a bactericidal effect.47 More 

and more studies are revealing the presence of receptors for a variety of bacteriocins and current 

theories suggest that the mode of action of bacteriocins may be a combination of initial 

electrostatic interaction, followed by receptor recognition and hydrophobic insertion and finally 

membrane permeabilization.31,47–49  

2.2.8 Efforts Towards the Identification of a Biological Receptor of Enterocin 7 

Whole-genome sequencing has opened the doors to understanding the exact mode of 

action of antimicrobial peptides (Figure 15). Examination of single nucleotide polymorphisms 

(SNPs) between the wild-type sensitive bacterial strains and mutant resistant strains of bacteria 

can provide valuable insight into a potential biological receptor for a specific bacteriocin. Indeed, 

there have been several studies that have shown that heterologous expression of the wild-type 

gene, which contained SNPs in the resistant strain, can sensitize bacteria to a specific 

bacteriocin.31 This represents a major step forward in our understanding and development of new 

potential therapeutics.  
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Figure 15- Pictogram of method used to identify biological receptors through whole-

genome sequencing. Resistant colonies are picked, genomic DNA isolated and sequenced. 

The genomes of the resistant colonies are compared to the genomes of wild-type colonies, 

sensitive to the bacteriocin of interest, and SNPs are identified.  

There have been several methods reported for the generation of bacterial colonies 

resistant to antimicrobial of interest.47–49 In our first attempt at generating mutants, whole-

genome sequencing revealed a bacterial contamination was present, leading to isolation of 

genomic DNA from an undesired bacterial species. Currently, exploration of new methods to 

produce bacterial mutants of enterocin 7 and carnocyclin A are underway. 

2.3 Conclusions and Future Work 

  Two-dimensional NMR spectroscopy was used to characterize the structure of enterocin 

7B. The structure of enterocin 7B was solved using CYANA 2.1 programing with distance 

constraints generated by NOESY signals.126 Highly structured in water, as determined by circular 

dichroism, enterocin 7B forms a compact globular peptide containing a saposin-like fold. Three 

amphipathic α-helices are arranged to give a hydrophobic core and a mainly hydrophilic surface. 

Synergism is observed in the spot-on-lawn tests of enterocin 7A and 7B but there seems to be no 

Resistant�Colonies�
Genome�Sequencing� SNP�IdenFficaFon�
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physical interaction between the two peptides, as indicated by ITC and 15N-HSQC.130 The 

overall structure bears a resemblance to a large number of other circular and leaderless 

bacteriocins, such as carnocyclin A. No experimental evidence has been gathered for the mode of 

action of enterocin 7. It is likely that it has a similar mode of action to the leaderless and circular 

bacteriocins that share the same structural motif.  

Enterocin 7, unlike other small peptides, are highly structured without the use of structure 

inducing solvents or lipid micelles. Solving the structures of these leaderless bacteriocins 

represent a tremendous step forward as a previously unknown relationship between circular 

bacteriocins and leaderless bacteriocins was discovered. This realization has lead to the 

discovery of a larger structural motif common throughout many peptides in nature. The function 

of this structural motif is still unclear, namely whether or not bacteriocins possessing this fold 

descend from the same branch of the phylogenic tree or if nature is simply reusing an 

energetically favourable fold. Regardless, the similarities that exist in structure and mode of 

action, not only in bacteriocins but also in saposin-like peptides is quite striking.   

Many circular, leaderless and saposin-like peptides are known to form pores. It appears 

likely that enterocin 7 would have a similar mode of action, however, the nature of pore-

formation seems to be dependent on primary structure of the peptides. The differences between 

the formation of a huge toroidal pore (lactacin Q), and the formation of anion specific channels 

(carnocyclin A) is dependent on amino acid sequence.  Recent studies have shown that many 

bacteriocins do indeed have a biological receptor.31,47–49 Receptors have been determined for a 

number of different classes of bacteriocins. Shorter, leaderless bacteriocins of the LsbB family 
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bind to the RseP protein. Members of the two-component bacteriocin family, like lactococcin G 

and enterocin 1071, have been found to exploit the UppP protein where as another two-

component bacteriocin, plantaricin J/K, has been found to bind to an amino transferase.31,48,49 

Furthermore, the circular bacteriocin garvicin ML has been found to interact with the maltose 

ABC transporter.47 The interaction of these bacteriocins and their receptors is not well 

understood. For example, despite the high level of homology between in RseP proteins across 

bacteria, the LsbB family of bacteriocins still seems to be highly specific in the scope of activity 

against different bacteria.31 Additionally, enterocin 7, a two-component and leaderless 

bacteriocin, has a much different structure than either lactococcin G or LsbB. Its structure is 

more similar to the structure that is proposed for garvacin ML and the implication of this, in 

terms of receptor recognition, is unknown. Specifically, it is unclear as to whether similar 

secondary structures translate to similar biological receptors. Perhaps the comparable secondary 

structure is more important than the similar genetic characteristics and its receptor will be related 

to the receptor of garvacin ML. Additional experimentation is required to explore the presence of 

a specific enterocin 7 receptor.  

Identification of a receptor could lead to additional studies focusing on conformational 

changes upon interaction of enterocin 7 with the receptor. Identification of the receptor may even 

shed light on the synergistic activity between enterocin 7A and enterocin 7B. Additionally, it 

may be interesting to look at mechanistic studies of enterocin 7A and enterocin 7B individually 

with lipid membranes, followed by combined mechanistic studies. It would be advantageous to 

understand the nature of the membrane permeabilization caused by enterocin 7.  
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Chapter Three: Subtilosin A 

3.1 Introduction 

3.1.1 Biological Significance of Subtilosin A 

Subtilosin A has garnered much attention due to its potent antimicrobial activity against a 

broad-spectrum of Gram-positive and some Gram-negative bacteria when combined with EDTA 

treatment.14,133 Of particular interest are its anti-listerial activity and its application as a 

spermicidal peptide.14,134 

3.1.2 Elucidation of NMR Solution Structure of Subtilosin A. 

Initial isolation of subtilosin A led to an incomplete amino acid sequence analysis due to 

the blocked N- and C-termini.50 It was not until genetic studies identified the structural gene of 

subtilosin A that a complete and correct amino acid sequence was published.57,58 The exact 

nature of the linkages between the sulfur and α-carbon remained unknown, as did the source of 

N- and C-terminal blocking. 

Early NMR studies proposed a cyclic peptide, where the N- and C-termini were 

covalently connected via an amide bond and the linkages between cysteine residues 4, 7, and 13 

and Phe31, Thr28, Phe22, respectively. These studies were not able to elucidate the nature of the 

linkages between the cysteine, phenylalanine and threonine residues.135 The authors 

hypothesized that the linkages may be sulfur to carbon or sulfur to oxygen linkages.  

Concurrently, subtilosin A was isotopically labeled in our lab.136 In a labeling method 

developed by our group, subtilosin A was grown in [13C, 15N] labeled peptone, derived from a 

cyanobacterium, Anabaena sp. grown in 13C labeled sodium bicarbonate and 15N labeled sodium 
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nitrate.136 A suite of three-dimensional, triple-resonance NMR experiments were obtained 

leading to complete assignment of all proton, carbon, and nitrogen chemical shifts. The chemical 

shift assignments revealed that there were absent, α-proton signals on Phe22, Phe31, Thr28.136 

Accompanying the missing proton signals were deshielded α-carbon signals. A hypothetical 

cysteine sulfur to α-carbon linkage was proposed.136 To confirm this unique modification, a 

culture of B. subtilus JH642 was fermented in the presence of [13C, 15N] threonine and 

phenylalanine, resulting in subtilosin A, containing 13C and 15N labels at these key residues. 

Investigation of the α-carbon signals in questions revealed a chemical shift of 10 ppm higher 

than expected, in agreement with the chemical shifts observed in the fully labeled peptide.136 Due 

to the unprecedented nature of the linkage, model compounds (1-3) were chemically synthesized 

to confirm the downfield shift of carbon when attached to sulfur (Figure 16). Finding agreement 

with the chemical shifts of the model compounds and that of the carbon chemical shift in the 

labeled peptide, the presence of the thioether linkage between cysteine and the α-carbons was 

reported for subtilosin A (4) (Figure 17). 136 

 

Figure 16- Compounds synthesized to model the chemical shift effect of an adjacent sulfur 

to the α-carbon of phenylalanine or threonine as proposed for subtilosin A.  
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Figure 17- Complete amino acid sequence of subtiolsin A with post-translational 

modifications. 

Since subtilosin A, there have been additional bacteriocins discovered with this 

linkage.51,52 The term, sactibiotics, was coined for this group of bacteriocins. Subtilosin A 

remains unique within this class of bacteriocins due to the cyclization of the N- and C-termini, 

which is not found in any other sactibiotic.63  

The stereochemical nature of each thioether bond was explored next, specifically, the 

stereochemistry at the quaternary carbon centers formed by the cysteine thiolate adding to the α-

carbon. Nickel borohydride reduction of the thioether bonds and subsequent acid hydrolysis gave 

individual amino acids, which were subsequently functionalized with pentafluoropropanamide 

anhydrides to give the corresponding ester.137 The resulting amino acid esters were analyzed by 
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chiral GC-MS. However, the stereochemistry of the phenylalanine at position 31 was 

inconclusive. 124 

Multi-dimensional NMR spectroscopy was used to determine the stereochemical centers 

of the modified residues in subtilosin A. Specifically, energy minimization calculations were 

performed for all potential sulfur to α-carbon isomers.137 Ultimately, the stereochemistry was 

proposed to be L-Phe22, D-Thr28 and D-Phe31. This resulting lowest energy isomer is only 

slightly lower in energy than the all D-isomer (Figure 18).137 NMR solution structures are 

reported of other sactibiotics, and the stereochemistry of the modified residues has been 

determined in a similar manner. The stereochemistry of the cysteine to α-carbon linkage is varied 

in other sactibiotics. The calculated lowest energy isomer for thurincin H is the all D-isomer, 

whereas the LLD-isomer is the calculated lowest energy isomer in the case of the α-Trn and β-Trn 

of Thuricin CD.59,138 Due to the ambiguity in the NMR structure of subtilosin A, it is an 

attractive target for peptide crystallization to confirm the stereochemistry of the modified 

residues. 
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Figure 18- NMR solution structure of subtilosin A. Residues involved in thioether bridges 

are shown explicitly. The blue color represent nitrogen; red; oxygen, and yellow; sulfur.   

3.1.3 Potential Approaches to Recrystallization of Small Peptides.  

3.1.3.1 Racemic Mixture 

The recrystallization of small peptides suffers from the inherent disadvantage that chiral 

substrates have a limited number of space groups in which they can crystallize. Of the 230 space 

groups observed, only 65 are accessible to chiral molecules.139 This is due to the fact that the 

remaining 165 achiral space groups contain symmetry operations, such as mirror planes or 

centers of inversion, inherently impossible in a chiral molecule.139 Of the remaining 65 space 

groups, one specific space group, P212121, is empirically determined to be the most common for 

proteins and peptides, accounting for nearly 1/3 of the crystal structures known.139 In fact, 

approximately 80 % of all protein and peptide crystal structures pack in ten different space 

groups.139 Well defined crystals are formed when there is a network of molecules that are 

arranged in such a way that there are contacts between each molecule. When the network of 

interactions is sufficiently large, a crystal is formed. The contacts between the molecules can be 
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arranged in such a way that symmetry exits within the crystal structure. Each space group is a 

description of specific symmetries present between molecules making up the crystal structure, 

meaning each space group has restrictions on the orientation of molecules relative to one another 

within the crystal structure.139 Not surprisingly, some types of symmetry are harder to achieve 

than others. The most commonly observed space groups are those that allow molecules to be 

oriented in numerous ways to achieve the desired symmetry. Mathematically, this phenomenon 

is described as the rigid body degrees-of-freedom (DOF) or dimensionality.139 The larger the 

number of degrees-of-freedom the more readily proteins and peptides will crystallize in a 

particular space group.139 When dimensionality is applied to achiral space groups, one specific 

achiral space group has a predicted DOF greater than any other space group, P1(bar).139 This led 

scientists to believe that chiral substrates could crystallize more readily if made into an achiral 

substrate, achievable by making a racemic mixture.139 Additionally, two more achiral space 

groups, P21/c  and C2/c, have the same number of degrees-of-freedom as the most common chiral 

space group. Extention of the available chiral crystal packing motifs with these three achiral 

space groups increases the likelihood of recrystallization of proteins and peptides by three-fold, 

representing a significant step forward in the efforts to make proteins and peptide 

crystallography a more accessible mode of structure determination.139  

3.1.3.2 Co-crystallization of Proteins and Peptides 

Co-crystallization of proteins and peptides offers one major advantage over racemic 

crystallization; the enantiomer is not needed.140 Synthesis of enantiomeric proteins requires 

substantial amounts of D- amino acids, which is expensive. The synthesis itself poses problems 
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as the proteins and peptides of interest are large. In addition, some peptides and proteins have 

post-translational modifications that are synthetically inaccessible, as is the case with subtilosin 

A. Co-crystallization hinges on connecting a readily crystallizable substrate to a target that is 

difficult to crystallize. The easily crystallizable substrate will force the target of interest into an 

ordered conformation that is crystallizable. There is excellent success with this approach.140 This 

method typically relies on the presence of an inhibitor that will link the target to the readily 

crystallizable enzyme. Bioconjugation of a small peptide, such as subtilosin A, to an inhibitor of 

a readily crystallizable enzyme is an attractive approach to structure determination where the 

NMR solution structure provided inconclusive results.  

3.1.4 Previous Co-crystallization Attempts with Subtilosin A. 

Two co-crystallization substrates, lysozyme and carbonic anhydrase, were identified as 

potential partners for subtilosin A crystallization. Lysozyme was one of the earliest enzymes 

crystallized with two potential inhibitors, N-acetylglucosamine, and chitotriose.141 Subtilosin A 

was linked to these inhibitors through by copper-catalyzed click chemistry.142 Crystallization 

attempts of this bioconjugate with lysozyme resulted in crystals of lysozyme without the 

inhibitor-subtilosin A conjugate present.142 A bioconjugate of carbonic anhydrase and subtilosin 

A was attempted through inhibition of carbonic anhydrase with a sulfonamide derivative. 

Linkage of subtilosin A to benzenesulfonamide was achieved through an amide linkage.142 

Subsequent crystallization studies with this conjugate also resulted in carbonic anhydrase 

crystals with no benzenesulfonamide-subtilosin A inhibitor present.   
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3.2 Results and Discussion 

3.2.1 Isolation of subtilosin A 

Subtilosin A was isolated using a n-butanol extraction from the cell supernatant of a 

culture of Bacillus subtilus JH642.  Upon concentration of the butanol layer, the residue was 

resuspended in water and run through a solid phase extraction column (Phenomenex strata). The 

SPE column was washed with increasing amounts of isopropanol, specifically, 20 %, 40 %, 60%, 

and 80% IPA with 0.1 % trifluoroacetic acid. Subtilosin A was eluted in the 80 % fraction and 

further purified to homogeneity by RP-HPLC. 

3.2.2 Investigation Into New Co-Crystallization Protein Targets 

Two major factors have hindered our previous attempts at obtaining a co-crystal structure 

of subtilosin A. First, subtilosin A is highly sensitive to basic pH. Degradation of the peptide 

occurs at pH > 5. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectrometry of the degradation product reveals a net increase of +6 in the mass (M+6H). At first 

glance, the mass increase suggests that the thioether bridges may potentially be broken resulting 

in free thiols of natural cysteines and reduction of an N-acyl imine. However, there is no 

structural evidence for this and the exact degradation product is unknown at this time. Second, 

subtilosin A is highly hydrophobic; the hydrophobicity is problematic in the sense that robotic 

crystallization screens are usually compatible with aqueous solvents. In addition, many typical 

co-crystallization proteins are water-soluble. Our intent was that following bioconjugation to a 

highly water-soluble protein, subtilosin A would become water-soluble also. Due to the failed 

attempts to bring subtilosin A and its analogues containing co-crystallization linkers into water-
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soluble environments in previous studies, strategies to improve the solubility of subtilosin A in 

water or to explore a linking strategy compatible with organic solvents were investigated.142 

3.2.2.1 Capping Hydrophobic Residues with Cyclodextrins 

Cyclodextrins are cyclic oligosaccharides consisting of 5, 6 or 7 α-D-glucopyranoside 

sugars linked in a 1,4 manner, similar to amylose. These ring structures create a cone-like 

structure that has a hydrophobic core and a hydrophilic outside.143 Cyclodextrins have found 

widespread application as drug-delivery agents.144 Previous studies have demonstrated increased 

stability of peptides when in the presence of cyclodextrins.145 Specifically, the hydrophobic 

cavity may interact with surface-exposed hydrophobic residues, effectively enhancing the 

solubility of a hydrophobic peptide in aqueous solutions.143,145 Equimolar amounts of α-

cyclodextrin, and β-cyclodextrin were dissolved in a 1:1 mixture of acetonitrile: water, to which, 

subtilosin A was added, such that there was 5x excess of the cyclodextrins in relation to 

subtilosin A. The mixture was stirred overnight and NMR analysis of the aqueous layer indicated 

that only cyclodextrin was present, suggesting that application of this technique to subtilosin A 

did not lead to any noticeable increase in peptide solubility (Figure 19).  
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Figure 19- Cone-like structure of α- and β- cyclodextrin. The cyclodextrins cap 

hydrophobic residues like phenylalanine, leucine and isoleucine. Locations that may be 

capped are indicated with arrows. Blue indicate capping with α-clycodextrin and black 

indicate capping with and β-cyclodextrin. 

3.2.2.2 Investigation of Streptavidin Stability in Organic Solvents.  

Extensive efforts have gone into making subtilosin A more water soluble, none of which 

have been successful. Rather than continue efforts towards increasing the water solubility of this 

peptide by linking the peptide to a water-soluble protein, the focus was shifted to investigate 

proteins that are water soluble, but that maintain their conformational integrity in organic 

solvents. By finding a protein stable to organic solvents, the linkage reaction between the protein 

and subtilosin A conjugate could be preformed in a single solvent rather than a biphasic mixture, 

increasing the rate and chance of success. Further restrictions were placed on the prospective 

N

O
HN

N
O

N
H

H
N

N
H

H
N

N
H

H
N

N
H

NH
COOH

NH
H
N

N
H

H
N

N
H

H
N

COOH

S

COOH

N
H

H
N

N
H

H
N

HO

S

H
N

N
H

H
N

N
H

H
N

N
H

H
N

NH

NH

N
H

H
N

N
H

H
N

N
H

HN

S

NH2

H2N O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
O

O

O

O O

O

O

O

O

O

O

O

O

O

O

O

O

OH

OH

O

b- Cyclodextrin a-Cyclodextrin  

15.3�Å��
7.8�Å�� 13.7�Å��

5.7�Å��



 

 

55 

 

protein; namely, the interaction between the protein and ligand had a strong dissociation 

constant.  

Streptavidin was the first protein to be investigated under this new approach. Various 

literature sources report that the binding interaction of biotin to streptavidin is unperturbed in 

organic solvent.146 However, it was not clear as to whether streptavidin was stable in organic 

solvents prior to biotin binding. A fluorescent assay was used to assess the stability of 

streptavidin in organic solvents. Fluorescently labeled streptavidin was dissolved in a variety of 

organic solvents in the presence of an organic acid or an organic base. The fluorescence of each 

solution was measured. Each solution was inserted into a well of a 96-well plate coated with 

biotin. After incubation, the solution was removed from the 96-well plate, and the fluorescence is 

measured for the second time. Low fluorescence is indicative of an intact biotin binding pocket, 

and therefore the fluorescently labeled streptavidin is removed from the solution and bound to 

the 96-well plate. Solvents that disrupted the structure of streptavidin exhibited high fluorescence 

signals after incubation, indicating that the binding pocket was no longer able to bind biotin.   

At the lowest pH, t-BuOH, EtOH, and MeOH all maintained high levels of fluorescence 

after incubation with a biotin coated 96-well plate, indicating that the fluorescein labelled 

streptavidin did not bind to biotin and removed from the solution. In contrast, DMSO, MeCN, 

and i-PrOH all displayed lower fluorescence after incubation with the biotin coated plate 

signifying removal of the fluorescently labelled streptavidin through binding with biotin. At a pH 

of 5, i-PrOH showed the most pronounced difference in fluorescence, followed by MeCN and 

EtOH. In this assay, t-BuOH, MeOH and DMSO all displayed relatively similar levels of 
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fluorescence before and after exposure to the biotin coated 96-well plate. In the least acidic 

solutions tested, pH = 7.5, all solvents had a favourable trend of lowered fluorescence after 

exposure with the biotin coated plate. The extent of the decrease in fluorescence was not the 

same however, and the most pronounced effect was observed with DMSO and MeCN. The 

commercially available source of streptavidin is a lyophilized powder from 10 mM phosphate 

buffer. Upon dissolving the streptavidin, the pH of the solution is 7.8 and for this reason, solvent 

selection was restricted to the solvents run at pH 7.5. DMSO and MeCN were the only two 

solvents in which the fluorescently labelled streptavidin had moderate to high fluorescence 

before exposure to biotin and close to no observed fluorescence after exposure to biotin. Of 

these, MeCN has a much lower boiling point in comparison to DMSO, theoretically making 

removal of the solvent more facile. Acetonitrile was found to be an acceptable organic solvent to 

dissolve subtilosin A while maintaining the structural integrity of streptavidin (Figure 20).  
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Figure 20- Graphical representation of fluorecence intensity of streptavidin in various 

organic solvents. Solid lines represent fluorescence of streptavidin solution prior to 

incubation with biotin. Dashed lines represent fluorescence of streptavidin solution after 

incubation with biotin-coated 96-well plate.  

A single lysine at position 2 of subtilosin A provides a convenient handle for synthetic 

modification of the peptide. Linkage of biotin to subtilosin A is achieved through an amide bond 

between the aforementioned lysine and an activated ester of biotin. Subtilosin A was dissolved in 

a mixture of 50% acetonitrile: phosphate buffered saline solution. Importantly, degradation of 

subtilosin A at pH=7-8 could be slowed and even eliminated using an aqueous solution 

containing high salt concentrations. To the solution of subtilosin A, the N-hydroxysuccinimide 
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ester of biotin (5) is added. The biotin-subtilosin A conjugate (6) is purified to homogeneity by 

RP-HPLC (Scheme 1).  

 

Scheme 1- Conjugation of subtilosin A to biotin through an amide bond. 

The reaction of the biotin-subtilosin A conjugate (6) with streptavidin is achieved in 1:1 

acetonitrile: water. The biotin-streptavidin complex could not be characterized quantitatively by 

mass spectrometry. A singly charged homotetrameric peak was not observed, but rather several 

ion peaks with various mass to charge ratios  (m/z) were detected. Furthermore, the spectral 

analysis of the complex was inconsistent, presumably due to nonspecific interactions with buffer 

salts, matrix components or water molecules.147,148 Qualitative characterization of the interaction 

between compound 6 and streptavidin was achieved using relative migration rates in a native 

gel.149 Of note, the subtilosin A–biotin-streptavidin complex cannot be purified using RP-HPLC 

as streptavidin is found to be unstable during this purification method. Amicon-tubes with a 10 

000 molecular weight cut-off (MWCO) were used to purify and concentrate the conjugated 

molecule.  
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Crystallization attempts of the subtilosin A-biotin-streptavidin complex resulted in small 

crystals that were determined to be phosphate buffer. Buffer exchange into water did not lead to 

any crystals of a desirable size or shape. Even though the biotin-streptavidin interaction is among 

the strongest non-covalent bonds known (kd=10-15), the presence of subtilosin A conjugated to 

biotin may disrupt the ligand-protein interaction thereby decreasing the dissociation constant. 

This was somewhat unexpected for the interaction of the subtilosin A-biotin-streptavidin 

conjugate due to the strong binding constant recorded for the biotin-streptavidin interaction. 

When bound, the biotin-streptavidin interaction is reportedly as strong as a covalent bond. It has 

been demonstrated that a loop on streptavidin undergoes a conformational change from open to 

closed upon binding of biotin.150 It is the loop which forms a ‘lid’ on the binding pocket of 

streptavidin and may account for the exceptionally strong binding constant for this interaction.150 

It may be that attaching subtilosin A to biotin disrupts the ability of the loop to close, making the 

interaction of biotin-streptavidin weaker when subtilosin A is attached. 

3.2.2.3 Linking Subtilosin A Through a Covalent Bond to a Readily Crystallizable Protein. 

The combined work of Dr. Fan and myself resulted in either a lack of crystals or the 

presence of crystals of the readily crystallizable protein without the desired subtilosin A linked 

ligand. This suggests that the non-covalent interaction between the ligand and its receptor may 

not be strong enough to promote solubility of with this highly hydrophobic bacteriocin in water, 

and thus co-crystallization attempts in aqueous solvents are unsuccessful. For this reason, our 

efforts turned towards a crystallization strategy involving the covalent linkage of subtilosin A to 

a readily crystallizable protein.  
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Click chemistry, a term that refers to reactions that are high yielding, have a broad 

substrate scope, are bioorthogonal, and create byproducts that are easily removable, has been 

used widely in bioconjugate chemistry. Traditionally introduced as the reaction between alkynes 

and azides, many more types of reactions have been developed as click reactions.151 Recently, 

amine-containing peptides have been “clicked” to thiol-containing peptides in a reversible click 

reaction involving a derivative of Meldrum's acid (8) (Scheme 2). 151 

 

Scheme 2- Synthetic scheme of "click" chemistry between an amine and a thiol using a 

Meldrum's acid derivative. 

Application of this methodology towards the efforts of crystallization of subtilosin A 

suffers from one main restriction with respect to substrate selection. The desired partner protein 

for subtilosin A requires that only one surface exposed cysteine is present. Multiple cysteine 

residues would lead to a mixture of conjugate products with one or more subtilosin molecules 

linked creating inhomogeneity in the crystallization sample, hindering crystallization attempts.   

