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Abstract 

 

Antimicrobial peptides (AMPs) are small protein toxins produced by different 

bacterial strains to fight against closely related strains in their competitive 

environment. AMPs have been isolated and studied for their interesting properties, 

including treatment of pathogenic diseases. In this thesis, results of mechanistic 

studies on AMPs classified as lantibiotic and lipopeptide are discussed.    

  In chapter 2, mechanistic studies on lacticin 3147 will be discussed. Lacticin 

3147 is a two peptide lantibiotic (LtnA1 and LtnA2) that displays nanomolar activity 

against many Gram-positive bacteria. Lacticin 3147 may exert its antimicrobial effect 

by several mechanisms. Isothermal titration calorimetry experiments showed that only 

LtnA1 binds to the peptidoglycan precursor lipid II, which could inhibit peptidoglycan 

biosynthesis. An experimentally supported model of the resulting complex suggests 

the key binding partners are the C-terminus of LtnA1 and pyrophosphate of lipid II. A 

combination of in vivo and in vitro assays indicated that LtnA1 and LtnA2 can induce 

rapid membrane lysis without the need for lipid II binding. However, the presence of 

lipid II substantially increases the activity of lacticin 3147. Furthermore, studies with 

synthetic LtnA2 analogues containing either desmethyl- or oxa-lanthionine rings 

confirm that the precise geometry of these rings is essential for this synergistic 

activity.  

In chapter 3, mechanistic studies on tridecaptin A1 (TriA1) and the synthesis of 

its analogues will be discussed. Tridecaptin A1 belongs to the lipopeptide class of 

AMPs with selective activity against Gram-negative bacteria. Our studies showed that 
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TriA1 exerts its bactericidal effect by interacting with bacterial cell wall precursor lipid 

ll to interrupt the proton motive force. 
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Preface 
 
 

Chapter 2 has been published as: Bakhtiary, A.; Cochrane, S. A.; Mercier, P.; 

McKay, R. T.; Miskolzie, M.; Sit, C. S.; Vederas, J. C. J. Am. Chem. Soc. 2017, 139, 

17803–17810. In this work, I was responsible for performing lipid ll synthesis, as 

collaboration with Dr. Stephen Cochrane, and all mechanistic assays. I also prepared 

the original manuscript, which was edited by Dr. Vederas and Dr. Cochrane. In this 

chapter, NMR experiments were performed in collaboration with Dr. Ryan McKay and 

Mark Miskolzie. CYANA simulations were performed in collaboration with Dr. Pascal 

Mercier.  

Chapter 3 has been published as: Cochrane, S. A.; Findlay, B.; Bakhtiary, A.; 

Acedo, J. Z.; Rodriguez-Lopez, E. M.; Mercier, P.; Vederas, J. C. Proc. Natl. Acad. 

Sci. 2016, 113, 11561–11566. In this work, I assisted with synthesis of lipid ll and 

spot on lawn assays. 
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 Antibiotics: types, mechanism of action and resistance Chapter 1
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1.1  Introduction 

  Bacterial infection and importance of antibiotics  1.1.1

Not all bacteria are a threat to human lives. The human body has a symbiotic 

relationship with the living microorganisms that are involved in important physiological 

processes, such as digestion or immune response.1,2 As an example, enzymes 

produced by the bacterial species Bacteroides thetaiotaomicron living in the human 

intestinal tract help to digest complicated carbohydrates in the portion of our diet 

made by plants.3  

However, there are pathogenic microorganisms that account only for 1% of the 

bacteria population that cause disease in the human body.4 Antibiotics are the 

predominant way to treat these bacterial infections. Nowadays, a criterion for the 

quality of a health care system is an effective control of bacterial infections.5,6 

Different medical fields, including oncology and organ transplantation surgery, 

depend enormously on modern antibiotics. The large distribution and consumption of 

antibiotics has caused faster development of antibiotic resistance which has become 

harder to treat. More importantly, bacteria have developed mechanisms of defense to 

protect themselves against antimicrobial compounds produced by the human body.5,7 

Consequently, antibiotic resistance has become a serious threat for human health 

and well-being.8 Differences in metabolism between human and