Synthesis of the Meldrum's acid derivative was performed in accordance to literature 

procedure.151,152 An enolate was formed by deprotonating Meldrum's acid (9) with triethylamine. 

Following an enolate addition of carbon disulfide to the deprotonated 9, an SN2 with methyl 

iodide affords compound 8 in a 53 % yield (Scheme 3). 
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Scheme 3- Synthesis of Meldrum's acid derivative. 

Attempts to link subtilosin A to compound 8 through an aza 1,4 Michael addition in 

buffered solution containing carbonic anhydrase were ineffective. Subtilosin A (4), compound 8, 

and carbonic anhydrase were dissolved in a 50 % acetonitrile: phosphate buffered saline solution 

(PBS). The mixture is stirred for 72 h with continuous argon bubbling. Reaction progress is 

monitored with MALDI-TOF spectroscopy and RP-HPLC. After 72 h no reaction had taken 

place as there was no change in the mass of subtilosin A and no shift in retention time of the 

peak due to subtilosin A in the RP-HPLC. A more detailed inspection of the structure of carbonic 

anhydrase suggests that a linker may be necessary to connect subtilosin A with carbonic 

anhydrase using compound 8 (Figure 21). 
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Figure 21- Crystal structure of carbonic anhydrase. A model compound is docked 

depicting the orientation of the lysine side chain in subtilosin A with the Meldrum’s acid 

derivative (8) covalently linked to the cysteine side chain in carbonic anhydrase.  

A theoretical, model compound was docked into the crystal structure of carbonic 

anhydrase to depict the linkage between the lysine side chain of subtilosin A, the Meldrum’s acid 

derivative, and the cysteine side chain of carbonic anhydrase. From this docked structure, it is 

apparent that the full subtilosin A peptide backbone is too bulky to allow for linkage between 

itself and carbonic anhydrase by the synthesized Meldrum’s acid derivative. A linker was 
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designed to circumvent the predicted steric hindrance of linking subtilosin A to carbonic 

anhydrase through compound 8. Using molecular modeling, it was determined that a carbon 

chain of 5 carbons would be sufficiently long to alleviate the detrimental steric hindrance that 

presumably impedes subtilosin A from binding to carbonic anhydrase (Figure 22).  

 

Figure 22- Crystal structure of carbonic anhydrase with a model ligand, compound 11, 

attached to a representative lysine residue and the cysteine residue on carbonic anhydrase. 
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To circumvent the steric hindrance, a strategy to incorporate a linker between subtilosin 

A and compound 8 was adopted (Scheme 3). The retrosynthetic analysis was as follows: 

subtilosin A, functionalized with a five carbon linker and the Meldrum’s acid derivative (8), can 

be obtained from the click reaction of subtilosin A derivatized with an extra five carbons at the 

lysine (13) and compound 8. Compound 13 is made from subtilosin A (4) and an NHS-ester of 

the desired linker (14). Synthesis of the NHS-ester (14) is achieved through a coupling reaction 

between azidopentanoic acid (15) and N-hydroxysuccinamide (16). To prevent 

homodimerization of the pentanoic linker during the synthesis of the NHS-ester between the 

carboxylic acid and N-hydroxysuccinamide, the free amine is protected as an azide, which can 

later be removed using a TCEP reduction.  

N,N’-Dicyclohexylcarbodiimide was used to activate the azidopentanoic acid and 

facilitate the formation of the NHS-ester. Upon coupling, the resultant compound (14) is 

dissolved in minimal DMSO and added to a solution of 50 % acetonitrile: PBS (pH 7.5, 0.2 M) 

containing subtilosin A. No conjugation was observed between subtilosin A and compound 14.  

In attempt to force the reaction forward 10 % NaOH was added to ensure the lysine of 

subtilosin A was nucleophilic enough to add to the NHS-ester of compound 14. No 

functionalization of the subtilosin A is observed and the MALDI-TOF spectrum indicates a mass 

increases of +6, indicative of the degraded subtilosin A.  

 



 

 

65 

 

 

Scheme 4-Retrosynthetic analysis of subtilosin A derivative containing a five-carbon linker 

bound to the Meldrum’s acid derivative able to undergo a ‘click’ reaction with a free thiol 

on a cysteine side chain. 

3.3 Discussion and Conclusions 

Subtilosin A was successfully linked to biotin through an amide bond. Importantly, 

degradation of subtilosin A was found to be minimized in the presence of a high concentrations 

of salt, specifically phosphate buffered saline solutions inhibited the degradation of subtilosin A 

over the course of 48 h at pH= 7. The biotin linked subtilosin A was successfully incorporated 
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into a solution of streptavidin, though the exact number of biotins bound to a single streptavidin 

molecule could not be assessed due to degradation during ionization methods of mass 

spectrometry. A crude, native gel revealed a shift from the natural streptavidin and the 

streptavidin bound to a biotin-subtilosin A conjugate. Purification of this complex revealed that 

streptavidin was unstable under HPLC conditions and therefore spin filtration with Amicon tubes 

were applied to purify this reaction. The absence of successful crystallization conditions suggests 

that the streptavidin-biotin-subtilosin A complex was unable to pack in a favourable, repeatable 

way. This could be due to a number of factors including inhomogenous sample (variable number 

of biotin-subtilosin A molecules for every molecule of streptavidin), the network of streptavidin 

molecules could have been interrupted by attaching bulky subtilosin A molecules, and 

unfavourable crystallization conditions. Linkage of subtilosin A to carbonic anhydrase through 

the use of a small molecule linker proved to be unsuccessful. Investigation of the surface 

structure of carbonic anhydrase and subtilosin suggests that steric hindrance may be the culprit of 

preventing linkage. To overcome steric hindrance, a linking strategy was adopted to allow for 

additional space between subtilosin A and carbonic anhydrase. This approach is currently in 

progress.  

Efforts towards the crystallization of subtilosin A have, thus far, been unsuccessful. 

Important realizations have been uncovered, providing insight towards future attempts of 

crystallization.  Solubility, stability, and strength of non-covalent interactions appear to be the 

major hurdles encountered in linking subtilosin A to a crystallizable protein partner.  
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    New approaches may be needed to gain a crystal structure of subtilosin A. Recognizing 

that the non-covalent interactions between the crystallization partners and the ligands linked to 

subtilosin A may not be strong enough, efforts to create a covalent bond between the ligand and 

protein of interest are being pursued. Lysozyme is still considered to be an attractive 

crystallization partner due to its propensity to form well-ordered crystals. Previous studies show 

that lysozyme’s enzymatic activity can be inhibited with chitotriose and chitobiose.141 It is 

possible that activation of these molecules with biologically reactive functional group, like an 

epoxide, could afford a covalent linkage between lysozyme and the ligand-subtilosin A 

conjugate. Irreversible inhibitors of lysozyme have been extensively studied, and many 

inhibition methodologies have been developed. Sugars containing a diazirine ring have been 

shown to be only modest inhibitors of lysozyme though they strongly resemble natural lysozyme 

substrates.148 Further exploration of photoaffinity tags has had greater success using 

photoaffinity tag that resembles the transition state rather than the substrate.153 These irreversible 

inhibitors would be difficult to synthesize with subtilosin A attached due to the instability of 

chemical reaction conditions needed to synthesize the inhibitors.  A more attractive approach 

would be the use of an epoxide containing substrate. Previous work has shown that 2’,3’, 

epoxypropyl  β-glycosides are irreversible inhibitors of lysozyme and these inhibitors could be 

modified to allow for attachment of subtilosin A.141,153 

The synthetic challenges of working with subtilosin A presents a major hurdle in the 

attachment of subtilosin A to a crystallizable protein. A more biological approach could be 

envisioned using a fusion protein.  Heterologous expression of a gene encoding for lysozyme 
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fused to the propeptide of subtilosin A could be a novel strategy to access this peptides crystal 

structure. The major drawback of this technique is the number of post-translational modifications 

that are required to convert the propeptide into subtilosin A.  As discussed in the introduction, 

the gene cluster of subtilosin A is not well understood. AlbA has been found to catalyze the 

thioether bond formation, but it is still unclear the exact function of AlbBCDEFG.  Previous 

work has suggested that formation of the thioether bonds by AlbA requires recognition of the 

leader sequence and is the probable first step in a series of post-translational modifications.24 

Theoretically, expression of a lysozyme fusion to the subtilosin A propeptide could lead to a 

substrate in which recombinant AlbA could form the thioether bonds. What is unclear in this 

methodology is whether the lysozyme and poly-gly linker would interfere with the recognition of 

the leader sequence by AlbA.  

A second biological approach to the crystallization of subtilosin A is to crystallize the 

peptide in the presence of its receptor. It is common for small peptides to become more 

structured upon binding to its biological substrate. Identification of the receptor of subtilosin A is 

now possible using the aforementioned whole-genome sequencing techniques. It is likely that the 

subtilosin A receptor is a membrane bound protein or a membrane bound lipid as in the case of 

class II bacteriocins and lantibiotics respectively. If this is the case, this method would require 

the crystallization of membrane proteins or membrane lipids. Crystallization of these types of 

complexes would present significant challenges of their own. It is worth noting that the complex 

of subtilosin A to its biological receptor may be a suitable candidate for NMR studies. This 

complex of peptide and receptor may provide structural rigidity, resulting in less ambiguous 
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NMR data and affording concrete evidence of the stereochemistry of the thioether bridges 

present in subtilosin A. 

Multiple approaches are being pursued in the effort to obtain a crystal structure of 

subtilosin A. Continued studies are needed to explore further methods which are amenable to the 

sensitive peptide, subtilosin A. 
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Chapter Four: Phenol-soluble Modulins.  

4.1 Introduction 

4.1.1 Biological Significance  

Phenol-soluble modulins are peptide virulence factors produced by staphylococci. These 

peptides elicit multiple immune responses from the host cell, contributing to the overall 

pathogenicity of these bacteria. The β-type PSMs are important in biofilm formation and 

detachment, whereas, the α-type PSMs are cytolytic. Some α-type PSMs are able to lyse 

important eukaryotic cells like erythrocytes, leukocytes, and neutrophils. Understanding the 

structure of these virulence factors will enable further structural studies, leading to a greater 

understanding of their biological impacts.  

4.2 Results and Discussion 

4.2.1 Synthesis and Isolation of Phenol-soluble Modulins.  

PSMα1, PSMα3, and PSMβ2 from S. aureus are virulence factors that are 21, 22, and 44 

amino acids long, respectively. Solid phase peptide synthesis (SPPS) was used to synthesize 

PSMα1 and PSMα3. Briefly, each peptide was made on a Wang resin, at a 0.1 mmol scale. 

Deprotection of the amine-protecting group, fluorenylmethyloxycarbonyl (Fmoc), was achieved 

using a 20 % piperidine solution in DMF. Incoming amino acids were preactivated in a solution 

of DMF containing diisopropylethylamine (DIPEA) and 1-[bis(dimethylamino)methylene]-1H-

1,2,3-triazolo[4,5,-b]pyridinium 3-oxide hexafluorophosphate (HATU). As the peptide chain was 

extended on resin, the subsequent deprotections became less effective and the last 5 or 6 residues 
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were deprotected using a solution of 20 % piperidine in the magic mixture (1 % triton X-100 in a 

1:1:1 DMF/NMP/DCM mixture at 60 °C) for PSMα1 and PSMα3, respectively.154 Each peptide 

was cleaved from the resin using a mixture of 95:3:2 trifluoroacetic acid: water: triisopropyl 

silane and purified using a combination of dialysis and RP-HPLC. Yields of 0.88 mg and 0.99 

mg were obtained for PSMα1 and PSMα3, respectively. Attempts to synthesize PSMβ2 through 

the use of Fmoc-SPPS were unsuccessful. Briefly, despite using many different coupling 

reagents, along with elevated temperatures and microwave heat, the coupling efficiency of 

residues was quite low. This was thought to be due to agglomerations of hydrophobic residues 

during the synthesis. Insertion of pseudoprolines at positions 19 and 25 was unsuccessful in 

reducing the agglomerations. Similarly, increased temperatures, the addition of chaotropic salts, 

and detergents were ineffective in reducing the agglomerations, and for this reason, a biological 

approach to the isolation of phenol-soluble modulin β2 was adopted.  

4.2.2 Heterologous Expression and Isolation of SUMO-PSMβ2 Fusion Protein 

PSMβ2 was overexpressed in E. coli BL21(DE3) as a His-tagged SUMO fusion protein 

and partially purified using Ni-NTA chromatography. The desired peptide was obtained by 

treatment of the fusion protein with SUMO protease. A second Ni-NTA column and RP-HPLC 

was used to purify the desired peptide from the SUMO protein and protease. Yields of 2–2.5 

mg/L were obtained for PSMβ2. Consistent with the natural peptides from S. aureus, the 

chemically synthesized PSMα1 and PSMα3 contained an N-terminal formylmethionine residue. 

PSMβ2, produced through heterologous expression in E. coli, did not contain the 
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formylmethionine. While the formylmethionine may be important for the interaction of PSMs 

with some FPRs, it has also been shown that FPR2 also recognizes the unformylated PSMs.155 

4.2.3 Circular Dichroism of Phenol-soluble Modulins. 

All three of these peptides were found to be insoluble in water and only sparingly soluble 

in 25 % d3-trifluoroethanol (TFE) in water. They were, however, soluble in 50% d3-TFE: water; 

hence, their solution structures in this solvent system were analyzed using CD spectroscopy. At 

room temperature, PSMα1, PSMα3, and PSMβ2 were calculated to have moderate levels of α-

helicity (25.8, 37.5, and 22.2 %, respectively) in this structure-inducing solvent. Interestingly, 

while temperature seemed to have an effect on amide dispersion in the one-dimensional proton 

NMR, discussed below, the temperature did not greatly affect the level of α-helicity observed in 

the CD (Figure). In PSMα3 and PSMβ2, the calculated percent α-helicity was 39.5 % at 25 °C 

vs. 37.5 % at 37 °C and 25.9 % at 25 °C vs. 22.2 % at 40 °C, respectively. The amide region of 

the NMR spectra of PSMα1 appeared to have sufficient separation of proton signals at 25 °C, but 

elevated temperatures (37 °C and 40 °C) were required to obtain sufficient separation of amide 

peaks for PSMα3 and PSMβ2, respectively. 
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Figure 23- CD spectra of A) PSMα1 and PSMα3 and B) PSMβ2. Spectra were acquired in 

50 % trifluoroethanol at 25, 37, and 40 °C, respectively. 

4.2.4 PSM NMR Spectroscopy 

One-dimensional proton NMR studies of PSMs α1, α3 and β2 revealed the peptides had a 

good dispersion of amide protons. Temperature scanning revealed greater dispersion of amide 

protons for PSMα3 and PSMβ2 at 37 °C and 40 °C, respectively. Analysis of the one-

dimensional 1H-NMR spectra indicated that the majority of side chain proton signals could be 

assigned without labeling the peptides. Subsequently, TOCSY and NOESY spectra were 

acquired for all three peptides at the aforementioned temperatures.  
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Evaluation of the TOCSY spectrum of PSMα1 revealed no overlap between the signals of 

each spin system. The majority of spin systems in PSMα3 had distinct signals, with only a few 

spin systems being indistinguishable due to spectral overlap. PSMβ2 showed significantly more 

spectral overlap, which was not unexpected due to its length and its lower propensity to adopt α-

helicity as displayed by the circular dichroism spectrum. Chemical shift assignments of the side 

chain protons were made for all three peptides using the TOCSY spectrum.  In the case of 

PSMα1 and PSMα3, the majority of protons were assigned. In the case of PSMβ2, not all the 

protons could be assigned with the TOCSY spectra, with a complete assignment of 

approximately 75 %. In each peptide, the NOESY was used to order the amino acid residues 

from the C- to N-termini. Specifically, the signals common to α- helices, NH-NH (i, i+1) and 

αH-NH (i, i+3), were used to place the amino acids in order from the C- to N-termini.  

4.2.5 Structure Calculation of PSMα1, PSMα3 and PSMβ2 

Automated structure calculation of phenol-soluble modulin α1, α3 and β2 was performed 

using CYANA 2.1.126 NOE crosspeaks provided distance constraints, and the chemical shift 

assignments provided the basis for the CYANA calculation. The 20 lowest energy structures 

were generated in which the backbone overlap between the structures gave an overall RMSD of 

0.77 Å, 0.64 Å and 0.80 Å for PSM α1, α3 and β2, respectively. Complete structural statistics for 

PSMα1, PSMα3, and PSMβ2 can be found in Table 2.1.  
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Table 2.1-Summary of NMR Solution Structure Calculations of PSMα1, PSMα3, and 

PSMβ2 

  PSMα1 PSMα3 PSMβ2 
total no. of NOE peak 
assignments 

636 553 1320 

short-range (|i – j| ≤ 1) 538 452 1040 
medium-range (1 < |i – j| < 5) 99 101 246 
long-range (|i – j| ≥ 5) 0 0 34 
average target function value 2.10 × 10

–3
 ± 

2.66 × 10
–4

 
0.00 × 10

–3
 ± 

0.00 × 10
–4

 
1.99 × 10

–2
 ± 

5.66 × 10
–3

 
RMSD for full peptide       
backbone atoms (Å) 0.77 ± 0.17 0.64 ± 0.19 0.80 ± 0.21 
heavy atoms (Å) 1.23 ± 0.15 1.28 ± 0.14 1.23 ± 0.25 
 

4.2.6 Description of the Overall Structure of PSMα1 

Despite the prediction of moderate levels of α-helicity from the CD, PSMα1 was found to 

be entirely α-helical. The α-helix is amphipathic and runs from residue 2 to 19 (Figure 24A). The 

presence of a salt bridge between Lys12 and Glu16 could be further stabilizing the formation of 

the α-helix (Figure 25A). There is a slight bend in the helix that occurs at residue 6. The 

hydrophobicity map of the surface reveals that PSMα1 has one hydrophobic and one hydrophilic 

face. The electrostatic potential surface map indicates a predominately cationic peptide with a 

strong anionic patch near the C-terminus of the hydrophilic face (Figure 24B/C).  

4.2.7 Description of the Overall Structure of PSMα3 

PSMα3 was found to also be predominately α-helical, though there was some variability 

in the C-terminus, resulting in the RMSD calculation to be between residues 1-20 only.  The 

helix formed in PSMα3 is amphipathic and runs from residue 2-20 (Figure 24D). A slight bend 
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in the helix is observed at residue 16. Two salt bridges are present between Glu2 and Lys6 and 

between residues Asp13 and Lys17 in the calculated structure for PSMα3, potentially adding to 

the stability of this secondary structure (Figure 25B). Examination of the hydrophobic surface 

map reveals a hydrophobic face and a hydrophilic face. The electrostatic potential surface map 

indicates that there is a negative charge at the C-terminus on the hydrophilic face (Figure 24E/F).  

4.2.8 Description of the Overall Structure of PSMβ2 

PSMβ2 contains three amphipathic helices that span residues 5-15, residues 17-23, and 

residues 25-43 (Figure 24G). The first helix has a slight bend and interacts with the third helix. 

Hydrophobic residues in α-helix one and α-helix three interact, forming a hydrophobic core. The 

hydrophobic surface maps of PSMβ2 reveal a mostly hydrophilic surface with a few patches of 

hydrophobicity (Figure 24H). PSMβ2 assumes a fold is primarily created by hydrophobic 

interactions between α-helix 1 and α-helix 3. Strong, long range, NOEs occur between the γ-

protons of Ile8 and the entire side chain of Ile30. Additionally, a NOE signal is observed 

between the γ-protons of Ile8 and the amide of Val31. Multiple NOEs are present between the α- 

and β-protons of Ile27 and the γ-protons of Ile8, further substantiating the interaction between α-

helix 1 and α-helix 3. In the second helix, the β-protons of Ala15 interact with the β-protons of 

Ser20 in the third helix. Additionally, more NOEs occur between the α-proton of Ala15 and the 

amide proton of Ser20. A salt bridge is present between Asp19 and Lys22 adding to the stability 

of the shortest α-helix (Figure 25C). Surprisingly, even though this peptide has relatively few 

long-range NOEs, the large number of short- and medium-range NOEs result in a highly 

structured peptide as evidenced by the low RMSD and the overlay of the 20 lowest-energy 
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conformers. The electrostatic surface of PSMβ2 reveals patches of cationic and anionic charge. 

Specifically, the N- and C-termini appear to be positively charged, and a patch of negative 

charge is found in the middle of the peptide (Figure 24I).  

 

Figure 24- NMR solution structures depicting amphipathic helices of A) PSMα1 D) PSMα3 

and G) PSMβ2. Hydrophobic surface maps indicate a hydrophobic face and hydrophilic 

face in B) PSMα1 and E) PSMα3. The amphipathic helices in PSMβ2 pack to give a 

hydrophobic core and hydrophilic outside as shown by the hydrophobicity surface map of 
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H) PSMβ2. The formylmethionines of PSMα1 and PSMα3 are depicted in traditional 

coloring: nitrogen, blue; carboxyl, red; and sulfur, yellow. Hydrophobicity surface map 

representations of the PSMs were generated using PyMOL.156 Electrostatic potential 

surface maps of C) PSMα1, F) PSMα3, and I) PSMβ2. Electrostatic potential surface maps 

were generated using the APBS function of the PDB2PQR online pipeline. 157 

 

 

Figure 25- PyMOL156 cartoon representation of (A) PSMα1, (B) PSMα3, and (C) PSMβ2. 

Side chains that may be participating in salt bridges 

4.2.9 Comparison of PSMα1 to PSMα3 

There are many similarities between PSMα1 and PSMα3. Both peptides form 

amphipathic helices that result in a predominately hydrophobic face and a predominately 

hydrophilic face. The electrostatic surfaces are cationic, and both peptides have an anionic 

charge near the C-termini. What is striking about these two peptides is the slight bend in the 

helix. In PSMα1 the bend occurs near the N-terminus, at residue 6 whereas in PSMα3 the bend 

in the helix occurs near the C-terminus at residue 16. The orientation of the peptides is such that 
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the backbone of the structures looks opposite to one another. The negative charge is near the 

straight part of the peptide in PSMα1, and the negative charge is near the curved part of the 

peptide in PSMα3. The biological implication of this remains a mystery and awaits further 

investigation. It is worth noting that PSMα3 has significantly higher levels of cytotoxicity than 

that of PSMα1, though whether this is related to their overall structures is unknown (Figure 21). 

4.2.10 Tertiary Structure and its Influence on Biological Activity 

In a previous study, δ-toxin has been used as a backbone scaffold to model the structure 

of PSMα3. The amino acid sequence of PSMα3 was superimposed on NMR solution structure of 

δ-toxin.78 There are subtle differences in the backbone structure of the model and the 

experimentally determined structure of PSMα3. Namely, the positions of the amino acid side 

chains differ. A slight bend in the tertiary structure is present in the structure determined by 

NMR, whereas the modeled structure does not. The result is a subtle shift in the position of the 

amino acid side chains that have been determined to play an important role in cytolysis, biofilm 

formation, pro-inflammatory response, and antimicrobial activity. In the modeled structure, the 

hydrophilic side of the peptide is primarily responsible for the cytolytic properties and the 

hydrophobic side is primarily responsible for biofilm formation. Applying the biological function 

of individual amino acid residues as determined by the alanine scan published by Cheung et al.,78 

to the position of the amino acids according to our calculated structure, we found that the amino 

acids responsible for the cytolytic activity are actually located on both the hydrophobic and 

hydrophilic sides. Moreover, the residues important for biofilm formation, previously thought to 

be due to the hydrophobic side of the peptide, appear to be more evenly spread out throughout 
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the peptide and are on both the hydrophilic and hydrophobic sides. The amino acids responsible 

for antimicrobial activity are primarily located on the hydrophobic side as predicted. In the 

model structure of PSMα3, the amino acids responsible for pro-inflammatory response were 

located primarily on the hydrophilic side of the peptide, which we find is in agreement with our 

calculated structure (Figure 26). 

 

Figure 26- Location of amino acids in PSMα3 responsible for enacting a biological 

response, determined by Cheung and co-workers through an alanine scan  The top row 

reflects the hydrophilic side of PSMα3, and the bottom row reflects the hydrophobic side. 

Amino acids not enacting any biological response are colored green. Amino acids 

contributing to biofilm formation and detachment are colored orange, those contributing to 

Hydrophobic�Side�

Hydrophilic�Side�

Biofilm� AnMmicrobial� Pro-inflammatory� Cytolysis�
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antimicrobial activity light blue, those contributing to pro-inflammatory response red, and 

those contributing to cytolytic activity dark blue. 

4.2.11 Comparison of PSMβ2 Structure to Leaderless Bacteriocins  

There are certain genetic determinants that are similar between PSMs and the leaderless 

bacteriocins.21,75 Both are ribosomally synthesized, do not require post-translational 

modification, require no leader sequence for secretion, and are not co-transcribed with a 

dedicated immunity protein.21 It was these genetic similarities that initially led us to investigate 

the structure of these toxins. As discussed in chapter 2, leaderless bacteriocins with broad-

spectrum activity seem to adopt a similar overall fold, independent of the sequence homology. 

We hypothesized that regardless of the low degree of sequence similarity between PSMβ2 and 

various leaderless bacteriocins, they may share a somewhat similar structural motif. While they 

both exhibit two α-helices that form a “v-shape”, with a third α-helix that runs perpendicular to 

one of the two “v-shape” α-helices, the directionality of the helices is different between the 

leaderless bacteriocins and PSMβ2. Additionally, PSMβ2 and the leaderless bacteriocins are 

comprised of amphipathic helices, which fold in such a way to give a hydrophilic outer surface 

and hydrophobic core (Figure 27). However, there are key differences between β-type PSMs and 

leaderless bacteriocins. Primarily, the electrostatic potential surface maps reveal that PSMβ2 is 

slightly anionic surface with a few patches of cationic character, whereas bacteriocins have a 

strongly cationic surface. The anionic surface of PSMβ2 may explain why it does not exhibit 

antibacterial activity despite other similarities with the bacteriocins. Negatively charged 

phospholipid cell membranes in bacteria are proposed to attract bacteriocins through electrostatic 
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interactions with their cationic surface. A second noticeable difference between the bacteriocins 

and PSMβ2 is the particular orientation, or directionality, of the α-helices, as mentioned above. 

In the bacteriocins, the perpendicular helix is located at the C-terminus (e.g., helix 3 in the 

leaderless bacteriocin enterocin 7B), whereas in PSMβ2, the perpendicular helix (i.e., helix 1) is 

located at the N-terminus. Furthermore, there are significantly less long range NOE’s observed 

between the perpendicular helix and the two helices in the ‘v-shape’ in PSMβ2 than in the case 

of leaderless bacteriocins. With less NOEs present in PSMβ2 it may be that this peptide fold 

weaker in comparison to the interaction between the overlaying helix in the bacteriocins, 

resulting in a less compact structure overall.  

 

Figure 27- Cartoon representation of amphipathic helices in leaderless bacteriocin 

enterocin 7B and peptide toxin PSMβ2. Both peptides contain three α-helices, two of which 

form a “v-shape” and a third perpendicular helix. In enterocin 7B, helix 1 and helix 2 form 

the “v- shape” and helix 3 is perpendicular to the curved helix 2. In PSMβ2, helix 2 and 

helix 3 form the “v-shape” and helix 1 is perpendicular to the curved helix 3.  
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4.3 Conclusions and Future Outlook  

The solution structures of the staphylococcal virulence factors, PSMs α1, α3 and β2 were 

characterized using NMR spectroscopy. CYANA 2.1 was used as the structure calculation 

program. All three peptides appear to be highly structured and primarily α-helical in the presence 

of 50 % trifluoroethanol.  PSMs α1 and α3 each have a single amphipathic helix that has a slight 

bend near the N- and C-termini, respectively. PSMα1 and PSMα3 each contain a hydrophobic 

face and a hydrophilic face. In the midst of primarily cationic electrostatic surfaces, a strong 

anionic patch is located on the C-termini of each peptide. PSMβ2 is comprised of three 

amphipathic helices, which interact weakly with one another to give a hydrophobic core and a 

hydrophilic surface. Due to the size and genetic similarities between PSMβ2 and the leaderless 

bacteriocins it was proposed that they may share structural similarities. While there are a few 

similarities, there are more obvious differences, primarily the difference in electrostatic surface 

potential maps and the compact nature of the overall fold.  

There remains much to be discovered with these virulence factors. One interesting aspect 

of these specific virulence factors is that each is exported with the same transport protein, the 

Pmt transporter, regardless of size or overall shape. This is particularly fascinating because there 

appears to be little structural similarity between the shorter α-type PSMs and the longer β-type 

PSMs.  Examination of the tertiary structure of each failed to illuminate structural, electrostatic 

or hydrophobic patterns, which could be responsible for recognition of the transport protein. 

Many in the scientific community believe that targeting the Pmt transporter would be the most 

effective treatment of the staphylococcus infection, particularly in light of the fact that 
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accumulation of these toxins within the cell lead to cell death. Investigation into the relationship 

between this transport protein and these virulence factors remains an attractive target.  

These amyloid peptides contribute to biofilm formation through the formation of fibrils. 

After publication of our structural work on PSMs, crystallographic evidence has shown that the 

PSMα3 form unusual tertiary and quaternary structures.158 Typical fibril structures are made of 

cross-β sheets, where the β sheet line up with the axis of the fibril.158,159 PSMα3 has been shown 

to form fibrils in a cross-α amyloid fashion (Figure 28).158 The result is that the α-helices are 

aligned head to tail and are horizontal to the axis of the fibril, this structural packing has never 

before been observed in eukaryotic amyloid structures.158 These α-cross fibrils share biological 

characteristics that are reminiscent of the β-cross fibrils.143 With the crystal structure available of 

the amyloid network formed by PSMα3, it may now be possible to disrupt the interaction of 

multiple PSMα3 molecules with the development of a small molecule or small peptide inhibitor. 

Disruption of the fibril formation could lead to poorly structured biofilms in MRSA, resulting in 

reduced pathogenicity of this bacterial infection.  
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Figure 28- Extended amyloid structure of A) PSMα3 and B) a 42-residue β-amyloid formed 

in Alzheimer’s disease. The fibril structure formed in the case of PSMα3 is an atypical α-

cross amyloid structure whereas, the structure of the β-amyloid is a β-cross structure 

usually observed in fibril formation. 
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Chapter Five: Neopetrosiamide A and B 

5.1 Introduction 

Neopetrosiamide A and B were isolated from the marine sponge of the Neopetrosia sp. 

collected off the coast of Papua New Guinea.92 As potent inhibitors of cancer cell invasion, these 

peptides show promising activity against cancer metastasis while remaining nonthreatening to 

non-cancerous cells.92 A 28-amino acid peptide, neopetrosiamide A differs from neopetrosiamide 

B in the stereochemistry of the sulfoxide moiety at the methionine in position 24 of the peptides. 

Herein, the mixture of diastereomers will be referred to as neopetrosiamide. It is not clear if the 

sulfoxide moiety is the naturally produced species or if it is a product of the isolation and 

handling of this peptide. Interestingly, this peptide is rich in cysteines, and contains three 

disulfide bonds, which were initially reported to be between Cys3-26, Cys7-12, and Cys18-28.92 

The connectivity of the disulfides was later corrected by the Vederas group and determined to be 

between Cys3-26, Cys7-18, and Cys12-28.93 

 Short, disulfide-rich peptides represent a growing class of peptides that are produced 

across a wide-variety of life forms, including plants and mammals.160,161 Many of these disulfide-

rich peptides have interesting biological activities; cyclotides, isolated from plants, display anti-

tumour, anti-HIV, and insecticidal activities.162 The defensins (α-, β- and θ-) are mammalian 

antimicrobial peptides containing three disulfide bonds.163 

Neopetrosiamide is unique in the sense that it was isolated from a marine sponge. Typical 

peptides isolated from other marine sponges contain one or no disulfide bonds whereas 
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neopetrosiamide contains three.92 It is not known if neopetrosiamide is produced by the sponge 

itself or from a symbiotic bacterium present on the sponge surface.  

5.1.1 Biological Significance 

Cancer is a broad term used to describe a group of diseases that are characterized by the 

transformation of normal cells into tumour cells.164 The progression of this phenomenon is a 

combination of a person’s genetic make-up but is also heavily influenced by external 

carcinogens and, as such, cancer is one of the leading causes of morbidity and mortality 

worldwide.165 In 2015, an estimated 8.8 million deaths were attributed to cancer worldwide. The 

economic impact of this disease is staggering. In 2010, the economic cost of cancer was 

estimated to be 1.16 trillion US dollars.165,166 The incidence of new cancer diagnoses is expected 

to rise by 70 % over the next 2 decades.165  

An underlying characteristic of cancer cells is the rapid reproduction of abnormal cells. 

The speed of cell creation leads to growth beyond the usual organ boundaries.165 The ability to 

grow and spread into adjacent tissues is referred to as metastasis and is a major factor 

contributing to cancer related death.165 Interestingly, many antimicrobial peptides have been 

shown to exhibit anti-tumour or anti-metastatic activity, inhibiting malignant cells from 

spreading to adjacent tissues.90,111,167  

Neopetrosiamide has been found to inhibit the migration of cancer cells through the 

extracellular matrix (ECM).92 The extracellular matrix is a complex mixture of proteins and 

polysaccharides that provide structural support of mammalian cells.92 Attachment of cells to the 

ECM is mediated by integrins and receptors on the cells surface.92 Cells can move through the 
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extracellular matrix in two distinct modes, mesenchymal migration and amoeboid migration. In 

mesenchymal migration the cells enzymatically degrade the ECM using proteases. In amoeboid 

migration the cells will adapt and change their shape to fit through the ECM.92 To inhibit the 

migration of cancer cells through the ECM many cancer therapies rely on blocking the proteases 

present in mesenchymal migration.92 Some types of cancer cells are able to evade these protease-

blocking therapies by simply changing to amoeboid migration.92 The transition between these 

types of migration makes it desirable to design cancer therapy drugs that inhibit both cancer 

migration pathways. Neopetrosiamide has been found to inhibit both of these pathways without 

affecting healthy, non-cancerous cells in the short term.92  

5.2 Results and Discussion 

5.2.1 Synthesis of residue 24 analogues of Neopetrosiamides A and B 

The presence of the diasteriomeric center of the methionine sulfoxide poses purification 

challenges and as such, our group was interested in replacing this group with an amino acid 

residue unable to oxidize and form diastereomers. Previous work in our group has demonstrated 

that the methionine sulfoxide (M(O)24) at position 24 can be replaced with methionine 

(M(O)24M) and that the resulting neopetrosiamide retains full activity.93 Furthermore, 

replacement of the methionine sulfoxide with norleucine (M(O)24Z) resulted in a 

neopetrosiamide with only slightly reduced activity.93 Insertion of L-O-methylhomoserine (O-

methyl HSE) at position 24, a conservative substitution relative to methionine, was synthesized 

to explore the peptides toleration to unnatural amino acids. To further explore the effect of 
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M(O)24 substitution in neopetrosiamides, eight non-oxidizable canonical amino acids were 

inserted at position 24 (Figure 29A). 

 

Figure 29- A) Cartoon representation of methionine sulfoxide substitution with various 

amino acids at position 24. B) Cartoon representation of the disulfide replacement of 

cysteine 3 and cysteine 26. C) Cartoon representation of disulfide replacement of cysteine 7 

and cysteine 18. D) Cartoon representation of disulfide replacement of cysteine 12 and 

cysteine 28.  

X= O-Methyl homoserine (19)  Leu  (34) 
      Gln  (22)     Ile    (37) 
      Glu  (25)     His   (40) 
      Asn  (28)     Phe  (43) 
      Ala   (31) ���

= Leu  (45) , Phe  (51) 

= Leu (47) , Phe  (53) = Leu (49) , Phe  (55) 
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Each amino acid substitution was aimed at probing specific attributes of residue 24 in 

relation to methionine. M(O)24O-methyl HSE, similar in size and shape to methionine, was 

chosen to explore the importance on heteroatom electronegativity. Compounds 22 and 25 probed 

the importance of the length of the carbon side chain and the incorporation of terminal hydrogen-

bond acceptor/donor capabilities.  Closely related to 22, compound 28 explored the effect of 

maintaining the hydrogen-bond acceptor/donor, but reduced the number of carbons in the side 

chain. Investigation of the tolerance to branched residues without hydrogen-bonding capabilities 

was achieved with compounds 31, 34, and 37. Finally, tolerance to steric bulk was studied by 

incorporating aromatic rings at position 24 in compounds 40 and 43. 

Methodology previously developed by our group led to the synthesis of the residue 24 

analogues of neopterosiamide. Briefly, Fmoc-protected amino acids were added sequentially to a 

preloaded 2-chlorotrityl resin containing trityl-protected cysteine. Following addition of the 

desired amino acids, treatment of the resin with a cocktail containing 90:5:3:2 TFA:thioanisole: 

EDT:anisole removes the desired peptide from the resin along with any acid labile protecting 

groups. The reaction time was limited to 1 h to prevent the cleavage of the t-butyl protected 

cysteine. Now resin free, the peptide was dissolved in glacial acetic acid containing dissolved 

iodine, which led to the oxidation of the free thiols of cysteine, affording the first disulfide bond. 

Addition of water to this reaction mixture led to the deprotection of the acetamidomethyl 

protected cysteines and remaining iodine in the solution facilitates the second disulfide bond. 

Upon purification of the bis-disulfide neopetrosiamide the third disulfide was introduced by 

dissolving the peptide in trifluoroacetic acid, to remove the t-butyl protecting groups. DMSO in 
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solution enables the oxidation of remaining thiols to afford the third disulfide. The desired 

cysteine disulfide connectivity was as follows, Cys3-26, Cys7-18, and Cys12-28 (Scheme 5). To 

prevent intermolecular disulphide bond from forming the concentration of peptide was kept low, 

at 0.5 mg/mL. Some scrambling of disulfides is observed and the desired disulfide connectivity is 

determined by retention time in RP-HPLC.  
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Scheme 5- Synthetic scheme of the sequential formation of disulfide bonds utilizing an 

orthogonal protection/deprotection strategy. 

5.2.2 Synthesis of neopetrosiamide analogues with disulfide bonds substituted with 
hydrophobic pairs.  

Although correct connectivity of the disulfide bonds is critical for biological activity of 

neopetrosiamide, previous work by our group has demonstrated that some antimicrobial peptides 
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tolerate disulfide replacement with hydrophobic interactions.168,169 Replacement of one of the 

three disulfides in neopetrosiamide would decrease the number of post-SPPS steps, also reducing 

the number of required HPLC purifications from two to one, thereby making neopetrosiamide 

more synthetically accessible. Our hypothesis was that two correct disulfide bonds could be 

sufficient to hold the peptide in the correct conformation and the third could be replaced with 

hydrophobic residues like phenylalanine or leucine. Phenylalanine is known to form π-stacking 

interactions or ring-locking interactions in peptides which could add stability in the place of the 

third disulfide bond.170,171 Leucine-leucine interactions form a unique secondary structure in 

nature.172 Multiple leucines, typically seven residues apart, interact to form a zipper like motif.172 

While nature usually relies on a network of leucines to create a leucine zipper, previous studies 

in our group have successfully replaced disulfide bonds in antimicrobial peptides with leucines 

and maintained antimicrobial activity.168,169,172 In the same method described above, analogues of 

neopetrosiamide were synthesized where one of the three disulfide bonds was replaced with 

hydrophobic residues giving a total of six analogues (Figure 29B-D). Dr. Hongqiang Liu 

synthesized three analogues where each disulfide was sequentially replaced with phenylalanine. 

Next, the disulfide bonds were consecutively replaced with leucine residues in a combined effort 

of Dr. Chaytor and myself. The cysteine protecting groups were limited to trityl and 

acetamidomethyl, restricting the number of synthetic steps and purifications needed.122  

5.2.3 Activity Testing of the M(O)24 Neopetrosiamide Analogues and the Disulfide 
Replacement Analogues.  

To evaluate the biological activity of the residue 24 analogues, morphology of MDA-

MB-231 cells were inspected before and after treatment with our M24X neopetrosiamides. 
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MDA-MB-231 is a highly metastatic, human breast cancer cell line that has the ability to invade 

adjacent tissues in a mesenchymal manner.91 In our morphological studies, MDA-MB-231 cells 

are plated on matrigel, a protein mixture secreted from Engelbreth-Holm-Swarm (EHS) mouse 

sarcoma cells. This protein mixture mimics the basement membrane of the extracellular matrix 

that epithelially-derived breast tumour cells must first move through to initiate the metastatic 

cascade.173 Matrigel is polymerized in a 96-well plate and the cells are placed on top in cell 

culture medium that contains the specified M24X derivative or a control compound. Upon 

overnight incubation at 37 °C, the morphology of the cells is analyzed. Active M24X compounds 

result in MDA-MB-231 cells that are unable to spread through the matrigel. The cells remain 

round and sit above the layer of matrigel (Figure 30A). Inactive M24X compounds result in cells 

that are able to invade the matrigel and the cells are oblong in shape (Figure 30C). Partially 

active compounds have a mixture of cells that remain round and on top of the matrigel and cells 

that have invaded the matrigel and are oblong in shape (Figure 30B). Naturally occurring 

neopetrosiamide isolated from the marine sponge or synthesized by the method described above 

acted as the positive control. The negative control is neopetrosiamide with the incorrect disulfide 

bond connection.  
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Figure 30- Images of MDA-MB-231 breast cancer cells upon treatment with 

neopetrosiamide analogues. Scale bars on the bottom right corner of the pictures indicate 

100 μm. A) Example of MDA-MB-231 cells treated with an active neopetrosiamide 

analogue. Cells have rounded and detached from surface of matrigel. B) Representative 

picture of cells treated with a partially active analogue of neopetrosiamide. C) Picture of 

MDA-MB-231 cells that have been treated with an inactive neopetrosiamide analogue. 

Cells have invaded the matrigel and maintain their oblong shape. 

 Of the fifteen analogues discussed above only three displayed partial activity, 25, 31, and 

43 (Table 3.1). Previous studies have shown that the M(O)24M and M(O)24Nle analogues 

retained full activity even though M(O)24M is oxidatively unstable and M(O)24Nle contains a 

non-canonical amino acid.93 The three compounds with activity reported in this study offer 
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increased oxidative stability and can potentially be made through site-directed mutagenesis. The 

lack of full activity of many of these analogues suggests that methionine sulfoxide is a structural 

‘hot-spot’ for biological recognition of neopetrosiamides. Furthermore, all three disulfide bonds 

are required for biological activity. Substitution of any disulfide bond with hydrophobic residues 

resulted in an inactive peptide, suggesting a very specific and constrained structure is needed to 

inhibit cancer cell invasion. Similar results have been showing for other disulfide-rich 

biologically active peptides.173  

Table 3.1- Activity Against the Invasion of MDA-MB-231 Cells through Matrigel 

Compound Analogue 50 μg 
mL−1 

20 μg 
mL−1 

 M(O)24M +++ ++ 
 M(O)24Nle +++ ++ 
(19) M(O)24O-

methyl HSE 
− − 

(22) M(O)24Q − − 
(25) M(O)24E +++ + 
(28) M(O)24N − − 
(31) M(O)24A + − 
(34) M(O)24L − − 
(37) M(O)24I − − 
(40) M(O)24H − − 
(43) M(O)24F + − 
(45) C3L, C26L − − 
(47) C7L, C18L − − 
(49) C12L, C28L − − 
(51) C3F, C26F − − 
(53) C7F, C18F − − 
(55) C12F, C28F − − 
+++, Fully active, no invasion of matrigel by cells. ++, Reduced activity, very few cells had invaded the matrigel. +, 

Partial activity, most cells had invaded the matrigel, few were rounded. −, No activity, all cells were able to invade 

the matrigel. 
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5.2.4 Synthesis of Fluorescently Labeled Neopetrosiamide 

The tertiary structure of neopetrosiamide reveals two distinct faces, hydrophobic and 

hydrophilic (Figure 31). As discussed above, replacement of the methionine sulfoxide at position 

24 resulted in significant reductions or abolishment of activity. Located on the surface of the 

hydrophobic side of the peptide, we have proposed that this residue and non-polar face of the 

peptide plays an important role in the biological mode of action of these peptides.  

 

Figure 31- Hydrophobic surface map of neopetrosiamide. One face of the peptide is 

hydrophilic and the other face of the peptide is hydrophobic. 

In order to gain a greater understanding of how neopetrosiamides are interacting within 

cancer cells, we were interested in visualizing neopetrosiamides within cells. To do this, 

neopetrosiamides were functionalized with an organic fluorescent dye through a covalent linker. 

Choosing the appropriate location to functionalize is essential, as some locations may actually 

result in disruption of the interactions between neopetrosiamide and its receptor responsible for 

eliciting the desired biological response. Due to the sensitivity of methionine sulfoxide at 
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position 24 on the hydrophobic face of the peptide, we chose to functionalize the hydrophilic 

side through the aspartate amino acid side chain. 

 Dr. Hongqiang Liu synthesized a derivative of aspartic acid, which contains a 

polyethylene glycol (PEG) linker functionalized with a terminal azide (60).  Following 

incorporation of the pegylated aspartic acid to the linear neopetrosiamide by SPPS, the specific 

disulfides were formed following the methodology described above to give compound 58. 

Activity testing of 58 revealed a fully active analogue of neopetrosiamide. Unfortunately upon 

“click” chemistry of the azide with an alkynylated fluorescein (59) the resultant neopetrosiamide 

analogue (61) was found to be inactive (Scheme 6).  
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Scheme 6- Synthesis of fluorescently labeled neopetrosiamide.  

 Two theories have been proposed to explain the loss of activity upon addition of the 

organic dye. The organic dye may be too sterically demanding or may interact with the surface 

of neopetrosiamide unfavourably, causing a deleterious effect on activity.174 Secondly, if the 

length of the tether is not optimal, the large fluorescent organic dye could be hindering the 

mechanism of inhibition. A tether must be long and flexible enough to allow the active site of the 

neopetrosiamide to interact with the active site of the cellular target once the large dye is 
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attached. However, it must also be short enough that the PEG chain does not interfere with the 

tertiary structure of neopetrosiamides.  

To test these theories, the length of the tether was varied and alternative fluorescent 

organic dyes were synthesized. Rhodamine, coumarin and BODIPY were each functionalized 

with an alkyne, which would allow for a [2+3] cycloaddition with the azide of the Asp20-PEG-3-

azide.  

Synthesis of the rhodamine B analogue containing an alkynyl linker was done in 

accordance to literature procedures and with yields consistent to literature reports.175 Rhodamine 

B (62) was coupled to propargyl amine (63) in the presence of 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide (EDC) hydrochloride (64). EDC is a coupling reagent, which forms a 

carbodiimide with the carboxylic acid of rhodamine B. This activated ester intermediate reacts 

with propargyl amine to form a new amide bond (65) in a 17 % yield (Scheme 7). 

 

Scheme 7- Functionalization of Rhodamine B with propargyl amine to form alkynal 

functionalized Rhodamine B.  
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Literature precedent for the formation of an alkyne functionalized coumarin derivative 

was followed.176 Coumarin (66) was converted to an acyl chloride through reaction with thionyl 

chloride. The acyl chloride was then reacted with propargyl amine (63) to create a new amide 

bond and an alkyne functionalized coumarin dye (67) was obtained (Scheme 8). 

 

Scheme 8- Formation of the alkyne functionalized coumarin dye through acylation and 

amide bond formation.  

To synthesize the alkyne functionalized BODIPY dye (73), 6-hexynoic acid (68) was 

converted to the acyl chloride using oxalyl chloride (69).177 Condensation of the acyl chloride 

intermediate (70) with two equivalents of 2,4-methylpyrrole (71) and boron trifluoride diethyl 

etherate (72) afforded the desired compound 73 (Scheme 9). Compound 73 was obtained in 23 % 

yield. 

 

Scheme 9- Synthesis of alkyne functionalized BODIPY dye.  
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 Each fluorescent analogue, 65, 68, and 73, was coupled to peptide 58 using a copper 

catalyzed [2+3] cycloaddition. The fluorescent labels, 65, 68, and 73, were dissolved in 1:1 t-

butyl alcohol:H2O with 58 in the presence of 5.0 equiv. of copper sulfate and 10 equiv. of 

sodium ascorbate leading to compounds 74, 75, and 76, respectively (Scheme 10). Isolated yields 

of 0.5 mg, 0.7 mg and 0.3 mg were obtained for 74, 75, and 76, respectively. 

 

Scheme 10- Copper catalyzed ‘click’ reaction to afford fluorescently labeled 

neopetrosiamide analogues, 74, 75, and 76. 
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 Biological testing for activity of 74, 75, and 76 revealed that all three analogues are 

inactive against MDA-MB-231 cells. These results suggest that the PEG linker is too short, 

resulting in steric hinderance when neopetrosiamide approaches its biological target. Extending 

the length of the linker between the aspartic acid residue and the organic fluorescent dye could 

minimize the interference of the organic dye with the biological receptor.  

5.2.5 Synthesis of Modified Aspartic Acid Derivative 

To synthesize the modified aspartic acid residue, Fmoc-Asp-Ot-Bu (77) is coupled with 

the PEG6 liker (78) in the presence of PyBOP (Scheme 11). Treatment of the pegylated aspartic 

acid with TFA removes the t-butyl backbone protecting group to afford compound 79.  

 

Scheme 11- Synthesis of Pegylated Aspartic Acid Residue 

 Incorporation of the modified aspartic acid residue (79), at position 20, into the linear 

neopetrosiamide was achieved with Fmoc-SPPS. Subsequent disulfide formation was 

accomplished through the stepwise approach previously described to give 82 (Figure 32). 
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Figure 32- Neopetrosiamide analogue containing a modified PEG6 linker at the aspartic 

acid residue at position 20. 

 Remarkably, when 82 was tested for activity, the MDA-MB-231 cells were unaffected, 

indicating this analogue is inactive. This was particularly unexpected due to the retained activity 

observed when a Asp20 is functionalized with a shorter PEG3 linker. It is possible that the 

extended length of the linker results in a long, flexible unit and it may able to disrupt the binding 

interactions between neopetrosiamide and its biological receptor. Examination of the surface 

structure of neopetrosiamide reveals that the spatial distance between Asp20 and Met24 is not as 

far as originally thought (Figure 33). The hydrophobic nature of the PEG6 linker in addition to 

the length of the polyethylene glycol chain may allow for interaction between the chain and the 

predicted methionine ‘hot-spot’, critical for activity of the neopetrosiamide.  Due to the limited 
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success of fluorescently labeling neopetrosiamide, an alternative method to identifying 

neopetrosiamides mode of action was adopted.  

 

Figure 33- PyMOL surface structure of neopetrosiamide. Aspartic acid 20 is shown in pink 

and methionine 24 is shown in blue. All other amino acid are colored grey. Aspartic acid 20 

is located on the hydrophilic face and methionine 24 is located on the hydrophobic face. A 

90 degree rotation of the peptide reveals the close spatial proximity of Asp20 to Met24. 

5.2.6 Synthesis of a Photoaffinity Label.  

Photoaffinity labeling is a powerful tool employed to identify protein targets of interest. 

There are two potential drawbacks to photoaffinity labeling. First, the biological molecule or 
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peptide must retain its biological activity after functionalization with a photolinker. Previous 

studies have used benzophenone, a larger non-amino acid like photoaffinity linker. However, 

benzophenone is sterically large and may disrupt peptide structure due to its hydrophobic nature. 

Diazirine photoaffinity labels offer the advantage of being small and they can be installed on 

amino acid like backbones. Second, the molecule or peptide must contain a handle for 

fluorescent functionalization after the photoaffinity reaction takes place. 

Substitution of the diasteriotopic methionine sulfoxide was found to cause significant 

deleterious effects in the overall activity of neopetrosiamide, suggesting that this is a key residue 

in the mode of action of this peptide. To elucidate the biological receptor of neopetrosiamide, a 

strategy to incorporate a photoaffinity label was adopted. Due to the sensitivity of the methionine 

residue, it was desirable to incorporate the photoaffinity label in close proximity to this residue. 

Theoretically, if the methionine is indeed involved in the mode of action of these peptides, 

attachment of a photoaffinity linker close to this residue would maximize the chances of creating 

a covalent linkage between neopetrosiamide and its biological receptor and minimize non-

specific binding. Phenylalanine at position 23 was chosen to be modified into a photo-labile 

phenylalanine. For this reason we chose to synthesize a photo-labile phenylalanine (95) (Scheme 

12).  
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Scheme 12- Synthetic scheme of the synthesis of the diazerine derivative of phenylalanine. 
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 Bromobenzyl alcohol (83) is protected with tert-butyldimethylsilyl chloride in good yield 

to give 84. Reaction of 84 with n-butyllithium results in a lithium halogen exchange and 

subsequent reaction with trifluoracetic anhydride gave 85 in moderate to good yield. The ketone 

on 85 is converted to an oxime through reaction with hydroxylamine hydrochloride in the 

presence of pyridine to give 86. The resultant oxime alcohol is converted to a good leaving group 

by transformation into a tosylate through the reaction of tosyl chloride in the presence of DIPEA 

and DMAP to give 87. A diaziridine ring is formed through the reaction of liquid ammonia to 

afford 88. Conversion of the diaziridine to the corresponding diazirine (89) was achieved through 

oxidation with iodine. The benzyl alcohol is deprotected with tetra-butylamonium fluoride to 

give 90. Conversion of the alcohol of 90 to an iodide using methyltriphenoxyphosphonium 

iodide. An anion was made at the glycine alpha-hydrogen of 92 by treatment with sodium 

hydroxide. Upon formation of the anion, 91 was introduced via an SN2 reaction to afford the 

chiral nickel complex (93). Acid hydrolysis of 93 resulted in the unprotected L-

photophenylalanine (94). Protection of the amino group with Fmoc was achieved through 

reaction with Fmoc-OSu to afford the desired Fmoc-L-photophenylalanine (95). 

 T0 ensure that there was a handle available for fluorescent functionalization, four 

analogues of neopetrosiamide were prepared containing commercially available derivatives of 

phenylalanine at position one or position two (Figure 33).  
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Figure 34- Phenylalanine 1 and phenylalanine 2 analogues that provide a synthetic handle 

for fluorescent labeling of neopetrosiamide. 
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Activity testing of compound 98, 101, 104 and 107 resulted in inhibition of MDA-MB-

231 cells through the matrigel. Compound 98 displayed slightly reduced activity in comparison 

to 101, 104, and 107. The activity observed is somewhat unexpected when the three dimensional 

structure of neopetrosiamide is inspected. Phe1 and Phe2 are spatially close to M(O)24 (Figure 

34). Our previous hypothesis suggested that disruption of the hydrophobic face of the peptide, 

specifically of interference with the ability of methionine sulfoxide at position 24 to interact with 

its biological receptor, would lead to reduced activity. The amino acid side chains of the 

phenylalanine residues at position 1 and position 2 appear to be pointing away from the 

methionine sulfoxide, suggesting that despite the spatial proximity of these residues, little 

disruption in biological activity is observed.  

 

Figure 35- Spatial orientation of A) Phe1, Met(O)24, and Phe23 and B) Phe2, Met(O)24, 

and Phe23. The backbone residues are color coded grey, amino acids of particular interest 

are colored explicitly as follows: A) Phe1, magenta; B) Phe2, magenta; Me(O)24, blue; and 

Phe23, teal.  

 With active neopetrosiamide analogues in hand, 58, 98, 101, 104, and 107, as well as the 

photoaffinity linker, 95, analogues of neopetrosiamide containing modifications at Phe1/2 and 

A) B)
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Phe23 can be made. Fmoc-SPPS of the linear peptide was underway, however, 95 proved 

problematic to couple to the solid phase resin. Further studies are needed to understand the forces 

behind the difficult incorporation of 95 during solid phase peptide synthesis.   

5.2.7 Plasma Stability Assay of Neopetrosiamide  

The stability of neopetrosiamide in mouse blood plasma was investigated to gain further 

insight on how these peptides might act in vivo. Natural neopetrosiamide was synthesized as 

described above. The synthetic neopetrosiamide was incubated in mouse blood plasma for 30 

seconds. The sample was delipidated by running the sample through C8 resin from the SPE 

phenomenex cartridges. Following successive washes with water, to remove water soluble 

contaminates, the peptide was eluted with 60 % MeCN: H2O. The elution fraction was treated 

with TCEP to reduce the disulfide bonds and injected in LC-MS/MS to analyze fragmentation. 

Two fragments, a major cleavage product and minor cleavage product, of neopetrosiamide were 

found (Figure 35).  

 

Figure 36- Fragments observed by LC-MS of neopetrosiamide after incubation with mouse 

blood plasma. 
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5.2.8 Folding studies on Neopetrosiamide   

Protein folding is the physical process of a protein or peptide adopting a native 3-

dimentional structure in a conformation that is biologically active. Hydrophobic interactions, 

hydrogen bonding, and van der Waals forces typically drive this spontaneous process. The 

process of protein and peptide folding can be described by the energy landscape theory. This 

theory describes a process in which proteins and peptides undergo rapid folding, unfolding and 

re-folding to obtain the lowest energy conformation. The lowest-energy state, often called the 

native state, is where proteins and peptides are most stable. Over time it has become apparent 

that some proteins and peptides require additional factors such as chaperone proteins, specific 

solvent environments like lipid bilayers, temperature, and correct pH ranges to assume the 

correct fold.  

 Our initial studies with synthetic neopetrosiamide A and B revealed that the predisposed 

disulfide connectivity between cysteine residues is not the correct disulfide pattern required for 

biological activity. Synthesis of neopetrosiamide A and B is exceedingly time consuming due to 

the need to use orthogonal protection/deprotection strategies to sequentially form disulfide 

bonds. It was proposed that performing global oxidation of the cysteine residues in the presence 

of a structure inducing solvent may lead to the correctly folded, biologically active peptide.  

 Linear, unprotected neopetrosiamide was dissolved in water, 1:1 mixtures of 

trifluoroethanol:water and 1:1 mixtures of methanol:water. To promote the formation of the 

disulfide bonds, a mixture of 1:8 of cysteine/cystine was added to the various solutions. 
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Reactions were monitored through HPLC and in each case, the undesired connections of 

disulfides were observed (tR=11 min).  

 Further literature investigation of other small disulphide rich peptides revealed that 

chaotropic salt concentration greatly aids in the folding of disulfide-rich peptides.178,179 To test 

the effect of chaotropic salts to the overall disulfide formation in neopetrosiamide, four tandem 

experiments were set up with varying amounts of guanidinum hydrochloride. It was found that at 

1 M guanidinium hydrochloride the ratio of correctly folded to incorrectly folded peptide was 

1:1. This represents a major breakthrough in the synthesis of neopetrosiamides.  

5.3 Conclusions and Future Outlook 

 The synthesis of 15 neopetrosiamide analogues with substitutions at M(O)24 and 

sequential disulfide replacement analogues were prepared and tested for activity against the 

metastatic cancer cell line MDA-MB-231. Three of the analogues, 25, 31, and 43, displayed 

partial activity, while the remaining 12 analogues resulted in complete abolishment of biological 

activity. These results suggest that the methionine sulfoxide at position 24 is critical for the 

inhibition of cancer cell migration, though the exact mode of action remains unknown. 

Furthermore, the three disulfide bonds present are essential for biological activity, indicating that 

neopetrosiamide has a highly compact and specific tertiary structure needed for biological 

activity.  

 Attempts to identify the biological receptor of neopetrosiamide have led to four 

additional active analogous with derivatives of phenylalanine located at position one or position 
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two. Attempts to incorporate the photoactive phenylalanine were unsuccessful and optimization 

of reaction conditions is required to incorporate this unnatural amino acid.  

 Neopetrosiamides are surprisingly unstable in mouse blood plasma, indicating that they 

could be unstable in vivo. Two degradation products were observed. The major cleavage product 

extended from the N-terminus to Ser25, indicating a cleavage site between Ser25 and Cys26. The 

minor degradation product was found to be a segment of neopetrosiamide between Cys7 and 

Phe23. The protease or proteases responsible have not yet been identified.   

 A major advancement in the synthesis of neopetrosiamide is the realization that 

biologically active peptide can be isolated from a global oxidation of all cysteine residues in the 

presence of guanidinium chloride, a chaotropic salt. This discovery opens new doors for further 

research into neopetrosiamides in that the material is more easily accessible.  

 There remain many unanswered questions about the mode of action of these peptides. 

The unique biological activity observed makes it desirable to further the explore mode of action 

of neopetrosiamides. Furthermore, identification of the proteases responsible for degradation of 

neopetrosiamides could provide valuable insight into making neopetrosiamide more stable in 

vivo.  The potent anti-metastatic activity observed upon the treatment of cells with 

neopetrosiamides has somewhat overshadowed the fact that neopetrosiamide may, in fact, be 

antimicrobial. It would be interesting to test this peptide against a suite of Gram-positive and 

Gram-negative bacterial strains to see what antimicrobial activity is present.  
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Chapter Six: Overview and Summary of Thesis Work 

Biologically active peptides are an important class of natural products in that they have a 

broad spectrum of activity ranging from antimicrobial to pathogenic to anti-metastatic properties. 

Understanding the structure of these peptides sheds light on potential modes-of -action and 

reveals privileged structural motifs favoured in nature. In this thesis, structural studies of 

antimicrobial peptides and peptide based virulence factors are discussed. In addition, synthetic 

modifications to the antimicrobial peptide, subtilosin A, are examined  in relation to 

crystallographic studies. Finally, structure-activity-relationship studies on the anti-metastatic 

peptide, neopetrosiamide are explored and biological testing of the resulting analogues are 

discussed.  

The structural characteristics of the leaderless bacteriocin, enterocin 7B, have been 

explored. Through this work, a connection between the structures of some leaderless and circular 

bacteriocins was discovered, leading to the hypothesis that these classes of bacteriocins may 

share a similar pore forming mode of action. Recent genomic studies have shown that garvicin 

ML, a circular bacteriocin, has a receptor on the bacterial membrane surface. Our attempts to 

grow bacterial mutants immune to enterocin 7 were unsuccessful. New methods of generating 

bacterial mutants are currently being explored.  

The exact stereochemistry of the thioether bonds in subtilosin A remains uncertain as the 

calculated lowest energy NMR solution structures suggest that the LDD and DDD structure are 
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both close in energy. Attempts to link subtilosin A to a crystallizable protein through non-

covalent interactions have been unsuccessful, and we are currently developing a method for 

covalent attachment of subtilosin A to carbonic anhydrase. Upon covalent attachment, the 

bioconjugate will be sent to collaborators for crystallography studies. Previously, subtilosin A 

has been found to degrade at pH> 5. While it is unknown what the exact structure of the 

degraded peptide is, the MALDI-TOF spectra indicates a net mass increase of +6. The 

degradation of the peptide has been reduced upon the addition of high concentrations of salt 

buffer, specifically phosphate buffer saline.  

Phenol-soluble modulins are potent virulence factors produced by Staphylococcus 

aureus. Our work has shown that there are some limited structural similarities between the 

larger, β- type PSMs and the linear bacteriocins that were first predicted by Cintas and coworkers 

in 1998. The implication of this is not well understood at this time. The structural 

characterization of the α-type PSMs has shown a similar tertiary structure.  Our work has shown 

that previous models proposed for PSMα3, which attributed physical characteristics to the 

hydrophobic and hydrophilic face of the peptide, were oversimplified and that the modes-of-

action for cytolysis, biofilm formation, inflammation and antimicrobial activity are much more 

complicated than originally thought.  

Neopetrosiamides are anti-metastatic peptides that were isolated from the marine sponge, 

Neopetrosia sp. These peptides have been shown to inhibit the amoeboid and mesenchymal 

migration of cancer cells through the basement membrane mimic, Matrigel. The mechanism-of-

action remains unknown though we have shown that the secondary and tertiary structure is 
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highly sensitive to amino acid substitutions. We have investigated the sensitivity of amino acid 

substitution at the methionine sulfoxide at position 24 as well as the amenability of fluorescently 

labeling the peptide with various fluorescent labels. In the majority of the substitutions, the 

resultant analogues were inactive. We investigated the stability of this peptide in mouse plasma 

and found that it was degraded by unknown proteases quickly, despite the compact nature of the 

peptide due to the 3-disulfide bonds present. We were able to simplify the synthesis of the 

peptide by screening solvent conditions that favoured the correct disulfide formation during 

global oxidation reactions.  

Structural studies on peptides remains an important area of research to gain a greater 

understanding of interactions of the individual peptides with their respective biological receptors. 

With greater understanding of the biological interactions taking place, synthetic chemistry can be 

used to improve peptide stability, bioavailability and enhance desirable biological activities. As 

demonstrated by this thesis, peptide chemistry is a growing area of interest for therapeutic 

applications.  
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Chapter Seven: Methods and Materials 

7.1 General Experimental Details  

7.1.1 Reagents and Solvents  

All commercially available reagents and solvents were purchased from the Aldrich 

Chemical Company Inc. (Madison, WI), Sigma Chemical Company (St. Louis, MO), Fisher 

Scientific Ltd. (Ottawa, ON) or Caledon (Georgetown, ON). All protected amino acids and SPPS 

resins were purchased from the Calbiochem-Novabiochem Corporation (San Diego, CA), Sigma-

Aldrich Canada Ltd. (Oakville, ON), Chem Impex International Inc. (Wood Dale, IL) or VWR 

International (Mississauga, ON). All reagents and solvents were of American Chemical Society 

(ACS) grade and used without further purification. Reagents used in cell biology were purchased 

from Mediatech Inc. (Manassas, VA), ATCC (Manassas, VA) and GIBCO (Grand Island, NY).  

7.1.2 General Techniques for Microbiological Work  

7.1.2.1 Preparation of Media 

All media and media components were purchased from Becton Dickinson and Company 

(BD, Franklin Lakes, NJ, USA), unless otherwise indicated. Liquid media was prepared 

according to to manufacturers’ instructions. Hard agar plates (1.5 % agar, w/v) were prepared by 

boiling the desired amount of agar in the applicable liquid media. The agar solution was 

autoclaved and aliquoted into 10 cm petri dishes (20 mL per plate) in a laminar flow hood and 

allowed to cool. The plates were stored at 4 - 8 qC until used. In the event that an antibiotic 

solution was added to the hard agar, the autoclaved agar solution was cooled to 55 qC prior to the 

addition of the antibiotic solution, the resultant plates were stored in the absence of light 
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(wrapped in aluminum foil) at 4 - 8 qC until used. Soft agar tubes (0.75 % agar, w/v) were 

prepared by boiling the desired amount of agar in the appropriate liquid media. The molten agar 

solution was aliquoted into 5 mL portions in screw-top tubes and autoclaved.  

7.1.2.2 Glycerol Stocks  

Glycerol stocks were used to maintain strains of bacteria. Glycerol (250 μL) was 

autoclaved in cryovials and the resulting sterile glycerol was mixed with a fresh bacterial culture 

(1000 μL) for a final concentration of 20 % glycerol.  The stocks were stored at -80 qC and steps 

to minimalize exposure to room temperature during subsequent inoculations were taken. Using 

aseptic technique, liquid cultures were inoculated by transferring a small amount of the frozen 

glycerol stock into the media using a sterile pipet tip.  

7.1.2.3 Antimicrobial Testing through Spot-on-Lawn Assays  

Soft agar (0.75 % agar, w/v) tubes in the appropriate liquid media were warmed in 

boiling water until a molten solution was obtained. The resultant molten agar was cooled to 55-

60 qC and supplemented with fully-grown overnight liquid cultures of the indicator organism 

(100 μL). Subsequently, the solution was briefly vortexed and poured over a hard agar plate (20 

mL; 1.5 % agar, w/v) of the same medium. Suspensions of the desired antibiotic/bacteriocin 

were pipetted onto the hardened surface (10 μL) and allowed to evaporate. Once samples had 

evaporated, the plates were capped and sealed with parafilm. Upon incubation overnight at an 

appropriate temperature for the indicator organism, the activity of the sample solution was 

judged based on the size and clarity of the zone of clearing. 
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7.1.2.4 Cell Lysis  

7.1.2.4.1  Cell Lysis with Cell Disrupter 

A TS series benchtop cell disruptor (Constant Systems Ltd, Low March, UK) was used to lyse 

bacterial cells. The cell disrupter was prepared by passing through 20 mL of the desired lysis 

buffer at 5 kpsi. Next, the bacterial cells were suspended in lysis buffer and passed through the 

system at 25 kpsi and the lysate was collected. The system was cleaned with 20 mL of lysis 

buffer which was passed through the disrupter at 25 kpsi and the flow through was collected and 

pooled with the lysate. 

7.1.3 General Chromatographic Purification of Peptides and Proteins  

7.1.3.1 Amberlite XAD-16 Hydrophobic Interactions Chromatography  

Amberlite XAD-16 resin (Sigma-Aldrich, St. Louis, MO, USA; usually 25- 40 g per liter 

of culture supernatant) was soaked in isopropanol for 15- 30 min. The resin slurry was poured 

into a glass column fitted at the base with Miracloth (EMD Millipore, Billerica, MA, USA), and 

the isopropanol was passed through the resin without letting the column run dry. The resin was 

then washed at 10 mL/min with 250 mL of 0.1 % trifluoroacetic acid (TFA) in water per 30 g 

resin. The column was stored under a volume of 0.1 % TFA until use. The solvent conditions and 

flow rates used are specific to the bacteriocin of interest and the solvent conditions and flow rates 

will be described below.  

7.1.3.2 C18 Solid-Phase Extraction Cartridges  

Both Strata C18-E (Phenomenex, Torrance, CA, USA) and Megabond C18 (Agilent, 

Santa Clara, CA, USA) solid-phase extraction (SPE) cartridges were used interchangeably. 
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These cartridges were pre-conditioned at 10 mL/min with 50 mL of methanol followed with 100 

mL of Milli-Q water. Flow rates were controlled using a peristaltic pump. 

7.1.3.3 C8 Solid-Phase Extraction Cartridges 

Strata C8-E (Phenomenex, Torrance, CA, USA) cartridges were pre-conditioned at 10 

mL/min with 50 mL of methanol followed with 100 mL of Milli-Q water. Flow rates were 

controlled using a peristaltic pump. 

7.1.3.4 HPLC  

All peptide compounds were purified to homogeneity using high-pressure liquid 

chromatography (HPLC). Separations were performed on Beckman System Gold 

chromatographs (analytical and preparative), a Varian Prostar Model 210 systems (analytical and 

preparative) and a Gilson system with a model 322 HPLC pump (preparative). A Millipore 

carbon filter removed small debris and dust from HPLC grade solvents prior to use. The solvents 

and gradients will be described below.  

7.1.3.5 Fluorescence Experiments 

Fluorescence of fluorescene was recorded on a 75 XE Photon Technology International 

(PTI) MP1 Fluorescence System. The excitation wavelength was set to 435 nm and the emission 

wavelength was set to 506 nm. All slits were open 1 mm and data was recorded every second. 

Data was recorded using Felix32 software and analyzed using Microsoft Excel.  
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7.1.4 Characterization of Proteins, Peptides and Small Molecules 

7.1.4.1 MALDI-TOF MS  

Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF MS) was performed on an AB Sciex Voyager Elite system (Foster City, CA, USA). 

Matrices 3,5- dimethoxy-4-hydroxycinnamic acid (sinapinic acid) and 4-hydroxy- -

cyanocinnamic acid (HCCA) were used with a two-layer sample preparation method. The AB 

Sciex Voyager Elite system was operated in positive reflection mode with delayed extraction or 

linear  

7.1.4.2 LC- ESI MS 

Liquid Chromatography electrospray ionization mass spectrometry, (LC-ESI MS), was 

performed on an Agilent Technologies 1260 HPLC with G6130B MSD (Santa Clara, CA USA). 

Samples were ionized via ESI and monitored in positive mode.  

7.1.4.3 HR-ESI MS  

High-resolution electrospray ionization mass spectrometry (HR-ESI MS) was performed 

on an Agilent Technologies 6220 oaTOF (Santa Clara, CA, USA). Samples were ionized via ESI 

and monitored in positive mode. 

7.1.4.4 EI MS 

  Electron impact mass spectrometry was performed on a Kratos MS50G Analytical 

(Dewsbury, West Yorkshire, UK). Samples were ionoized via electron impact and monitored in 

positive mode. 
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7.1.4.5 NMR Spectroscopy  

Spectral data were collected on several different nuclear magnetic resonance (NMR) 

spectrometers. At the University of Alberta Department of Chemistry, a Varian Inova 600 MHz 

spectrometer (equipped with a triple-resonance HCN cold probe) and a Varian VNMRS 700 

MHz spectrometer (equipped with a triple-resonance HCN probe and Z-axis pulsed-field 

gradients) were used. Data were also acquired at the National High Field Nuclear Magnetic 

Resonance Centre (NANUC) on a Varian Inova 800 MHz spectrometer equipped with a triple-

resonance HCN cold probe and Z-axis pulsed-field gradients.  

7.1.4.6 SDS-PAGE Gel Characterization 

The protein content in samples was analyzed using SDS-PAGE, either with a 10 % 

resolving gel topped with a 4 % stacking gel, or using a commercial 4 – 20 % Mini- PROTEAN 

TGX precast gel (Bio-Rad, Hercules, CA, USA). Protein samples were prepared in 2 X Laemmli 

Sample Buffer (Bio-Rad) and boiled at 100 qC for 10 min. Samples run on a PAGE gel 

containing a stacking gel were run at a voltage of 50 V for 30 min and then 180 V until the dye 

front reached the bottom of the gel. The 4 – 20 % commercial gels were run at 180 V until the 

dye front reached the bottom. Gels were rinsed for 3 x 5 min in fresh Milli-Q water, and then 

submerged and shaken in GelCode Blue Stain reagent (Pierce, Rockford, IL, USA) for 60 min. 

After decanting the stain, the gel was left in Milli-Q water overnight and scanned. 

7.1.4.7 Native PAGE Gel Characterization 

The protein content in the samples was analyzed using a native PAGE gel with a 10 % 

resolving gel and 6 % stacking gel. The stacking gel was prepared in the following manner; 2.0 
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mL of acrylamide/Bis-acrylamide (30 % / 0.8 %, w/v) was diluted in 7.89 mL of 0.375 M Tris-

HCl (pH= 8.8). To induce cross-linking, 100 μL of 10 % ammonium persulfate (w/v) and 10 μL 

TEMED were mixed into the acrylamide solution. The resolving gel was prepared in the 

following manner; 3.4 mL of acrylamide/Bis-acrylamide (30 % / 0.8 %, w/v) was diluted in 6.49 

mL of 0.375 M Tris-HCl (pH= 8.8). To induce cross-linking, 100 μL of 10 % ammonium 

persulfate and 10 μL TEMED were mixed into the acrylamide solution. Once the gel had been 

cast, the sample solutions were mixed 1:1 with 2x Sample buffer (62.5 mM Tris-HCl, pH= 6.8; 

25 % v/v glycerol; 1 % bromophenol blue). Samples run on the PAGE gel were run at 80 V until 

dye had reached the bottom of the stacking layer and then at 120 V until the dye had reached the 

bottom of the resolving gel. Gels were rinsed for 3 x 5 min in fresh Milli-Q water, and then 

submerged and shaken in GelCode Blue Stain reagent (Pierce, Rockford, IL, USA) for 60 min. 

After decanting the stain, the gel was left in Milli-Q water overnight to distain and scanned for 

records. 

7.1.5 General Solid Phase Peptide Synthesis Conditions 

7.1.5.1 General Procedure for Automated Solid Phase Peptide Synthesis (SPPS) using ABI 
433A 

The peptide synthesis was completed on preloaded resin using an ABI-433A peptide 

synthesizer (Applied Biosystems) with UV monitoring capability (Perkin Elmer), detecting at 

301 nm using standard FastMoc 0.1 mmol protocol. In the method employed, 10 equivalents of 

Fmoc amino acids were used with respect to the resin loading. Peptide couplings were done by 

mixing a solution of Fmoc-amino acid (in NMP) with a solution of HBTU, HOBt and DIPEA in 

DMF and pre-activated for 2.1 minutes. The activated solution was then transferred to the pre-
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swelled resin and allowed to react for 9.3 minutes. End capping was performed with a solution of 

Ac2O, HOBt and DIPEA in NMP. Removal of the Fmoc group was done by using 22% 

piperidine in NMP and monitored by the absorption of dibenzofulvene-piperidine adduct at O = 

301 nm on a UV-Vis spectrophotometer. The overall coupling cycle time for each amino acid 

was approximately 50 minutes. The following side chain protecting groups were employed for 

the peptide synthesis: Fmoc-Cys(Acm)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Cys(t-Bu)-OH, Fmoc-

Asp(t-Bu)-OH, Fmoc-Ser(t-Bu)-OH, Fmoc-Thr(t-Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-

Arg(Pmc)-OH. For cleavage, the resulting peptidyl resin was treated with a fresh mixture of 

TFA: Thioanisole: EDT: Anisole (90: 5: 3: 2, v/v/v/v, 10 mL/g peptidyl resin) for 1.5 – 2 h at 

room temperature. The solution was then filtered through a plug of cotton into cold diethyl ether. 

The white precipitate was collected by centrifugation and washed with cold ether. The crude 

peptide was then purified by RP-HPLC. Fractions containing the appropriate mass by MALDI-

TOF MS were pooled, concentrated, lyophilized and re-purified to homogeneity. 

7.2 Experimental Procedures for the Structural Characterization of Enterocin 7B, a 
Leaderless Bacteriocin. 

7.2.1 Isolation of Enterocin 7B (4)  

The purification of enterocin 7B was based on literature procedures with some 

modifications. Enterococcus faecalis 710C was grown in 100 mL of APT broth at 37 qC without 

shaking. This starter culture was used to inoculate (5 % inoculum, v/v) a 1 L batch of APT broth. 

Incubation of the resultant broth at 37 qC without shaking for 22 h lead to the production of 

fM-G-A-I-A-K-L-V-A-K-F-G-W-P-F-I-K-K-F-Y-K-Q-I-M-Q-F-I-G-Q-G-W-T-I-D-Q-I-E-K-W-L-K-R-H 
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enterocin 7B. The cells were pelleted using a centrifuge (5,000 g, 10 min, 4 qC) and the 

supernatant was collected. SP Sepharose Fast Flow resin (20 mL) was loaded into a glass column 

and the base was fitted with Miracloth (EMD Millipore, Billerica, MA, USA). This resin was 

pre-equilibrated with 20 mM sodium phosphate, pH 6.9 and the resultant culture supernatant was 

passed, 1 mL/min, through the column. The column was washed with 100 mL of: (1) 20 mM 

sodium phosphate, pH 6.9, (2) 20 mM sodium phosphate, pH 6.9, with 0.2 M NaCl, and (3) 20 

mM sodium phosphate, pH 6.9, with 1.0 M NaCl. The fraction containing 1.0 M NaCl was 

desalted using a preconditioned Bond Elut C18 solid-phase extraction cartridge (Agilent; 10 g, 

60 mL). After passing the 1.0 M NaCl fraction through the cartridge at 5 mL/min, it was washed 

with 50 mL of: (1) 30 % ethanol, (2) 30 % acetonitrile, (3) 40 % isopropanol, and (4) 80 % 

isopropanol with 0.1 % TFA. The 80 % isopropanol with 0.1 % TFA fraction was concentrated 

on a rotary evaporator down to 10 mL. Enterocin 7B was purified to homogeneity using reverse-

phase HPLC. A analytical C18 column was used (VYDAC 218TP54; 4.6 mm x 250 mm, 5 μm 

paritical size, 300 Å) with mobile phases A (water with 0.1 % TFA) and B (acetonitrile with 0.1 

% TFA) at a flow rate of 1 mL/min, and detection at 220 nm. The solvent gradient started at 30 

% B for 5 min, then increased to 71 % B over the course of 26 min. Enterocin 7B eluted after 25 

min using this method. The identity of enterocin 7B was confirmed using MALDI –TOF 

spectrometry, [M+H]= 5206.  

7.2.2 Circular Dichroism  

An Olis DSM 17 CD spectrophotometer was used to acquire the CD spectra of enterocin 

7B. Solutions of enterocin 7B were prepared  (100 μL; 0.8 mg/mL) in unbuffered water, 20 mM 
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phosphate buffer (pH=7.0), and 50 % TFE in water. Each sample was analyzed in a 02 mm 

quartz cuvette. Enterocin 7B showed α- helicity in each sample.  

7.2.3 NMR Spectroscopy 

A 0.8 mM solution of enterocin 7B was made by dissolving the peptide in 300 μL of 90 

% H2O and 10 % D2O. DSS was added to the sample to give a final concentration of 0.01 % and 

the final solution was transferred to a 5 mm Shegimi tube, with matched magnetic susceptibility 

to D2O.  TOCSY, NOESY, DQF- COSY, 13C-HSQC, and 15N-HSQC data sets were acquired on 

a Varian VNMRS 700 MHz spectrometer at 27 qC. The water signal was suppressed using 

transmitter presaturation. Additional experimental details can be found in Table 6.1.  All data 

sets were processed with NMRPipe and analyzed using NMRViewJ. Pr 

oton chemical shift assignments were assigned using the TOCSY, NOESY and DQF-COSY 

datasets (Table 6.2), all chemical shift assignments have been deposited in the BioMagResBank 

(accession number 19101). 

Table 6.1- Experiment Parameters of NMR Spectroscopic Data for Enterocin 7B 

 Ent7B Sweep width (Hz) 
(t1, t2)a 

ni np nt Mix time 

dpfgse- NOESYb 9765, 9765 448 8192 32 150 ms 

zTOCSY 10000, 10000 448 8192 32 50 ms 

15NHSQC 9765, 2500 48 1640 512  

gCOSY 10000, 10000 512 20000 16  
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a Directly and indirectly detected dimensions respectively. “ni” is the number of complex points 

collected for the indirectly detected dimension, while “np” is the number of real + imaginary 

points for the directly detected dimension. “nt” is the number of cumulative scans collected for 

each point of acquisition. The carrier position was empirically determined from the minimal 

residual HOD signal using a saturation effective field of ~ 80 Hz induced field strength and 2.5 

seconds in length. The optimal 90° pulse width was determined using a nutation experiment.180 

b 5 ms sinc shape pulses  

 

Table 6.2- Chemical Shift Assignment of Enterocin 7B 

  HN Hα Hβ 
Formyl    8.24 
Met 1 8.67  4.52 2.15, 2.09 γCH2 2.73, 2.62 
Gly 2 8.84  4.01   
Ala 3 8.20  4.14 1.44  
Ile 4 7.96 

 
3.81 2.21 γCH3 1.04, γCH2 1.64, 1.51, δCH3 

0.77 
Ala 5 7.98 

 
4.05 1.51  

Lys 6 7.77 
 

4.11 2.03, 1.89 γCH2 1.72, 1.65, δCH2 1.59, 1.44, 
εCH2 2.95 

Leu 7 8.15 
 

4.31 2.29 γCH 2.13, δCH3 1.58, 1.11 

Val 8 9.01 
 

3.38 2.05 γCH3 0.69,0.72 

 Ala 9 7.84 4.13 1.52  
Lys 10 7.18 4.13 1.68, 1.51 γCH2 0.81, 0.65, δCH2 1.42, 1.36, 

εCH2 2.78, 2.69 
Phe 11 8.43 

 
4.56 3.32, 2.94  δCH 7.35, εCH 7.19, ζCH 7.30 

Gly 12 8.66 4.65, 4.04   
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Trp 13 9.27  

 
4.89 3.40 δ1CH 7.30, ε1NH 10.17, ζ2CH 7.42 

η2CH 6.96, ζ3CH 7.65, ε3CH 6.87 
Pro 14   2.29, 2.04  γCH2 2.35, 1.92, δCH2 4.06, 3.98 
Phe 15 8.10 4.29 3.36, 3.01 δCH 7.20, εCH 7.15, ζCH3 7.23 
Ile 16 7.63  3.75 2.31  γCH3 1.00 
Lys 17 9.00 3.53 1.17, 0.95 γCH2 1.44, 1.18 
Lys 18 7.26 3.79 1.52, 1.42 γCH2 1.01, 0.513, δCH2 1.36, εCH2 

2.73 
Phe 19 7.16 5.04 2.93  δCH 6.92, εCH 7.19, ζCH 7.34 
Tyr 20 7.39 3.76 3.37, 2.95 δCH 6.98, εCH 6.86 
Lys21 8.43 3.74 1.79, 1.64  γCH2 1.50, 1.30, εCH2 2.95 
Gln 22 7.91 3.33 1.89, 1.74 γCH2 2.23, 1.14, εNH2 7.17, 6.66 
Ile 23 8.34 3.16 1.68 γCH3 0.73, γCH2 1.80, δCH3 0.97 
Met 24 8.05  4.15 1.90, 1.76 γCH2 2.33 
Gln 25 7.42 3.85 1.98, 1.76 γCH2 2.20,1.64, εNH2 6.94, 6.88 
Phe 26 7.79 3.64 2.53, 2.23 δCH 5.70, εCH 5.53, ζCH 5.44 
Ile 27 8.67  3.76 1.86 γCH3 0.91, γCH2 1.77, 0.78, δCH3 

0.95 
Gly 28 8.05  3.96   
Gln 29 7.63  4.45 2.10 γCH2 2.48, εNH2 7.03, 6.70 
Gly 30 8.01 4.34, 3.92   
Trp 31 8.40  4.74 3.15, 2.63 δ1CH 7.03, ε1NH 10.00, ζ2CH 7.08, 

η2CH 6.44, ζ3CH 5.87, ε3CH 6.49 
Thr 32 8.51  4.52 1.39  
Ile 33 8.92  3.88 2.03 γCH3 0.99, γCH2 1.46, δCH3 0.98 
Asp 34 8.23  4.41 2.60  
Gln 34 7.73  3.82 2.29 γCH2 2.19, 1.99, εNH2 6.69, 6.17 

 
Ile 36 8.49  3.79 2.11 γCH3 1.06, γCH2 2.32, 0.95, δCH3 

0.83 
 

Glu 37 9.18  4.03 2.41, 2.28 γCH2 2.99 
Lys 38 8.05  3.97 1.90, 1.76 γCH2 1.58, 1.44, δCH2 1.60, εCH2 

2.94 
 

Trp 39 7.76  3.91 3.66, 3.39 δ1CH 7.48, ε1NH 10.43, ζ2CH 7.30 
η2CH 6.80, ζ3CH 6.19, ε3CH 7.02 
δCH3 0.61, 0.98 

Leu 40 9.11 3.67 1.94 δCH3 0.61, 0.98 
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Lys 41 7.98 4.23 2.10, 1.67 γCH2 1.83,1.77 
Arg 42 7.23 4.33 1.56 γCH2 1.65, δCH2 3.09, εNH 7.16 
His 43 7.59 4.25 3.12, 2.24 δ2CH 6.92, ε1CH 6.19 

 

7.2.4 Structure Calculations 

CYANA 2.1 was used for the structure calculations of enterocin 7B. Minimal manual 

NOE crosspeak assignments were made and automated NOE crosspeak assignment was 

completed by the CYANA program. NOE distance constraints were made by CYANA and based 

on signal intensity. CYANA employs an iterative structure calculation algorithm involving seven 

rounds of 10 000 steps per round. The final structure is an average of the 20 lowest energy 

structures calculated. The final structure calculation used 1005 NOE crosspeaks, of which 107 

were long-range, 173 were medium-range and 355 were short-range. Coordinates for the final 

structure were deposited in the Protein Data Bank (accession number 22m60). 

7.3 Experimental Procedures for Subtilosin A 

7.3.1 General HPLC Method for Subtilosin A 

Peptides were purified on a C18 column (VYDAC, 208TP1010 4.66 mm x 250 mm, 5 

μm particle size, 300 Å) using a flow rate of 3.0 mL min−1 and UV detection at 220 and 254 nm. 

Briefly, starting with a 6:4 ratio of mobile phase A (water with 0.1 % TFA) to mobile phase B 

(MeCN with 0.1 % TFA), the column was equilibrated for 5 min. Mobile phase B was then 

increased to 60 % over 10 min, and then 80 % over 15 min. The organic phase was held at 80 % 

for 2 minutes and then decreased to 40 % over 2 min. Mobile phase B was held at 40 % for 5 

min to allow for column re-equilibration.  
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7.3.1.1 Isolation of Subtilosin A (5) 

 

Subtiolosin A was isolated and purified according literature procedures with minor 

modifications. Briefly, a 10 mL tube of sterile LB media was inoculated with B. subtilllus 

JH642. Culture was allowed to grow overnight (37 °C, 225 rpm). From this tube, a new tube of 

LB (10 mL) was inoculated by transferring 50 μL of fully grown culture to the fresh media. The 

culture was grown for 7 h at 37 °C, 225 rpm, and then was used to inoculate 1 L of NSM broth to 

give a 1 % inoculum, v/v. The resultant broth was grown for 16 h at 37 °C, 225 rpm. The NSM 

broth was made according to the following specifications. 8.0 g of nutrient broth was dissolved 

in 1 L of MilliQ water. To this base, 0.5 g of MgSO4 7H2O, and 2.0 g of KCl was added. This 

mixture was autoclaved and allowed to cool. Once cooled, the following salts were added to the 

media to give 1.0 mM Ca(NO3)2 4H2O, 0.1 mM MnCl2 and 1 μM FeSO4 7H2O. Subtilosin A was 

extracted from the overnight culture by adding 250 mL (25 % v/v) of n-butanol to the cell 

culture. The mixture was agitated in the incubator at 225 rpm for 1 h. The resulting mixture was 

poured into a large separatory funnel and allowed to settle overnight. The butanol layer was 

collected and concentrated in vacuo. A brown residue was obtained that was dissolved in 

methanol and purified using the RP-HPLC method described above. tR= 20.0 min. 

Approximetely 2.5- 5.0 mg of subtilosin A was obtained per liter of culture.  
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7.3.1.2 Capping with Cyclodextrin 

Subtilosin A (5) (3.2 mg, 0.94 μmole, 1 equiv.) was dissolved in a 1:1 mixture of 

MeCN:H2O. α-cyclodextrin (4.5 mg, 4.7 μmole, 5 equiv.) and β-cyclodextrin (5.3 mg, 4.7 

μmole, 5 equiv.) were added to the solution and the mixture was stirred overnight at room 

temperature. NMR analysis of the aqueous layer revealed a clean spectrum of α-cyclodextrin and 

β-cyclodextrin but there was no discernible peaks attributed to subtilosin A. 

7.3.1.3 Stability of Streptavidin to Various Organic Solvents  

FITC-Streptavidin (5 mg, 83.3 nmole) was reconstituted in water (5 mL) to give a 1 mg 

mL-1 stock solution. In 1.5 mL epindorfs, each organic solvent was added (450 μL). To adjust the 

level of acidity of the organic solutions, trifluoroacetic acid was added and the pH was monitored 

using pH paper (Hydrion, Micro Essential Laboratory Inc. Brooklyn, NY, USA).  Aliquots of 

Streptavidin (50 μL) were added to each epindorf and incubated for 30 min. The fluorescence of 

each sample was taken using the general method for fluorescence detection described above. 

Following detection of intial fluorescence, each sample was inserted into a well of a 96-well 

plate coated with biotin. The solutions were incubated in the 96-well plate for an additional 15 

min and the fluorescence recorded a second time.  
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7.3.1.4 Linkage of Subtilosin A with Biotin (7) 

 

Subtilosin A (5) (3.2 mg, 1 equiv.) was dissolved in a 1:1 mixture of MeCN: PBS (30 

mL) to give a final concentration of 0.1 mg mL-1 at pH = 8. The NHS-ester of biotin (6) was 

added (0.4 mg, 1.4 equiv.) to the solution and the reaction mixture was stirred at 4 °C and 

monitored by MALDI-TOF spectroscopy. After 72 h, the reaction was determined to be 50 % 

done by MALDI-TOF. Compound (7) was purified using the general subtilosin A RP-HPLC 

method. tR = 21.0 min Calculated molecular weight for C137H201N36O39S6 [M+H]+ 3628 Found 

[M+H]+ 3628. 

7.3.1.5 Bioconjugation of Subtilosin A with Streptavidin 

Compound (7) (7.8 mg, 2.14 μmole, 1equiv.) was dissolved in 1:1 MeCN : PBS (0.2 M, 

pH=8) Streptavidin (7.28 mg, 21.4 μmole, 10 equiv.) was added and the mixture was stirred at 4 

°C and stirred for 96 h. Once the reaction was deemed to be complete by MALDI-TOF the pH of 

the solution was adjusted to 2 with 0.2 M HCl.  

7.3.1.6 Purification of Subtilosin A Streptavidin Complex with HPLC  

Using the general HPLC method described above the SubtilosinA-Biotin-Streptavidin 

complex was injected onto a C8 column. Multiple peaks present corresponding to Compound (4) 
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(tR= 20.0 min), compound (6) (tR= 21.0 min), and unidentified fractions, and indicating 

decomposition of bioconjugate under RP-HPLC conditions.  

7.3.1.7 Purification of Subtilosin A using Amicon Tubes 

An amicon tube (30 000 MWCO) was filled with 15 mL of 0.1 N NaOH and centrifuged 

for 20 min at 5000 x g. Remaining solution in the tube was decanted and the tube was filled with 

15 mL MilliQ water. Centrifugation (5 000 x g, 20 min) afforded a tube with cleaned membrane, 

ready for sample purification. The crude mixture of compound (6) and streptavidin were 

concentrated in vacuo to remove acetonitrile present, and the resultant cloudy solution was 

diluted with fresh MilliQ water to a total volume of 15 mL. Following centrifugation (5 000 x g, 

25 min), the resultant solution was given to collaborators to perform crystallization screens. 

 

7.3.1.8 Synthesis of Meldrum’s Acid Derivative (8) 

 

Meldrum’s acid (9) (5.0 g, 35 mmol, 1 equiv.) was dissolved in 15 mL DMSO to afford a 

clear colorless solution. Triethylamine (7.08 g, 70 mmol, 2 equiv.) was added and the colorless 

solution turns bright yellow. Carbon disulphide (2.65 g, 35 mmol, 1 equiv.) is added and the 

reaction mixture is stirred for 2 h. Drop wise addition of the methyl iodide (9.93 g, 70 mmol, 2 

equiv.) results in the reaction mixture becoming dark orange and eventually red. The reaction 

mixture is allowed to stir overnight. Ice is added to the reaction until a yellow precipitate is 
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formed. Vacuum filtration and subsequent recrystallization from methanol affords the title 

compound in 53 % yield (1.3 g). IR (CDC13) 3000, 1728, 1680, 1410, 1310, 1280, 1040, 955 cm-

1; 1H-NMR (500 MHz, CDCI3) : 1.75 (s, 6H), 2.65 (s, 6H); 13C-NMR (500 MHz, CDC13): 21.3 

(q), 26.6 (q), 102.9 (s), 103.0(s), 159.7(s), 192.3(8); EI-MS m/z 248 (17), 191 (15), 190 (17), 172 

(35), 146 (29), 118 (29), 100 (27), 99 (98), 85 (21).  

7.3.1.9 Linkage of Meldrums Acid Derivative to Subtilosin A and Carbonic Anhydrase (12) 

5 mg of subtilosin A was dissolved in a 1:1 mixture of MeCN : PBS (0.2 M, pH= 7.2).  

Compound 8 was added portion wise ( 1 equiv. ) followed by addition of 1 equiv. of carbonic 

anhydrase. The reaction mixture was stirred over 72 h and monitored by HPLC. After 72 h, no 

reaction had taken place between subtilosin A and compound 8 as determined by HPLC and 

MALDI-TOF. The pH of the mixture was increased to 8 to see if the reaction could be driven 

forward, subtilosin A degraded ([M+H]+= 3406), and no detectable amounts of 12 was present.  

7.3.1.10 Coupling of 5- Azido-2,5,-dioxo-1pyrrolidinyl Ester Linker to Subtilosin A (13) 

8.6 mg of subtilosin A was dissolved in a 1:1 mixture of MeCN:PBS (0.2 M, pH=8). 

Crude mixture of compound (14) was added and the reaction mixture was stirred for 12 h. No 

reaction appeared to take place by MALDI-TOF. Expected [M+H]+ = 4240 Found [M+H]+ = 

3406 m/z 

7.3.1.11 Synthesis of 5- azido-2,5,-dioxo-1pyrrolidinyl ester (14).  
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To a solution of azidopentanoic acid (15) and N-hydroxysuccinamide (16) in DME at 0 

°C, DCC was added and the reaction mixture was stirred at 0 °C for 1 h then placed at 4 °C for 

12 h without stirring. The reaction mixture was filtered and concentrated in vacuo. The crude 1H-

NMR matched literature reports. DCU was difficult to remove and therefore crude linker was 

used in subsequent reactions without further purification. 

7.4 Experimental Procedures for the Synthesis and Isolation of Phenol-soluble Modulins 

7.4.1 Synthesis of PSMα1 and PSMα3. 

7.4.1.1 Manual Solid-phase Peptide synthesis of PSMα1 and PSMα3 

PSMα1 and PSMα3 were prepared through manual solid phase peptide synthesis (SPPS). 

The peptides were synthesized using a Wang resin on a 0.1 mmol scale utilizing a jacketed 

peptide synthesis reaction vessel. Coupling reactions were conducted using N-fluorenyl- 

methyloxycarbonyl (Fmoc)-protected amino acids (5 equiv relative to resin loading) and 

activated with 1-[bis-(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]-pyridinium 3-oxide 

hexafluorophosphate (HATU) (4.9 equiv relative to resin loading) and diisopropylethylamine 

(DIPEA) (5 equiv relative to resin loading). Subsequent deprotection of the coupled amino acid 

was achieved using a 20 % piperidine solution in dimethylformamide (DMF). Because of 

ineffective deprotections of the last five and six residues (PSMα1 and PSMα3, respectively), 

deprotections were conducted using 20% piperidine in the “magic mixture” (1% Triton X-100 in 

a 1:1:1 DMF/NMP/DCM mixture at 60 °C). The coupling and deprotection reactions were 

monitored using the Kaiser test and matrix-assisted laser desorption ionization time-of-flight 



 

 

137 

 

mass spectrometry (MALDI-TOF MS). The peptides were cleaved from the resin using a 

9.5:0.25:0.25 trifluoroacetic acid:triisopropylsilane:water (TFA:TIPS:H2O) ratio.  

7.4.1.2 Purification of PSMα1 and PSMα3 

Upon cleavage of the peptides from the resin, the crude peptide was dissolved in the 

minimum amount of dimethyl sulfoxide (DMSO) and diluted with water to give a 

volume:volume percent of 5 % DMSO in water. The solutions of crude peptide were partially 

purified through dialysis against water (20 h, 25 °C; molecular weight cutoff of 1000, 

Spectra/Por 7) followed by multiple iterations of reverse phase high-performance liquid 

chromatography (RP-HPLC) until the peptides were determined to be pure via MALDI-TOF 

MS. Briefly, for both PSMα1 and PSMα3, an analytical scale column (3.6 μm particle size, 200 

Å, 250 mm × 4.6 mm, Aeris Widepore C4, Phenomenex) was used with a 1 mL injection 

volume, a flow rate of 1.5 mL/min, and a detection wavelength set at 220 nm. A gradient of 

solvent A (0.1 % TFA in water) and solvent B (0.1 % TFA in isopropyl alcohol) was used. For 

PSMα1, the level of solvent B was initially set to 40 % and held for 5 min. Over the next 20 min, 

the level of solvent B was increased to 95 % and held for an additional 5 min. For PSMα3, the 

level of solvent B was initially set to 5 % and held for 5 min. Over the next 40 min, the level of 

solvent B was gradually increased to 60 % and then sharply increased to 95 % over 5 min. The 

level of solvent B was held at 95 % for 15 min. According to these gradients, PSMα1 and 

PSMα3 co-eluted with truncated peptides at 30 and 56 min, respectively. The peaks containing 

PSMα1 and PSMα3 were collected and injected for a second time using the same gradient as 

described above. Fractions of PSMα1 determined to be pure through MALDI-TOF MS were 
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concentrated, lyophilized, and stored at −20 °C. PSMα3 was collected and injected for a third 

time following the same gradient as described above, and the fractions determined to be most 

pure by MALDI-TOF MS were concentrated under vacuum, lyophilized, and stored at −20 °C. 

Yields of 0.88 and 0.99 mg were obtained for PSMα1 and PSMα3, respectively. 

7.4.1.3 Construction of Expression Vectors. 

A gene sequence encoding PSMβ2 codon-optimized for Escherichia coli expression was 

purchased from BioBasic Inc. The gene was cloned into the pET SUMO (small ubiquitin-like 

modifier) expression vector according to the manufacturer’s instructions (Invitrogen). 

Sequencing of the DNA construct confirmed that the sequence was correct and in frame with the 

His-tagged SUMO fusion protein. The resulting pET SUMO-PSMβ2 plasmid was transformed 

into competent E. coli BL21(DE3) cells according to the manufacturer’s instructions. 

7.4.1.4 Expression of His-Tagged SUMO-PSMβ2. 

Protein expression in E. coli BL21(DE3) was performed in 1 L of Terrific Broth [12 g of 

tryptone, 24 g of yeast extract, 4 mL of glycerol, 2.31 g of potassium dihydrogen phosphate, and 

12.64 g of potassium hydrogen phosphate (pH 7.4)]. Medium was inoculated [1 % (v/v)] with an 

overnight starter culture of E. coli BL21(DE3) (pET SUMO-PSMβ2) and grown at 37 °C while 

being shaken at 225 rpm to an optical density (OD600) of 0.8−1.0. Kanamycin was used at a 

concentration of 50 μg/mL for selective pressure. Protein expression was induced by adding 

isopropyl β-D-1-thiogalactopyranoside to a final concentration of 1 mM, and the culture was 

incubated at 30 °C for 24 h. The cells were then harvested (5000g for 15 min at 4 °C), and the 

cell pellet was suspended in lysis buffer composed of 50 mM NaH2PO4 (pH 8.0), 500 mM NaCl, 
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10 mM imidazole, and 1 % glycerol. The suspension was passed once through a Constant 

Systems Cell Disruptor, model TS (Constant Systems, Ltd.), operated at 25 kpsi. The lysate was 

centrifuged (15000 g for 30 min at 4 °C), and the supernatant, which contained the fusion 

protein, was collected for subsequent purification. 

7.4.1.5 Purification of Fusion Protein.  

The lysate supernatant was mixed with 2.0 mL of Ni-NTA agarose (Qiagen) resin and 

shaken for 1 h at 8 °C. It was then loaded onto a fritted column and allowed to flow by gravity. 

The resin was washed with 75 mL of buffer A [50 mM NaH2PO4, 500 mM NaCl, and 20 mM 

imidazole (pH 8.0)]. The fusion protein was eluted with 50 mL of buffer B [50 mM NaH2PO4, 

500 mM NaCl, and 400 mM imidazole (pH 8.0)] and dialyzed for 3 h at 8 °C against a 20 mM 

Tris-HCl buffer (pH 8.0) with 150 mM NaCl. The purification was monitored by sodium dodecyl 

sulfate− polyacrylamide gel electrophoresis (SDS−PAGE). 

7.4.1.6 Cleavage of Fusion Protein.  

His-tagged SUMO protease (McLab, South San Francisco, CA) was used to cleave the 

SUMO tag from the fusion protein as suggested by the manufacturer. Briefly, a 200 μL cleavage 

cocktail contained 20 μg of fusion protein, 5 units of the His-tagged SUMO protease, 20 μL of 

10 × SUMO protease buffer [500 mM Tris-HCl (pH 8.0), 2 % Igepal CA-360 (Sigma), and 10 

mM dithiothreitol], and 150 mM NaCl. After cleavage (20 h, 25 °C), 1 mL of Ni- NTA agarose 

(Qiagen) resin was used to remove the His-tagged SUMO and SUMO protease. This reaction 

was scaled up as necessary. PSMβ2 was further purified by RP-HPLC using a preparative scale 

C18 column (5 μm particle size, 100 Å pore size, 21.2 mm × 250 mm, Luna AXIA). The 
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detector and flow rate were set at 220 nm and 8 mL/min, respectively. Ten milliliters of sample 

was injected per run. A gradient of solvent A (0.1 % TFA in water) and solvent B (0.1 % TFA in 

acetonitrile) was used. The level of solvent B was initially set at 30 % for 10 min, gradually 

increased to 95% for 30 min, and maintained at 95 % for 10 min. Fractions containing PSMβ2, 

which co-eluted with impurities at 41 min, were combined and concentrated under vacuum, 

lyophilized, redissolved, and re-injected for a second round of RP-HPLC. The second round of 

RP-HPLC used a semipreparative C18 column (5 μm particle size, 100 Å, 250 mm × 10 mm, 

Luna model no. 517180-1, Phenomenex). The flow rate and detector were set to 5 mL/min and 

220 nm, respectively. Ten milliliters of sample was injected per run using the same gradient 

method described above. The fractions containing PSMβ2, which eluted after 32 min, were 

collected, concentrated under vacuum, lyophilized, and stored at −20 °C (Figure S3). 

Approximately 2−2.5 mg of peptide was obtained per liter of culture. 

7.4.1.7 NMR Spectroscopy.  

PSMα1, PSMα3, and PSMβ2 were each dissolved in 500 μL of 50 % d3-TFE and 50% 

water to give final concentrations of 0.77, 0.75, and 1.9 mM, respectively. All samples were run 

using a standard 5 mm NMR tube, and with 4,4-dimethyl-4-silapentane-1-sulfonic acid [0.01% 

(w/v)] as a reference. One-dimensional 1H NMR and two-dimensional homonuclear 1H−1H 

TOCSY and NOESY spectra were acquired for PSMα1, PSMα3, and PSMβ2. Briefly, the NMR 

spectra for PSMα1 were recorded on a 600 MHz Varian VNMRS spectrometer equipped with a 

z-axis pulsed field gradient triple-resonance HCN probe. NMR spectra for PSMα3 and PSMβ2 

were recorded on a 700 MHz Varian VNMRS spectrometer using a z-axis pulsed field gradient 
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triple- resonance HCN cold probe. The acquisition software was VNMRJ 4.2A on both 

spectrometers. As resonance overlap was observed in the amide region, temperature scans of 

PSMα3 and PSMβ2 revealed a greater dispersion of peaks at elevated temperatures. Therefore, 

the temperatures at which the NMR spectra were recorded were 25, 37, and 40 °C for PSMα1, 

PSMα3, and PSMβ2, respectively. Water suppression was achieved by presaturation during the 

relaxation delay for the spectra of PSMα1 and PSMα3. Water suppression in the spectra of 

PSMβ2 was achieved using excitation sculpting.181 Experimental paramaters are listed in Table 

6.3. The spectra were analyzed using NMRPipe and NMRView, followed by manual assignment 

of chemical shifts as described below. Full chemical shift assignments can be found in Tables 

6.4, 6.5, and 6.6 for PSMα1, PSMα3, and PSMβ2, respectively. 

Table 6.3 NMR Experimental Parameters for PSMα1, PSMα3, and PSMβ2 

Experiment Sweep width (Hz) 
(t2, t1)a 

ni np nt Mix time (s) 

PSMα1      
NOESY 6906.1, 6906.1 512 13812 64 0.200 
TOCSY 6906.1, 6906.1 256 13812 32 0.100 
PSMα3      
NOESY 7716.0, 7716.0 512 15432 48 0.100 
TOCSY 7716.0, 7716.0 512 15432 32 0.100 
PSMβ2      
NOESY_ES 8389.3, 8389.3 512 8192 48 0.100 
zTOCSY 8389.3, 8389.3 512 8192 32 0.080 
a Directly and indirectly detected dimensions respectively. “ni” is the number of complex points 

collected for the indirectly detected dimension, while “np” is the number of real + imaginary 

points for the directly detected dimension. “nt” is the number of cumulative scans collected for 

each point of acquisition. 
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Table 6.4- Chemical Shift Assignments of PSMα1 

 HN HD HE Others 

FME1 8.39 4.48 2.08, 2.15 JCH2 2.61, 2.66 
Gly2 8.53 3.92   
Ile3 7.64 4.06 2.02 JCH2 1.29, 1.60, JCH3 0.98, GCH3 0.94 
Ile4 7.55 3.88 2.02 JCH2 1.34, 1.63, JCH3 0.98, GCH3 0.91 
Ala5 8.04 4.07 1.48  
Gly6 7.79 3.90   
Ile7 7.96 3.84 2.08 JCH2 1.17, 1.81, JCH3 0.97, GCH3 0.88 
Ile8 8.29 3.72 2.00 JCH2 1.27, 1.76, JCH2 0.95, GCH3 0.85 
Lys9 7.77 3.99 2.06 JCH2 1.46, 1.67, GCH2 1.75, HCH2 3.00 
Val10 7.85 3.66 2.44 JCH3 0.98, 1.13 
Ile11 8.60 3.70 2.01 JCH2 1.22, 1.81, JCH3 0.96, GCH3 0.84 
Lys12 8.87 3.96 1.90, 1.98 JCH2 1.43, GCH2 1.70, HCH2 2.95 
Ser13 7.92 4.29 4.01, 4.24  
Leu14 8.42 4.11 1.55, 2.08 JCH 1.87, GCH3 0.88 
Ile15 8.61 3.77 2.01 JCH2 1.21, 1.88, JCH3 0.96, GCH3 0.86 
Glu16 8.35 4.09 2.12, 2.31 JCH2 2.50, 2.65 
Gln17 8.05 4.10 2.18, 2.30 JCH2 2.09 
Phe18 8.42 4.65 3.19, 3.31 GCH 7.33 
Thr19 8.10 4.48 4.38 JCH3 1.38 
Gly20 8.09 4.02, 4.10   
Lys21 7.96 4.52 1.81 JCH2 1.47, 1.97, GCH2 1.71, HCH2 3.04 
 

 Table 6.5-Chemical Shift Assignments of PSMα3 

 HN HD HE Others 
FME1 8.39 4.46 2.09, 2.13 JCH2 2.69, 2.62 
Glu2 8.53 4.12 2.05 JCH2 2.42 
Phe3 7.69 4.40 3.22 GCH 7.25 
Val4 7.53 3.59 2.14 JCH3 0.91 
Ala5 8.02 4.12 1.52  
Lys6 7.65 4.06 2.01, 1.93 JCH2 1.47, GCH2 1.74, 1.70, HCH2 3.01 
Leu7 7.92 4.13 1.69 JCH 1.57, GCH3 0.89 
Phe8 8.57 4.45 3.29, 3.23 GCH 7.30, HCH 7.27 



 

 

143 

 

Lys9 8.04 3.98 2.05 JCH2 1.62, 1.52, GCH2 1.81, 1.73, HCH2 3.07 
Phe10 8.07 4.36 3.31, 3.22 GCH 7.01, HCH 7.20, ζCH 7.22 
Phe11 8.58 4.23 3.18 GCH 7.26, HCH 7.33 
Lys12 8.45 3.91 1.86 JCH2 1.48, GCH2 1.67, HCH2 2.98 
Asp13 8.25 4.47 3.03, 2.73  
Leu14 8.09 3.40 1.60 JCH 1.46, GCH3 0.83 
Leu15 8.35 4.14 1.60 JCH 1.72, GCH3 0.89 
Gly16 8.04 3.81, 3.92   
Lys17 7.76 4.19 1.90, 1.83 JCH2 1.43, 1.38, GCH2 1.64, HCH2 2.96 
Phe18 8.11 4.52 3.28, 3.17 GCH 7.29 
Leu19 8.27 4.35 1.82 JCH 1.65, GCH3 0.94 
Gly20 7.79 3.99, 4.01   
Asn21 8.06 4.82 2.87, 2.74  
Asn22 8.05  2.77, 2.84  
 

Table 6.6- Chemical Shift Assignments of PSMβ2 

 HN HD HE Others 
Met1  4.12 2.21 JCH2 2.42 
Thr2 8.30 4.56 4.33 JCH3 1.32 
Gly3 8.37 4.06   
Leu4 7.92 4.22 1.74 JCH 1.64, GCH3 0.99, 0.94 
Ala5 7.94 4.07 1.50  
Glu6 7.69 4.10 2.15 JCH2 2.54 
Ala7 7.93 4.21 1.58  
Ile8 8.43 3.72 1.97 JCH2 1.81, JCH3 1.15, GCH3 0.93 
Ala9 8.23 4.06 1.54  
Asn10 8.39 4.52 2.99, 2.82 GNH2 6.62,7.34 
Thr11 8.03 4.52 4.04 JCH3 1.30 
Val12 8.50 3.71 2.21 JCH3 1.09, 0.98 
Gln13 8.19 4.13 2.27, 2.22 JCH2 2.58, 2.42 HNH2 6.54, 7.17 
Ala14 8.05 4.21 1.60  
Ala15 8.33 4.16 1.60  
Gln16 8.22 4.18 2.21 JCH2 2.43, 2.57, HNH2 6.55, 7.04 
Gln17 8.35 4.16 2.30, 2.24 JCH2 2.63, 2.47 HNH2 6.47, 6.91 
His18 8.27 4.51 3.44, 3.38 GCH 8.47, GNH 7.39, HNH 8.60, HCH 8.27 
Asp19 8.46 4.66 3.05, 2.98  



 

 

144 

 

Ser20 8.18 4.35 4.08  
Val21 7.77 4.00 2.20 JCH3 1.00 
Lys22 7.95 4.20 1.96, 1.90 JCH2 1.54, 1.48, GCH2 1.75, HCH2 3.03 
Leu23 8.09 4.28 1.75 GCH3 0.96, 0.94 
Gly24 8.29 3.93, 3.98   
Thr25 8.01 4.20 4.32 JCH3 1.33 
Ser26 7.92 4.48 4.18  
Ile27 7.97 3.99 2.03 JCH2 1.30, 1.68, JCH3 0.98, GCH3 0.91 
Val28 7.70 3.69 2.14 JCH3 1.08, 1.00 
Asp29 7.85 4.49 3.09  
Ile30 7.88 3.86 2.14 JCH2 1.22, JCH3 0.98, GCH3 0.90 
Val31 8.25 3.76 2.20 JCH3 0.98, 1.08 
Ala32 8.69 4.15 1.52  
Asn33 7.85 4.67 2.83, 2.94 GNH2 7.56, 6.58 
Gly34 8.22 4.00   
Val35 8.24 3.94 2.24 JCH3 1.03, 1.09 
Gly36 8.12 3.94   
Leu37 7.84 4.24 1.79 JCH 1.72, GCH3 0.94, 0.97 
Leu38 8.00 4.12 1.92, 1.85 JCH 1.66, GCH3 0.95, 0.98 
Gly39 8.13 3.76 3.65  
Lys40 7.68 4.23 2.00, 1.95 JCH2 1.59, 1.53, GCH2 1.73, HNH2 3.02 
Leu41 7.99 4.11 1.59 JCH 1.16, GCH3 0.76 
Phe42 7.86 4.71 3.33,2.92 GCH 7.32, HCH 7.30 
Gly43 7.73 4.09, 3.90   
Phe44 7.82 4.77 3.21, 3.08 GCH 7.27, HCH 7.32 
 

7.4.1.8 Circular Dichroism Spectroscopy.  

PSMα1, PSMα3, and PSMβ2 were dissolved in 50 % d3-TFE at concentrations of 0.88, 

0.99, and 3.07 mg/mL respectively. Spectra were recorded on an OLIS DSM 17 (Olis) CD 

spectrophotometer at 25, 37, and 40 °C (for PSMα1, PSMα3, and PSMβ2, respectively) in a 0.2 

mm quartz cell. Samples were scanned five times from 250 to 185 nm. The percent α-helicity 

was calculated as (3000 − θ222)/39000 × 100. 
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7.4.1.9 Structure Calculations.  

The structures of PSMα1, PSMα3, and PSMβ2 were calculated using CYANA 2.1.31 

NOE cross- peaks were almost entirely automatically assigned by CYANA, and minimal 

manually assigned cross-peaks were provided. For PSMα1, 636 cross-peak NOEs (0 long-range, 

99 medium- range, and 538 short-range) were used in the final structure calculation. Chemical 

shift assignments for PSMα1 were deposited in the Biological Magnetic Resonance Bank 

(BMRB) (accession number 30109), and coordinates for the structure were deposited in the 

Protein Data Bank (PDB) (accession number 5KHB). For PSMα3, 553 cross-peak NOEs (0 long-

range, 101 medium-range, and 452 short-range) were used in the final structure calculation. 

Chemical shift assignments for PSMα3 were deposited in the BMRB (accession number 30106), 

and coordinates for the structure were deposited in the PDB (accession number 5KGY). PSMβ2 

had 1320 cross-peak NOEs (34 long-range, 246 medium-range, and 1040 short-range) that were 

used in the final structure calculation. Chemical shift assignments for PSMβ2 were deposited in 

the BMRB (accession number 30107), and coordinates for the structure were deposited in the 

PDB (accession number 5KGZ).  

7.5 Experimental Procedures for the Synthesis of Neopetrosiamide Analogues 

7.5.1 General Procedure for Stepwise Disulfide Formation  

7.5.1.1 Formation of Bis-disulfide Bond Method A 

Iodine (10 equivalents) dissolved in methanol (< 5 mL) was added to the linear Cys 

protected peptide in acetic acid (0.5 mg mL−1 solution), allowing the first disulfide to form. The 

reaction mixture was stirred at room temperature for 2 h. After 2 h water was added (20 % v/v) 
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to enable the deprotection of the acetamidomethyl protected cysteine and formation of the 

second disulfide bond. The reaction was monitored by MALDI-TOF MS. Once deemed 

complete, 0.1 M ascorbic acid was added until the solution became colorless. Following 

concentration in vacuo, the residue was purified using RP-HPLC. Fractions containing the 

desired product were pooled and lyophilized. 

7.5.1.2 Formation of Bis-disulfide Bond Method B 

Iodine (10 equivalents) dissolved in methanol (< 5 mL) was added to the linear Cys 

protected peptide in acetic acid (0.5 mg mL−1 solution), allowing the first disulfide to form. The 

reaction mixture was stirred at room temperature for 2 h. After 2 h water was added (20 % v/v) 

to enable the deprotection of the acetamidomethyl protected cysteine and formation of the 

second disulfide bond. The reaction was monitored by MALDI-TOF MS. After the reaction was 

complete, the reaction mixture was poured into 6 to 9 volumes of cold ether, cooled in dry ice. 

The aqueous layer freezes and the ether is decanted off. The ether layer is washed with water 

three times. Aqueous fractions containing the desired peptide were pooled concentrated and 

lyophilized. 

7.5.1.3 Formation of Tris-disulfide Peptide.  

The oxidation solution was prepared at room temperature by dissolving DMSO (100 

equiv.) and anisole (4 equiv.) in TFA. The bicyclic peptide with t-Bu protecting groups on the 

two remaining Cys residues was dissolved in the oxidizing reagent to give a concentration of 0.1 

mg mL−1. The resulting mixture was stirred for 5 h at room temperature and then diluted with 

water. The solution was concentrated in vacuo and purified by RP-HPLC. Fractions containing 
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the desired product, as confirmed by RP-HPLC and MALDI-TOF MS, were pooled and 

lyophilized. 

7.5.1.4 General Method for the [2+3] Cycloaddition of Fluorescent Organic Dyes to the 
Azide Functionalized peptide 

The trisdisulfide peptide was dissolved in 1:1 (v/v) mixture of water and t-butanol. Once 

dissolved the fluorescent organic dye was added (3 equiv). A solution of 0.1N copper sulfate (5 

equiv) and 0.2 N sodium ascorbate (10 equiv) was added. Reaction mixture was stirred in the 

absence of light for 24 h or until reaction was deemed complete by MALDI-TOF. Product was 

purified using the general RP-HPLC method. 

7.5.1.5 General Method for Purification of Peptides by HPLC 

Peptides were purified on a C8 column (VYDAC, 208TP1010 4.66 mm x 250 mm, 5 μm 

particle size, 300 Å) using a flow rate of 3.0 mL min−1 and UV detection at 220 and 254 nm. 

Briefly, starting with a 9:1 ratio of mobile phase A (water with 0.1 % TFA) to mobile phase B 

(MeCN with 0.1 % TFA), the column was equilibrated for 5 min. Mobile phase B was then 

increased to 30 % over 5 min, and then 60 % over 28 min. Following a brief increase of the 

organic phase to 80 % to clean the column, the organic phase was reduced to 10 % for 1 min and 

held at 10 % for and additional 1 min. 

7.5.1.6 General Cell Culture Protocols 

MDA-MB-231 cells were cultured in Alpha-Minimal Essential Medium (MEM) 

(Mediatech) supplemented with 10% fetal bovine serum (FBS) (ATCC) and 1 % penicillin–

streptomycin (GIBCO). Cells were incubated under an atmosphere of 5% CO2 at 37 °C. Cells 

were harvested using 0.05 % trypsin-EDTA solution in HBSS (Mediatech). 

javascript:popupOBO('CMO:0002231','C3OB27238A')
javascript:popupOBO('CHEBI:16670','C3OB27238A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=16670')
javascript:popupOBO('CMO:0001009','C3OB27238A')


 

 

148 

 

7.5.1.7 General Procedure for Invasion Assay of Analogues Against MDA-MB-231 Cells 

The matrigel (BD Sciences) was allowed to thaw overnight on ice at 4 °C. To maintain 

the fluidity of the matrigel, the 96 well serological plate, pipet tips and serological pipets were 

placed in the freezer overnight. Once thawed, the matrigel was diluted to a 1:1 mixture of 

matrigel to MEM at 4 °C. While on ice, 50 μL of 1:1 matrigel:MEM is added to each well of the 

plate. The plate was placed in a 37 °C incubator overnight, dehydrating the matrigel and 

allowing for the matrigel to form a gel. Following incubation overnight the matrigel was re-

hydrated by adding 50 μL of MEM to each well followed by incubation at 37 °C for 30 min. 

Stock solutions of each analogue (5 mg mL−1) were made in 30 % acetonitrile in water. 2 μL or 

0.8 μL aliquots of each solution in 50 μL of MEM are added to the wells of re-hydrated matrigel. 

100 μL of freshly trypsinized MDA-MD-231 cells in MEM are added to each well to give a total 

of 200 μL per well and final analogue concentrations of 50 μg mL−1 or 20 μg mL−1. Each well 

has ∼25 000 cells. The cells were allowed to incubate at 37 °C overnight to give sufficient time 

for cells to invade. Visualization of each well was achieved using a microscope with 20 x 

magnification. 

7.5.1.8 Linear Peptide Formation of Residue 24 Substitution with O-Methyl Homoserine 
(M(O)24O-methyl HSE) (17) 

 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-HSE-S-C-D-CH2N OH
S

S SH S

S

SH

t-Bu
t-Bu

Acm Acm
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Linear peptide M(O)24O-methyl HSE was synthesized on a preloaded H2N-Cys(Trt)-2-

ClTrt resin (0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of the cysteine 

residues was Cys 3, 26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (150 mg 45.4 % 

relative to resin loading) was used in the next step without further purification. Calculated 

molecular weight for C143H216N37O41S6 [M+H]+ 3299.4 Found 3299.5 [M+H]+. 

7.5.1.9 Bis-disulfide Formation Residue 24 Substitution with O-Methyl Homoserine 
(M(O)24O-methyl HSE) (18) 

 

The bis-disulfide, M(O)24O-methyl HSE was synthesized according to the general 

method for bis-disulfide bond formation from the corresponding linear peptide. The crude 

peptide was purified by semi-prep RP-HPLC using the general method (tR = 24.8 min) to give 

bis-disulfide M(O)24O-methyl HSE as white powder (22 mg, 23.2% relative to 100 mg of crude 

linear peptide). Calculated molecular weight for C137H202N35O39S6 [M+H]+ 3153 Found [M+H]+ 

3153 

7.5.1.10 Tris-disulfide Formation of Residue 24 Substitution with O-Methyl Homoserine 
(M(O)24O-methyl HSE) (19) 

 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-HSE-S-C-D-CH2N OH
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The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

corresponding bicyclic peptide according to the general method for tris-disulfide bond formation. 

The crude peptide was purified by semi-preparative RP-HPLC using the general method (tR = 

24.9 min, 1.0 mg, 26.3 % relative to 4 mg of bicyclic peptide purified). MALDI-TOF MS 

Calculated molecular weight for C129H184N35O39S6 [M+H]+ 3039 Found [M+H]+ 3039. 

7.5.1.11 Linear Peptide Formation of Residue 24 Substitution with Glutamine (M(O)24Gln) 
(20) 

 

Linear peptide M(O)24Gln was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (160 mg, 48.3 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C143H215N38O41S6 [M+H]+ 3312 Found [M+H]+ 3312. 

7.5.1.12 Bis-disulfide Formation of Residue 24 Substitution with Glutamine (M(O)24Gln) 
(21) 

 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Q-S-C-D-CH2N OH
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The bis-disulfide M(O)24Gln was synthesized according to general method A for bis-

disulfide bond formation from the linear peptide. The crude peptide was purified by semi-prep 

RP-HPLC using the general method (tR = 24.0 min) to give the bis-disulfide M(O)24Gln as an 

off- white powder (7.6 mg, 5.3 % relative to 150 mg of crude linear peptide). Calculated 

molecular weight for C137H201N36O39S6 [M+H]+ 3166 Found [M+H]+ 3166. 

7.5.1.13 Tris-disulfide Formation of Residue 24 Substitution with Glutamine (M(O)24Gln) 
(22) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude bis-

disulfide M(O)24Gln was purified by semi-preparative RP-HPLC using the general method (tR = 

21.1 min, 1.2mg, 27.0 % relative to 4.6 mg of bicyclic peptide purified). MALDI-TOF MS 

Calculated molecular weight for C129H183N36O39S6 [M+H]+ 3052.1 Found [M+H]+ 3052. 

7.5.1.14 Linear Peptide Formation of 24 Substitution with Glutamic Acid (M(O)24Glu) (23) 

 

Linear peptide M(O)24Glu was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 
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general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (152.9 mg, 45.9 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C143H213N37O42S6 [M+H]+ 3315 Found [M+H]+ 3315. 

7.5.1.15 Bis-disulfide Formation of Residue 24 Substitution with Glutamic Acid 
(M(O)24Glu) (24) 

 

The bis-disulfide of M(O)24Glu was synthesized according to general method A for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was purified 

by semi-prep RP-HPLC using the general method (tR = 24.0 min) to give the bis-disulfide 

M(O)24Glue as an off- white powder (12 mg, 24 % relative to 50 mg of crude linear peptide). 

Calculated molecular weight for C137H199N35O40S6 [M+H]+ 3169 Found [M+H]+ 3169. 

7.5.1.16 Tris-disulfide Formation of Residue 24 Substitution with Glutamic Acid 
(M(O)24Glu) (25) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 
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peptide was purified by semi-preparative RP-HPLC using the general method (tR = 17.5 min, 5.6 

mg, 46.7% relative to 12 mg of bicyclic peptide purified). MALDI-TOF MS Calculated 

molecular weight for C129H181N35O40S6 [M+H]+ 3055 Found [M+H]+ 3055. 

7.5.1.17 Linear Peptide Formation of Residue Asparagine (M(O)24Asn) (26) 

 

Linear peptide M(O)24Asn was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (133 mg, 40.3 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C142H212N38O41S6 [M+H]+ 3300 Found [M+H]+ 3300. 

7.5.1.18 Bis-disulfide formation of Residue 24 Substitution with Asparagine (M(O)24Asn) 
(27) 

 

The bis-disulfide of M(O)24Asn was synthesized according to general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (8 mg, 40% relative to 20 mg of crude 
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linear peptide). Calculated molecular weight for C136H198N36O39S6 [M+H]+ 3154 Found [M+H]+ 

3154. 

7.5.1.19 Tris-disulfide Formation of Residue 24 Substitution with Asparagine (M(O)24Asn) 
(28) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 18.7 min, 2.1 

mg, 26.3 % relative to 8 mg of crude bicyclic peptide). MALDI-TOF MS Calculated molecular 

weight for C128H180N36O39S6 [M+H]+ 3040 Found [M+H]+ 3039. 

7.5.1.20 Linear Peptide Formation of Residue 24 Substitution with Alanine (M(O)24Ala) 
(29) 

 

Linear peptide M(O)24Ala was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (50 mg, 15 % isolated yield relative 
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to resin loading) was used in the next step without further purification. MALDI-TOF MS 

calculated molecular weight for C140H211N37O40S6 [M+H]+ 3257 Found [M+H]+ 3255. 

7.5.1.21 Bis-disulfide Formation of Residue 24 Substitution with Alanine (M(O)24Ala) (30) 

 

The bis-disulfide M(O)24Ala was synthesized according to general method B for bis-

disulfide bond formation from the linear peptide. The crude peptide was used without further 

purification giving an orange-yellow solid (35 mg, 74 % relative to 50 mg of crude linear 

peptide). Calculated molecular weight for C135H197N35O38S6 [M+H]+ 3111 Found [M+H]+ 3111. 

7.5.1.22 Tris-disulfide Formation of Residue 24 Substitution with Alanine (M(O)24Ala) 
(31) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 23.2 min, 

1.47 mg, 4 % isolated yield relative to 35 mg of crude bicyclic peptide). MALDI-TOF MS 

Calculated molecular weight for C129H130N36O39S6 [M+H]+ 2998 Found M+H)+2997. 
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7.5.1.23 Linear Peptide Formation of Residue 24 Substitution with Leucine (M(O)24Leu) 
(32)  

 

Linear peptide M(O)24Leu was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (123 mg, 37.3 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C143H215N38O41S6 [M+H]+ 3299 Found [M+H]+ 3299. 

7.5.1.24 Bis-disulfide Formation of Residue 24 Substitution with Leucine (M(O)24Leu) (33) 

 

The bis-disulfide M(O)24Leu was synthesized according to general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (8 mg, 40% relative to 20 mg of crude 

linear peptide). Calculated molecular weight for C137H201N36O39S6 [M+H]+ 3153 Found [M+H]+ 

3153. 
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7.5.1.25 Tris-disulfide Formation of Residue 24 Substitution with Leucine (M(O)24Leu) 
(34) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 24.9 min, 2.1 

mg, 26.3 % relative to 8 mg of crude bicyclic peptide). MALDI-TOF MS Calculated molecular 

weight for C129H185N36O39S6 [M+H]+ 3039 Found (M-2H)+ 3037. 

7.5.1.26 Linear Peptide Formation of Residue 24 Substitution with Isoleucine (M(O)24Ile) 
(35) 

 

Linear peptide M(O)24Ile was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (177 mg, 54 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C144H217N37O40S6 [M+H]+ 3299 Found [M+H]+ 3299. 
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7.5.1.27 Bis-disulfide Formation of Residue 24 Substitution with Isoleucine (M(O)24Ile) 
(36) 

 

The bis-disulfide M(O)24Ile was synthesized according to general method B for bis-

disulfide bond formation from the linear peptide. The crude peptide was used without further 

purification giving an orange-yellow solid (30 mg, 64 % isolated yield relative to 50 mg of 

crude. Calculated molecular weight for C138H203N35O38S6 [M+H]+ 3153 Found [M+H]+ 3152. 

7.5.1.28 Tris-disulfide Formation of Residue 24 Substitution with Isoleucine (M(O)24Ile) 
(37) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 20.6 min, 

1.94 mg, 7 % isolated yield relative to 30 mg of crude bicyclic peptide). MALDI-TOF MS 

Calculated molecular weight for C130H185N35O38S6 [M+H]+ 3039 Found (M + 2H)+ 3040. 
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7.5.1.29 Linear Peptide Formation of Residue 24 Substitution with Histidine (M(O)24His) 
(38) 

 

Linear peptide M(O)24His was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (133 mg, 40 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C144H213N39O40S6 [M+H]+ 3323 Found [M+H]+ 3323. 

7.5.1.30 Bis-disulfide Formation of Residue 24 Substitution with Histidine (M(O)24His) 
(39) 

 

The bis-disulfide M(O)24His was synthesized according to general method B for bis-

disulfide bond formation from the linear peptide. The crude peptide was used without further 

purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 50 mg of crude 

linear peptide). Calculated molecular weight for C138H199N37O38S6 [M+H]+ 3177 Found [M+H]+ 

3177. 
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7.5.1.31 Tris-disulfide Formation of Residue 24 Substitution with Histidine (M(O)24His) 
(40) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 23.7 min, 

2.91 mg, 8.8 % isolated yield relative to 35 mg of crude bicyclic peptide). MALDI-TOF MS 

Calculated molecular weight for C133H183N35O38S6 [M+H]+ 3063 Found (M)+ 3062. 

7.5.1.32 Linear Peptide Formation of Residue 24 Substitution with Phenylalanine 
(M(O)24Phe) (41) 

 

Linear peptide M(O)24Phe was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 

26-Acm; Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (124 mg, 37 % relative to resin 

loading) was used in the next step without further purification. MALDI-TOF MS calculated 

molecular weight for C147H215N37O40S6 [M+H]+ 3331 Found [M+H]+ 3335. 
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7.5.1.33 Bis-disulfide Formation of Residue 24 Substitution with Phenylalanine 
(M(O)24Phe) (42) 

 

The bis-disulfide M(O)24Phe was synthesized according to general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 

50 mg of crude linear peptide). Calculated molecular weight for C141H201N35O38S6 [M+H]+ 3187 

Found [M+H]+ 3186. 

7.5.1.34 Tris-disulfide Formation of Residue 24 Substitution with Phenylalanine 
(M(O)24Phe) (43) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 15.6 min, 

1.96 mg isolated, 5.9 % isolated yield relative to 35 mg of crude bicyclic peptide). MALDI-TOF 

MS Calculated molecular weight for C133H183N35O38S6 [M+H]+ 3071 Found [M+H]+ 3071. 
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7.5.1.35 Linear Peptide Formation of C3L, C26L (44) 

 

Linear peptide C3L, C26L was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 7, 

18-Trt, Cys 12, 28 -Acm. The crude peptide was used directly in the next reaction. MALDI-TOF 

MS calculated for C141H211N37O40S5 [M+H]+ 3223 Found [M+H]+ 3323.  

7.5.1.36 Bis-disulfide Peptide Formation of C3L, C26L (45) 

 

The bis-disulfide of C3L, C26L was synthesized according to the general method A for 

bis-disulfide bond formation from the corresponding linear peptide. The crude peptide was 

purified by the semi-preparative RP-HPLC using the general method, tR = 23.8 min. MALDI-

TOF MS calculated for C135H197N35O38S5 [M+H]+ 3077. Found [M+H]+ 3077.  

7.5.1.37 Linear Peptide Formation of C7L, C18L (46) 

 

Linear peptide C7L, C18L was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 
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general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 12, 

28-Trt, Cys 3, 26-Acm. The crude peptide was used directly in the next reaction. MALDI-TOF 

MS calculated for C141H211N37O40S5 [M+H]+ 3223. Found [M+H]+ 3223.  

7.5.1.38 Bis-disulfide Peptide Formation of C7L, C18L (47) 

 

The bis-disulfide C7L, C18L was synthesized according to the general method for bis-

disulfide bond formation from the linear peptide. The crude peptide was purified by the semi-

preparative RP-HPLC using the general method, tR = 24.9 min. MALDI-TOF MS calculated for 

C135H197N35O38S5 [M+H]+ 3077. Found (M + 2H)+ 3078.  

7.5.1.39 Linear Peptide Formation of C12L, C28L (48) 

 

Linear peptide C12L, C28L was synthesized on a preloaded Fmoc-Leu-Wang resin (0.52 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 7, 18-Trt, 

Cys 3, 26-Acm. The crude peptide was used directly in the next reaction. MALDI-TOF MS 

calculated for C141H211N37O40S5 [M+H]+ 3223. Found [M+H]+3223  
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7.5.1.40 Bis-disulfide Peptide Formation of C12L, C28L (49) 

 

The bis-disulfide C12L, C28L was synthesized according to the general method A for 

bis-disulfide bond formation from the linear peptide. The crude peptide was purified by the semi-

preparative RP-HPLC using the general method, tR = 28.1 min, (sulfoxide 27.5min). MALDI-

TOF MS calculated for C135H197N35O38S5[M+H]+3077.Found(M+2H)+ 3078.  

7.5.1.41 Linear Peptide Formation of C3F, C26F (50) 

 

Linear peptide C3F, C26F was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.82 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 7, 

18-Trt, Cys 12, 28 -Acm. The crude peptide was used directly in the next reaction. MALDI-TOF 

MS calculated for C147H209N37O40S5 [M+H]+ 3291 found [M+H]+ 3291.  

7.5.1.42 Bis-disulfide Peptide Formation of C3F, C26F (51) 

 

The bis-disulfide C3F, C26F was synthesized according to the general method for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was purified 

by the semi-preparative RP-HPLC using the general method, tR = 22.2 min (4.1 mg, 14.3 % 
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isolated yield relative to 30 mg of crude. MALDI-TOF MS calculated for C141H194N35O38S5 

[M+H]+ 3145. Found (M + 2H)+ 3146.  

7.5.1.43 Linear Peptide Formation of C7F, C18F (52) 

 

Linear peptide C7F, C18F was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.32 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the 

general method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 12, 

28-Acm, Cys 3, 26-Trt. The crude peptide was used directly in the next reaction. MALDI-TOF 

MS calculated for C147H209N37O40S5 [M+H]+ 3291. Found [M+H]+ 3291.  

7.5.1.44 Bis-disulfide peptide formation of C7F, C18F (53) 

 

The bis-disulfide C7F, C18F was synthesized according to the general method for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was purified 

by the semi-preparative RP-HPLC using the general method, tR = 25.6 min (4.8 mg, 3.3 % 

isolated yield relative to 150 mg of crude linear peptide. MALDI-TOF MS calculated for 

C141H194N35O38S5 [M+H]+ 3145. Found (M + 2H)+ 3146. 
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7.5.1.45 Linear peptide formation of C12F, C28F (54) 

 

Linear peptide C12F, C28F was synthesized on a preloaded Fmoc-Phe-Wang resin (0.60 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 7, 18-Trt, 

Cys 3, 26-Acm. The crude peptide was used directly in the next reaction. MALDI-TOF MS 

calculated for C147H209N37O40S5 [M+H]+  3291. Found [M+H]+ 3291.  

7.5.1.46 Bis-disulfide peptide formation of C12F, C28F (55) 

 

The bis-disulfide C12F, C28F was synthesized according to the general method for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was purified 

by the semi-preparative RP-HPLC using the general method, tR = 29.6 min (3.7 mg, 28.6 % 

isolated yield relative to 30 mg of crude linear peptide. MALDI-TOF MS calculated for 

C141H194N35O38S5 [M+H]+ 3145. Found (M+2H)+ 3146. 

7.5.1.47 Linear Peptide formation of Asp20-PEG-3-Azide-linear (56) 

 

F-F-C-P-F-G-C-A-L-V-D-F-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-FH2N OH
SH SH

S
Acm S

Acm

F-F-C-P-F-G-C-A-L-V-D-F-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-FH2N OH

S S

S S

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-CH2N OH
S S

SH SH

t-Bu t-Bu

S
Acm

S
Acm

N3



 

 

167 

 

Linear peptide Asp20-PEG-3-Azide-linear was synthesized on a preloaded H2N-

Cys(Acm)-2-ClTrt resin (0.62 mmol/g) on a 0.1 mmol scale using the automated peptide 

synthesizer according to the general method for solid phase peptide synthesis. Protection of the 

cysteine residues was Cys 3, 26-t-Bu; Cys 7, 18-Acm; Cys 12, 28-Trt. The crude peptide was 

used in the next step without further purification. Calculated molecular weight for 

C151H231N39O42S7 [M+H]+ 3489.1 Found [M+H]+ 3490.5. 

7.5.1.48 Bis-disulfide formation of Asp20-PEG-3-Azide-Bisdisulfide (57) 

 

Peptide Asp20-PEG-3-Azide-bisdisulfide was synthesized according to the general 

method B for bis-disulfide bond formation from the linear peptide Asp20-PEG-3-Azide-linear. 

No further purification was preformed. The crude peptide gave Asp20-PEG-3-Azide-bisdisulfide 

as an off- white powder. Calculated molecular weight for C142H217N37O40S7 [M+H]+ 3342.9 

Found  [M+H]+ 3347. 

7.5.1.49 Tris-disulfide formation of Asp20-PEG-3-Azide-trisdisulfide (58) 
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The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide Asp20-PEG-3-Azide-bisdisulfide according to the general method for 

trisdisulfide bond formation. The crude peptide was purified by semi-preparative RP-HPLC 

using the general method (tR = 22 min) to give Asp20-PEG-3-Azide-trisdisulfide as a white 

powder. Calculated molecular weight for C134H199N37O40S7 [M+H]+  3256.7.  Found [M+H]+ 

3255. 

7.5.1.50 Synthesis of PEG3 Aspartic acid: (S)-15-(((9H- Fluoren-9-
yl)methoxy)carbonylamino)-1-azido-13-oxo-3,6,9-trioxa-12-azahexadecan-16-oic acid (60) 

 

To a solution of Fmoc-Asp-Ot-Bu (1.036 g, 2.52 mmol) in DCM (20 mL) was added 

NMM (0.27 mL, 2.52 mmol) and HOBt (0.34 g, 2.52 mmol) followed by PyBOP (1.311 g, 2.52 

mmol).  Following a mixing period of 10 minutes, the 11-azido-3,6,9 trioxaundecan-1-amine 

(0.5 mL, 2.52 mmol) was added and the resulting mixture was stirred for 12 h. Removal of the 

solvent in vacuo  gave an oily residue that was dissolved in EtOAc. The organic solution was 

washed with water then 10% citric acid. The organic layer was dried over sodium sulphate and 

concentrated in vacuo. The crude oil was purified via flash chromatography   (10 % EtOAc in 

Hexanes) and the resulting oil was dissolved 20 mL  of a 1:1 mixture of DCM:TFA. Upon 

stirring for 1 h, the solvent was removed and the product was used without further purification. 

Characterization conformed to literature reports: [α]D 23.88° (c 0.36, CHCl3); 1H NMR (CDCl3, 

500MHz): δ = 7.75 (d, 2H, J = 7.5 Hz, Fmoc-H), 7.60 (m, 2H, Fmoc-H), 7.39 (t, 2H, J = 5.0 Hz, 
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Fmoc-H), 7.30 (t, 2H, J = 7.5 Hz, Fmoc-H), 6.94 (apparent s, 1H, NH), 6.31 (d, 1H, J = 7.5 Hz, 

NH), 4.63 (m, 1H, H), 4.45-4.32 (m, 2H, Fmoc-CH2), 4.21 (t, 1H, J =7.0 Hz, Fmoc-CH), 3.66-

3.34 (m, 16H, -CH2CH2 & H), 2.94 (dd, J = 15.0, 4.0 Hz, -CH2-CH2-N3), 2.81 (dd, 1H, J = 15.0, 

6.0 Hz). HRMS (ES): Calculated for C27H33N5O8Na 578.2221, found 578.2252.  

7.5.1.51 Formation of the alkyne functionalized Rhodamine B (65) 

 

Propargylamine hydrochloride (6.0 mmol, 0.549 g) and rhodamine B (4.0 mmol, 1.92 g) 

were dissolved in anhydrous methanol (10.0 mL) and cooled to 0 qC. To this solution, 

triethylamine (6.0 mmol, 0.836 mL) was added. Addition of 1-[(3-dimethylamino)propyl]-3-

ethycarbiimide hydrochloride  (6.0 mmol, 1.15 g) followed. The mixture was warmed to room 

temperature and stirred for 17 h. After 17 h, methanol was removed in vacuo and crude solids 

purified by column chromatography (1:3 EtOAc:Hexanes). Yeild 17 % NMR analysis 

conformed to literature reports: 1H NMR (400 MHz, CDCl3): δ = 1.16 (m, CH3, 12H), 1.77 (t, 

J = 2.4 Hz, HC≡C, 1H), 3.33 (m, NCH2CH3, 8H), 3.95 (d, J = 1.8 Hz, H2C≡C, 2H), 6.26–7.93 

(m, aromatics, 10H). 
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7.5.1.52 Formation of the Alkyne Functionalized Coumarin: N-(Prop-2-ynyl)-2-oxo-2H-
chromene-3-carboxamide (68) 

 

 

To a solution of thionyl chloride (10 mL), under an inert atmosphere of argon, coumarin-

3-carboxylic acid  (2.20 mmol, 0.4183 g) was added and the mixture was stirred for 3 h. The 

resulting slurry was filtered and the solids were carried forward immediately. The solids were 

dissolved in DCM (10 mL) and triethylamine (2.64 mmol, 0.2669 g) was added. Propargylamine  

(2.53 mmol, 0.134 g) in DCM (5 mL) was added dropwise to the mixture. The reaction mixture 

was stirred for 2 h and concentrated to dryness in vacuo. The resulting residue was dissolved in 

EtOAc and washed 3 x 2 M HC followed by a wash with saturated NaHCO3. The organic layer 

was dried with sodium sulfate, filtered and concentrated to dryness in vacuo. The solids were 

purified through column chromatography (1:3 EtOAc:Hexanes). Yield 46 % NMR analysis 

conformed to literature reports: 1H NMR (400 MHz, CDCl3) δ = 2.27 (s, 1H, C≡CH), 4.26 (s, 

2H, NHCH2), 7.38-7.43 (m, 2H, ArH); 7.67-7.71 (m, 2H, ArH), 8.96 (s, 1H, ArCH). ESI-MS 

m/z [MH+] 228. 

7.5.1.53 Synthesis of 4,4-difluoro-8-(hept-6-yne)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene, the alkyne functionalized BODIPY (73) 

 

 



 

 

171 

 

 

 

 

Oxalyl chloride (14.74 mmol 1.8709 g) was added dropwise to a solution of hept-6-ynoic 

acid (9.83 mmol, 1.24 mL) in toluene (10 mL). A catalytic amount of DMF was added at room 

temperature and the reaction mixture was stirred for 3 h. After 3 h, oxalyl chloride was removed 

through co-evaporation with tolouene. The reaction was then concentrated to dryness in vacuo. 

An oily brown residue was obtained. 

The oily residue was dissolved in DCE to give a 1M solution. 2-Dimethyl-1H-pyrrole 

was added slowly to the mixture and reaction was heated to 65 qC. After 2 h, the reaction was 

cooled to room temperature. Boron trifluoride etherate (5 eq) was added over 10 min followed by 

the drop-wise addition of DIPEA (4 eq). Reaction mixture was stirred for 12 h and filtered to 

obtain reddish brown solids. Yield 23 % NMR analysis conformed to literature reports: 1H NMR 

(400 MHz, CDCl3): δ = 6.03 (s, 2H), 2.91-2.85 (m, 2H), 2.50 (s, 6H), 2.37 (s, 6H), 2.24 (dt, J1 = 

6.30 Hz, J2 = 2.66 Hz, 2H), 1.95 (t, J = 2.64 Hz, 1H), 1.78-1.63 (m, 4H). 13C NMR (100 MHz, 

CDCl3): δ = 153.70, 145.86, 140.30, 131.30, 121.52, 83.60, 68.94, 30.45, 28.79, 27.71, 18.05, 

16.15, 14.31. ESI-MS: calculated for C19H23BF2N2H+ 329.19951, found 329.19961 

N N
B

F F
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7.5.1.54 Formation of Asp20-PEG-3-Rhodamine (74) 

 

Peptide Asp20-PEG-3-Rhodamine (46) was synthesized according to the general method 

for the [2+3] cycloaddition from the purified trisdisulfide peptide Asp20-PEG-3-Azide-

trisdisulfide (30). The crude peptide was purified using the general RP-HPLC method, to give 

Asp20-PEG-3-Rhodamine (46) as a bright-pink powder. Calculated molecular weight for 

C168H233N42O42S7 [M+H]+  3737.5.  Found [M+H]+ 3739. 

 

7.5.1.55 Formation of Asp20-PEG-3-Coumarin (75) 
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Peptide Asp20-PEG-3-Coumarin was synthesized according to the general method for the 

[2+3] cycloaddition from the purified trisdisulfide peptide Asp20-PEG-3-Azide-trisdisulfide. 

The crude peptide was purified using the general RP-HPLC method, to give Asp20-PEG-3-

Coumarin as a pale beige powder. Calculated molecular weight for C138H203N35O38S6 [M+H]+  

3483.9.  Found [M+H]+ 3474. Calculated [M+H]+ was based on open ring 3-carboxycoumarin, 

found [M+H]+ determined that the coumarin was in a closed ring lactone. 

7.5.1.56 Formation of Asp20-PEG-3-BODIPY (76) 

 

Peptide Asp20-PEG-3-BODIPY was synthesized according to the general method for the 

[2+3] cycloaddition from the purified trisdisulfide peptide Asp20-PEG-3-Azide-trisdisulfide 

(30). The crude peptide was purified using the general RP-HPLC method, to give Asp20-PEG-3-

Rhodamine (46) as a bright-pink powder. Calculated molecular weight for C168H233N42O42S7 [M 

+ H]+  3584.5.  Found [M+H]+ 3585. 
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7.5.1.57 Synthesis of PEG6 Linker (79) 

 

To a solution of Fmoc-Asp-Ot-Bu (1.036 g, 2.52 mmol) in DCM (20 mL) was added NMM 

(0.27 mL, 2.52 mmol) and HOBt (0.34 g, 2.52 mmol) followed by PyBOP (1.311 g, 2.52 mmol).  

Following a mixing period of 10 minutes, the O-(2-aminoethyl)-O-(2-azidoethyl)pentaethylene 

glycol (0.5 mL, 2.52 mmol) was added and the resulting mixture was stirred for 12 h. Removal 

of the solvent in vacuo gave an oily residue that was dissolved in EtOAc. The organic solution 

was washed with water and then 10 % citric acid. The organic layer was then dried over sodium 

sulphate, and concentrated in vacuo. The crude amino acid was purified on flash chromatography 

(10 % EtOAc in Hexanes) and concentrated in vacuo. The resultant oil was dissolved in 20 mL 

of a 1:1 mixture of DCM:TFA  and allowed to stir for 1 h. The solvent was removed in vacuo 

and the product was used without further purification. 1H NMR (CDCl3, 300MHz): δ = 7.75 (d, 

2H, J = 7.5 Hz, Fmoc-H), 7.60 (m, 2H, Fmoc-H), 7.39 (t, 2H, J = 7.2 Hz, Fmoc-H), 7.30 (t, 2H, 

J = 7.5 Hz, Fmoc-H), 6.34 (apparent s, 1H, NH), 6.11 (d, 1H, J = 10.2 Hz, NH), 4.45-4.32 (m, 

2H, Fmoc-CH2), 4.21 (t, 1H, J =6.9 Hz, Fmoc-CH), 3.66-3.54 (m, 26H, -CH2CH2& CH2), 3.49 

(s, 1H, H), 3.38(t, 2H, J =5.4 Hz, CH2) 2.94 (dd, 1H, J = 16.2, 4.0 Hz, -CH2-CH2-N3), 2.81 (dd, 

1H, J = 16.2, 3.6 Hz). 
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7.5.1.58 Linear Peptide Formation of Asp20-PEG-6-Azide-Linear (80) 

 

Linear peptide Asp20-PEG-6-Azide-linear was synthesized on a preloaded H2N-

Cys(Acm)-2-ClTrt resin (0.62 mmol/g) on a 0.1 mmol scale using the automated peptide 

synthesizer according to the general method for solid phase peptide synthesis on the AB 433A 

synthesizer. Protection of the cysteine residues was Cys 3, 26-t-Bu; Cys 7, 18-Acm; Cys 12, 28-

Acm. The crude peptide was purified by semi-prep RP-HPLC using the general method (tR=22 

min). Calculated molecular weight for C144H217N37O40S6 [M+H]+  3649.  Found [M+H]+ 3650. 

7.5.1.59 Bis-disulfide Formation of Asp20-PEG-6-Azide-bisdisulfide (81) 

 

Peptide Asp20-PEG-6-Azide-bisdisulfide was synthesized according to general method B 

for bis-disulfide bond formation from the purified linear peptide Asp20-PEG-6-Azide-linear. The 

crude peptide was used without further purification to give Asp20-PEG-6-Azide-bisdisulfide as 

an off-white powder. Calculated molecular weight for C151H229N39O43S7 [M+H]+  3503.1. Found  

[M+H]+ 3504.1. 
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7.5.1.60 Tris-disulfide Formation of Asp20-PEG-6-Azide-trisdisulfide (82) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide Asp20-PEG-6-Azide-bisdisulfide according to the general method for 

trisdisulfide bond formation. The crude peptide was purified by semi-preparative RP-HPLC 

using the general method 1 (tR =22 min) Calculated molecular weight for C143H211N39O43S7 

[M+H]+  3388.9  Found [M+H]+ 3389. 

7.5.1.61 4-Bromobenzyl Alcohol-O-(tert-Butyldimethylsilyl) Ether (84) 

 

To a solution of 4-bromobenzylalcohol (83) (10.0 g, 53.0 mmol, 1.00 equiv.) in 

anhydrous DMF (40 mL), tert-butyldimethylsilyl chloride (8.74 g, 59.8 mmol, 1.10 equiv.) and 

imidazole (8.65 g, 127 mmol, 2.40 equiv.) were added under an atmosphere of argon. The 

mixture was heated to 40 oC and stirred for twenty-one hours. The reaction mixture was poured 

into ether (180 mL) and washed with water (3 x 50 mL), dried over magnesium sulphate, filtered 

and concentrated. Flash chromatography of the crude residue (30 g silica, 2 cm diameter in 5 % 

EtOAc: Hexane) resulted in pure product as a colorless liquid (16.0 g, 90 %). NMR analysis 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-CH2N OH

S S
S

SS

S

N3



 

 

177 

 

conformed to literature reports.  1H NMR (400 MHz, CDCl3): δ = 0.09 (6H, s, 2 x CH3), 0.93 

(9H, s, 3 x CH3), 4.68 (2H, s, CH2), 7.19 (2H, d, J = 7.9 Hz, ArCH), 7.45 (2H, d, J = 8.2 Hz, 

ArCH); 13C NMR (100 MHz, CDCl3) δ = -4.84, 18.81, 26.35, 64.72, 120.98, 128.12, 131.68, 

140.86.  

7.5.1.62 4-[(tert-Butyldimethylsiloxy)methyl]-2,2,2-trifluoroacetophenone (85) 

 

To a stirred solution of 4-bromobenzyl alcohol-O-(tert-butyldimethylsiloxy) ether (15.9 

g, 53.0 mmol, 1.00 equiv.) in anhydrous ether (380 mL) was added n-butyl lithium (77.3 mmol, 

45.00 mL, 1.7 M in hexanes) at -78 °C (acetone/dry ice) under an inert atmosphere of argon, 

over a period of ten minutes. The reaction mixture was allowed to stir under these conditions 

until a TLC on a mini-workup indicated good conversion to the aryl lithium (approximately two 

hours). Trifluoroacetic anhydride was added drop wise over 30 minutes and stirring continued 

for a further three hours. Saturated aqueous ammonium chloride (250 mL) was then added and 

the reaction mixture allowed to warm to room temperature. The reaction mixture was then 

diluted with ether (150 mL), and then separated and the organic layer washed with saturated 

aqueous ammonium chloride (2 x 125 mL) and water (2 x 75 mL). The combined aqueous layers 

were washed with ether (150 mL) and then the combined organics dried over magnesium 

sulphate, filtered and concentrated. Flash chromatography of the crude residue (70 g silica, 2 cm 
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diameter in 5 % EtOAc: Hexane) resulted in pure product as a colorless liquid. (13.5 g, 80 %) as 

a colourless oil. NMR analysis conformed to literature reports. 1H NMR (400 MHz, CDCl3): δ = 

0.04 (6H, s, 2 x CH3) 0.87 (9H, s, 3 x CH3), 4.75 (2H, s, CH2), 7.50 (2H, d, J = 9.6 Hz, ArCH), 

8.05 (2H, d, J = 8.4 Hz, ArCH).  

7.5.1.63 4-[(tert-Butyldimethylsiloxy)methyl]-2,2,2-trifluoroacetophenone oxime (86) 

 

To a solution of 4-[(tert-butyldimethylsiloxy)methyl]-2,2,2-trifluoroacetophenone (13.0 

g, 40.9 mmol, 1 equiv.) in anhydrous pyridine (100 mL) and anhydrous ethanol (47 mL) under 

an inert atmosphere of argon, hydroxylamine hydrochloride (3.12 g, 44.9 mmol, 1.10 equiv.) was 

added. The reaction mixture was brought to 80 °C and stirred overnight at this temperature. Once 

complete, the reaction mixture was cooled, concentrated, and suspended in ether (250 mL). The 

resulting organic layer was washed with water (4 x 100 mL), dried over magnesium sulphate, 

filtered and concentrated. The subsequent residue was purified by column chromatography (70 g 

silica, 2 cm diameter, dichloromethane) to yield the title compound (11.6 g, 85 %) as a colourless 

viscous liquid: NMR analysis conformed to literature reports. 1H NMR (400 MHz, CDCl3): δ = 

0.11 and 0.12 (6H, s, 2 x CH3), 0.95 and 0.96 (9H, s, 3 x CH3), 4.78 and 4.79 (2H, s, CH2), 7.40 

(4H, m, ArCH); 13C NMR (100 MHz, CDCl3): δ = -4.88, 18.84, 26.33, 64.89, 124.67, 126.29, 

128.70, 129.01, 137.75, 144.15, 144.48, 149.15; (ESI-MS) m/z 356 [M+Na]+.  
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7.5.1.64 4-[(tert-Butyldimethylsiloxy)methyl]-2,2,2-trifluoroacetophenone-O-(4-
toluenesulphonyl) oxime (87) 

 

To a stirred solution of 4-[(tert-butyldimethylsiloxy)methyl]-2,2,2-

trifluoroacetonphenone oxime (10 g, 30.0 mmol, 1.00 equiv), anhydrous diisopropylethylamine 

(6.793 mL, 5.04 g, 39.0 mmol, 1.30 equiv) and 4-dimethylaminopyridine (0.367 g, 3.00 mmol, 

0.1 equiv.) in anhydrous dichloromethane (50 mL) at 0 °C under an atmosphere of argon was 

added 4-toluenesulphonyl chloride (6.875 g, 36.0 mmol, 1.2 equiv.). The reaction was allowed to 

warm to room temperature and stirred for an additional two hours. The reaction mixture was then 

washed with water (3 x 25 mL), dried over magnesium sulphate, filtered and concentrated. The 

red oil was purified using column chromatography (70 g silica, 2 cm diameter, 3:4 

dichloromethane:hexane) to afforded the product (9.06 g, 62 %) as a pale green oil. NMR 

analysis conformed to literature reports. 1H NMR (400 MHz, CDCl3): δ = 0.11 and 0.12 (6H, s, 2 

x CH3), 0.95 and 0.96 (9H, s, 3 x CH3), 2.46 and 2.48 (3H, s, CH3), 4.77 and 4.78 (2H, s, CH2), 

7.40 (6H, m, ArCH), 7.90 (2H, m, ArCH); (ESI-MS), m/z 510 [M+Na]+. 
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7.5.1.65 3-[α-(tert-Butyldimethylsiloxy)-4-tolyl]-3-(trifluoromethyl)diaziridine (88) 

 

A three-neck flask was fit with a potassium carbonate drying tube and a acetone/dry ice 

condenser under an atmosphere of argon. A stirred solution of 4-[(tert-

butyldimethylsiloxy)methyl]-2,2,2-trifluoroacetophenone-O-(4-toluenesulphonyl) oxime (5.00 g, 

10.3 mmol, 1 equiv.) in anhydrous ether (30 mL) was cooled to -78 °C (acetone/dry-ice bath). 

Ammonia gas was bubbled through the solution until sufficient liquid ammonia had condensed 

(~80 mL). The reaction mixture was then allowed to stir at this temperature for a further three 

hours before being allowed to warm to room temperature over two hours. Upon warming to 

room temperature the ammonia gas evaporated and the reaction mixture was filtered and 

concentrated to give the title compound (2.96 g, 87 %) as a translucent paste that was used in 

subsequent transformations without further purification. NMR analysis conformed to literature 

reports. 1H NMR (400 MHz, CDCl3): δ = 0.10 (6H, s, 2 x CH3) 0.94 (9H, s, 3 x CH3), 2.20 (1H, 

d, J = 8.8 Hz, NH), 2.78 (1H, d, J = 8.4 Hz, NH), 4.76 (2H, s, CH2), 7.38 (2H, d, J = 8.4 Hz, 

ArCH), 7.58 (2H, d, J = 8.4 Hz, ArCH).  
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7.5.1.66 3-[α-(tert-Butyldimethylsiloxy)-4-tolyl]-3-(trifluoromethyl)diazirine (89) 

 

In a darkened fume hood, a stirred solution of 3-[α-(tert-butyldimethylsiloxy)-4-tolyl]-3- 

trifluoromethyl diaziridine (2.500 g, 7.53 mmol 1.00 equiv.) and anhydrous triethylamine (1.745 

mL, 1.267 g, 12.55 mmol, 1.67 equiv.) in anhydrous methanol (5 mL) was made. Iodine (1.594 

g, 6.28 mmol, 1.20 equiv.) was added drop wise until a red/orange colour persisted. The reaction 

mixture was then allowed to stir for a further twenty minutes before being neutralised with 10 % 

aqueous citric acid solution and then quenched with a few drops of 5 % aqueous sodium 

metabisulphite solution. The reaction mixture was then poured in ether (150 mL) dried over 

sodium sulphate, filtered and concentrated. Column chromatography (70 g silica, 2 cm column, 

hexane:dichloromethane, 2:1 (column wrapped in aluminum foil) afforded the title compound 

(1.19 g, 48 %) as a light yellow oil. NMR analysis conformed to literature reports. 1H NMR (400 

MHz, CDCl3): δ = 0.09 (6H, s, 2 x CH3) 0.93 (9H, s, 3 x CH3), 4.74 (2H, s, CH2), 7.18 (2H, d, J 

= 8.0 Hz, ArCH), 7.38 (2H, d, J = 8.0 Hz, ArCH); 13C NMR (100 MHz, CDCl3): δ = -4.94, 

18.79, 26.30, 64.64, 120.79, 124.42, 126.64, 126.78, 127.98, 143.74.  
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7.5.1.67 4-[3-Trifluoromethyl-3H-diazirin-3-yl)benzyl alcohol (90) 

 

In a darkened fume hood, a solution of tetrabutylammonium fluoride (4.32 mL, 1.00 M in 

THF, 1.20 equiv.) containing water (0.216 mL, 5 % v/v) was made. 3-[α-(tert-

butyldimethylsiloxy)-4-tolyl]-3-trifluoromethyl diazirine (1.19 g, 3.60 mmol, 1 equiv.) was 

added to this solution and the mixture was allowed to stir at room temperature for five hours. 

Upon completion the reaction mixture was diluted with ether (40 mL), washed with water (3 x 

12 mL), dried over sodium sulphate, filtered and concentrated. The yellow oil was used without 

further purification (0.895 g, 115 %). NMR analysis conformed to literature reports. 1H NMR 

(400 MHz, CDCl3): δ =  2.39 (1H, brs, OH), 4.66 (2H, s, CH2), 7.17 (2H, d, J = 8.0 Hz, ArCH), 

7.35 (2H, d, J = 8.0 Hz, ArCH).  

7.5.1.68 3-(α-Iodo-4-tolyl)-3-(trifluormethyl)-3H-diazirine (91) 

 

4-[3-Trifluoromethyl-3H-diazirin-3-yl)benzyl alcohol (0.895 g, 4.14 mmol, 1.00 equiv.) 

was dissolved in anhydrous acetonitrile (10 mL) under an inert atmosphere of argon, and 
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methyltriphenoxyphosphonium iodide (4.204 g, 8.28 mmol, 2.00 equiv.) was added. The reaction 

mixture was stirred for 24 hours. The mixture was diluted with ether (60 mL) and washed 

successively with sodium hydroxide (1 M, 2 x 40 mL) and water (2 x 50 mL). The organic layer 

was dried with magnesium sulphate, filtered and concentrated. Column chromatography (20 g 

silica, 2 cm column, ether:hexane, 1:2 (column wrapped in aluminum foil) of the crude red oil 

resulted in the title compound (0.812 g, 60 %) as a pale yellow solid. NMR analysis conformed 

to literature reports. 1H NMR (500 MHz, CDCl3): δ = 4.42 (2H, s, CH2), 7.12 (2H, d, J = 8.5 Hz, 

ArCH), 7.40 (2H, d, J = 8.5 Hz, ArCH); (ESI-MS) m/z 327 [M+H]+. 

7.5.1.69 Nickel Complexation of (S)-2-[N-(N’-benzylprolyl)amino]benzophenone and 
glycine (92) 

 

In anhydrous methanol (16 mL), (S)-2-[N-(N’-benzylprolyl)amino]benzophenone (0.9635 g, 2.51 

mmol), glycine (0.9410 g, 12.53 mmol) and nickel (II) nitrate hexahydrate (1.4721 g, 5.06 

mmol) were added and the green solution was stirred at 55 °C for 10 minutes. Sodium methoxide 

(4.9 M in methanol, 4.35 mL, 21.30 mmol) was then added and the mixture was stirred at 55 °C 

at an additional one hour resulting in a brown solution. The reaction was quenched with acetic 

acid (1.7 mL) and the reaction mixture was diluted with water (80 mL). The resulting mixture 

was left in the fridge overnight.  Red crystals were obtained upon filtration and the crude crystals 
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were purified by column chromatography (35 g silica, 1:3 EtOAc: Hexane) to give the title 

compound (0.794 g, 64%) as red crystals. NMR analysis conformed to literature reports. [D]D 

+2076.9° (c 0.60, CH2Cl2); IR (CHCl3 cast) 3053, 2975,1674, 1638 cm-1; 1H NMR (CDCl3, 400 

MHz): G 8.30 (d, 1H, J = 8.8 Hz, Ar-H), 8.07(d, 2H, J = 7.1 Hz, Ar-H), 7.58- 7.47 (m, 3H, Ar-

H), 7.58-7.40 (m, 2H, Ar-H), 7.31 (dd, 1H, J = 7.4, 7.4 Hz, Ar-H), 7.21 (dd, 1H, 7.2, 7.2 Hz, Ar-

H), 7.10 (d, 1H, J = 7.2 Hz, Ar-H), 7.20-6.95 (m, 1H, Ar-H), 6.80 (d, 1H, J = 7.0 Hz, Ar-H), 

6.75-6.68 (m, 1H, Ar-H), 4.49 (d, 1H, J = 12.7 Hz, PhCHH), 3.83-3.64 (m, 4H, PhCHH, Pro-HG, 

Gly-HD), 3.52-3.42 (m, 1H, Pro-HD), 3.42-3.28 (m, 1H, Pro-HG), 2.62-2.53 (m, 1H, Pro-HE), 

2.36-2.50 (m, 1H, Pro-HE), 2.21-2.02 (m, 2H, Pro-HJ); 13C NMR (CDCl3, 100 MHz): G 181.4, 

177.3, 171.7, 142.6, 134.7, 133.3, 133.2, 132.2, 131.8, 129.8, 129.6, 129.4, 129.1, 128.9, 126.3, 

125.7, 125.2, 124.3, 120.9, 69.9, 63.1, 61.3, 57.5, 30.8, 23.7; HR-MS (ESI) Calculated for 

C27H25N3O3NaNi [M+Na]+ 520.1142, found 520.1149.  

 

7.5.1.70 Alkylation of Nickel Complex with 3-(α-iodo-4-tolyl)-3-(trifluormethyl)-3H-
diazirine (93) 
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In a darkened fume hood, under an inert atmosphere of argon, the nickel complex (1.40 g, 

2.82 mmol, 1.30 equiv.) and powdered sodium hydroxide (0.46 g, 11.92 mmol, 5.50 equiv.) were 

suspended in anhydrous acetonitrile (10 mL) and cooled to -10 °C (salt/ ice water bath). A 

solution of 3-(α-iodo-4-tolyl)-3-(trifluormethyl)-3H-diazirine (0.706 g, 2.16 mmol, 1 equiv.) in 

anhydrous acetonitrile (5 mL) was added slowly. The mixture was warmed to room temperature 

and stirred for 20 h. The reaction mixture was diluted with dichloromethane (50 mL) and washed 

successively with aqueous acetic acid (0.2 M, 30 mL) and water (2 x 40 mL). The organic layer 

was then dried over magnesium sulphate, filtered and concentrated. Purification of the resulting 

red paste by column chromatography (35 g silica, 1.5 cm column, chloroform:acetone, 5:1 

(column wrapped in aluminum foil)) afforded the product (0.678 g, 45 %) as a red glassy solid 

that was used in subsequent steps without further purification. NMR analysis conformed to 

literature reports. 1H NMR (400MHz, CDCl3): δ = 1.72 (1H, m, Pro CHH’), 1.88 (1H, m, Pro 

CHH’), 2.24 (2H, m, ProCH2), 2.37 (1H, m, Pro alkyl), 2.83 (1H, dd, J = 13.8 and 5.6, Phe 

CHH’), 3.06 (2H, m, Pro CH2), 3.33 (1H, dd, J = 10.2 and 6.1 Hz, Phe CHH’), 3.49, (1H, d, J = 

12.8 Hz, Bzl CHH’), 4.29 (2H, m, Bzl CHH’ and PheCH), 6.66 (2H, m, ArCH), 6.88 (1H, s, 

ArCH), 7.24 (9H, ArCH), 7.47 (1H, m, ArCH), 7.56 (2H, m, ArCH), 7.99 (2H, d, J = 7.2 Hz, 

ArCH), 8.22 (1H, d, J = 8.7 Hz, ArCH); 13C NMR (100 MHz, CDCl3): δ = 22.58, 28.25 (Q), 

30.51, 38.98, 56.88, 63.19, 68.56, 70.10, 77.42, 116.51, 120.15, 120.55, 123.26, 123.79, 125.85, 

126.66, 127.00, 127.43, 127.58, 128.30, 128.67, 128.83, 129.11, 129.80, 130.63, 120.86, 131.31, 

131.56, 132.44, 133.11, 133.41, 133.97, 137.60, 142.76, 171.38, 178.00, 180.00; (ESI-MS), m/z 

697 [M+H]+. 
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7.5.1.71 (S)-3-[4-[3-(Trifluoromethyl)-3H-diazirin-3-yl]phenyl]alanine (94) 

 

In a darkened fume hood, the alkylated nickel complex (0.500 g, 0.718 mmol) was 

dissolved in methanol (15 mL) and aqueous hydrochloric acid (1 N, 10 mL). The resulting red 

solution was heated at reflux for 15 min during which time the solution became a pale yellow 

color. The organic solvent was removed in vacuo and then the aqueous residue washed with 

dichloromethane (2 x 25 mL). The organic layers were combined and washed with water (2 x 15 

mL). Aqueous layers were combined and brought to pH = 2.5 by addition of aqueous ammonia.  

Once at a pH of 2.5, the aqueous layers were absorbed onto Dowex50 (W2) H+ exchange resin 

(30 g). The column was washed with water (100 mL), then methanol (80 mL) and then the 

product eluted with methanolic ammonia (2 M, 140 mL). Fractions were spotted on a TLC and 

tested with ninhydrin stain. Active fractions were concentrated and re-crystallised from the 

minimum amount of methanol/ water. (0.205 g, quantitative) as a white solid. NMR analysis 

conformed to literature reports. 1H NMR (400 MHz, CF3CO2D), 3.43 (1H, m, CHH’) 3.82 (1H, 

m CHH’), 4.60 (1H, m, CH), 7.19 (2H, m ArCH), 7.31 (2H, m, ArCH); (ESI-MS), m/z 285 

[M+H]+; [α]D (c = 0.12, MeOH), -67.0 °C (lit. -70.1 oC). 
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7.5.1.72 (S)-N-(9-Fluorenylmethoxycarbonyl)-[4-[3-(trifluoromethyl)-3H-diazirin-3-
yl]phenyl]alanine (95) 

 

In a darkened fume hood, a suspension of (S)-3-[4-[3-(trifluoromethyl)-3H-diazirin-3-

yl]phenyl]alanine (200 mg, 0.702 mmol) and sodium carbonate (220 mg, 2.12 mmol) in acetone 

(4 mL) and water (15 mL) was made. The mixture was brought to 0 °C, and N-(9-

fluorenylmethoxycarbonyloxy) succinimide (245 mg, 0.702 mmol) was added in portions. The 

reaction mixture was warmed to room temperature and stirred for an additional 48 hours. The 

reaction mixture was brought to pH 1.0 by addition of aqueous hydrochloric acid (1.0 M). The 

aqueous layer was extracted with ethyl acetate (15 mL). The organic layer was washed 

successively with aqueous hydrochloric acid (1.0 M; 10 mL) and water (2 x 10 mL). The organic 

layer was dried over magnesium sulphate and concentrated. Column chromatography 

(methanol:dichloromethane, 5:95) on the crude solid gave the title compound (287 mg, 82 %) as 

a off-white solid. NMR analysis conformed to literature reports. 1H NMR(400 MHz, CDCl3): δ = 

3.12 (1H,dd, J = 5.7 and 13 .5, CHH’ ), 3.21 (1H, dd, J = 5.1 and 13.8, CHH’ ), 4.20 (1H, t, J = 

6.5 CH Fmoc), 4.40 (1H, m, CHH Fmoc ), 4.50 (1H, m, CHH), 4.70 (1H, m, CH), 5.19 (1H, d, J 

= 7.7, NH), 7.09 (2H, d, J = 7.9, Ar Phe), 7.13 (2H, d, J = 7.9, Ar Phe), 7.30 – 7.33 (2H, m, Ar 

Fmoc), 7.41 (2H, t, J = 7.4, Ar Fmoc), 7.54-7.59 (2H, m, Ar Fmoc), 7.78 (2H, d, J = 7.3, Ar 

Fmoc); (ESI-MS), m/z 494 [M+H]+. 
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7.5.1.73 Linear Peptide Formation of F1PA (96) 

 

Linear peptide F1PA was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin (0.62 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 26-Acm; 

Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (124 mg, 37 % relative to resin loading) was 

used in the next step without further purification. MALDI-TOF MS calculated molecular weight 

for C143H214N40O40S7 [M+H]+ 3357 Found [M+H]+ 3358. 

7.5.1.74 Bis-disulfide Formation of F1PA (97) 

 

The bis-disulfide F1PA was synthesized according to the general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 

50 mg of crude linear peptide). Calculated molecular weight for C137H202N38O38S7 [M+H]+ 3215 

Found [M+H]+ 3216. 
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7.5.1.75 Tris-disulfide Formation of Residue 1 Substitution with Phenylazide  F1PA (98) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide (9) was purified by semi-preparative RP-HPLC using the general method (tR = 15.6 min, 

1.96 mg isolated, 5.9 % isolated yield relative to 35 mg of crude bicyclic peptide). MALDI-TOF 

MS Calculated molecular weight for C129H188N38O38S7 [M+H]+ 3101 Found [M+H]+ 3102. 

7.5.1.76 Linear Peptide Formation of F1BA (99) 

 

Linear peptide F1PA was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin (0.62 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 26-Acm; 

Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (124 mg, 37 % relative to resin loading) was 

used in the next step without further purification. MALDI-TOF MS calculated molecular weight 

for C144H218N38O40S7 [M+H]+ 3345 Found [M+H]+ 3346. 
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7.5.1.77 Bis-disulfide Formation of F1BA (100) 

 

The bis-disulfide F1BA was synthesized according to the general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 

50 mg of crude linear peptide). Calculated molecular weight for C138H204N36O38S7 [M+H]+ 3199 

Found [M+H]+ 3200 

7.5.1.78 Tris-disulfide Formation of Residue 1 Substitution with Benzylamine  F1BA (101) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide was purified by semi-preparative RP-HPLC using the general method (tR = 15.6 min, 

1.96 mg isolated, 5.9 % isolated yield relative to 35 mg of crude bicyclic peptide). MALDI-TOF 

MS Calculated molecular weight for C130H184N36O38S7 [M+H]+ 3087 Found [M+H]+ 3088. 
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7.5.1.79 Linear Peptide Formation of F2PA (102) 

 

Linear peptide F1PA was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin (0.62 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 26-Acm; 

Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (124 mg, 37 % relative to resin loading) was 

used in the next step without further purification. MALDI-TOF MS calculated molecular weight 

for C143H214N40O40S7 [M+H]+ 3357 Found [M+H]+ 3358. 

7.5.1.80 Bis-disulfide Formation of F2PA (103) 

 

The bis-disulfide F2PA was synthesized according to the general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 

50 mg of crude linear peptide). Calculated molecular weight for C137H202N38O38S7 [M+H]+ 3215 

Found [M+H]+ 3216. 
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7.5.1.81 Tris-disulfide Formation of Residue 1 Substitution with Phenylazide  F2PA (104) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide (33) according to the general method for tris-disulfide bond formation. The 

crude peptide (9) was purified by semi-preparative RP-HPLC using the general method (tR = 

15.6 min, 1.96 mg isolated, 5.9 % isolated yield relative to 35 mg of crude bicyclic peptide). 

MALDI-TOF MS Calculated molecular weight for C129H188N38O38S7 [M+H]+ 3101 Found 

[M+H]+ 3102. 

7.5.1.82 Linear Peptide Formation of F2BA (105) 

 

Linear peptide F1PA was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin (0.62 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 26-Acm; 

Cys 12, 28-Trt; Cys 7, 18- t-Bu. The crude peptide (124 mg, 37 % relative to resin loading) was 

used in the next step without further purification. MALDI-TOF MS calculated molecular weight 

for C144H218N38O40S7 [M+H]+ 3345 Found [M+H]+ 3347. 
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7.5.1.83 Bis-disulfide Formation of F2BA (106) 

 

The bis-disulfide peptide was synthesized according to the general method B for bis-

disulfide bond formation from the corresponding linear peptide. The crude peptide was used 

without further purification giving an orange-yellow solid (35 mg, 74 % isolated yield relative to 

50 mg of crude linear peptide). Calculated molecular weight for C138H204N36O38S7 [M+H]+ 3199 

Found [M+H]+ 3200 

7.5.1.84 Tris-disulfide Formation of Residue 1 Substitution with Phenylazide  F2BA (107) 

 

The introduction of the third disulfide bond was achieved by DMSO oxidation of the 

bicyclic peptide according to the general method for tris-disulfide bond formation. The crude 

peptide (was purified by semi-preparative RP-HPLC using the general method (tR = 15.6 min, 

1.96 mg isolated, 5.9 % isolated yield relative to 35 mg of crude bicyclic peptide. MALDI-TOF 

MS Calculated molecular weight for C130H184N36O38S7 [M+H]+ 3087 Found [M+H]+ 3088. 
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7.5.1.85 Linear Formation of Phenylalanine 23 Substitute with Photophenylalanine (PP) 
(F23PP) (108) 

Linear peptide F1PA was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin (0.62 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according to the general 

method for solid phase peptide synthesis. Protection of the cysteine residues was Cys 3, 26-Acm; 

Cys 12, 28-Trt; Cys 7, 18- t-Bu. After coupling the unnatural photophenylalanine the subsequent 

deprotection reaction was monitored with UV. The lack of a significant UV signal indicated that 

the coupling reaction was unsuccessful.  
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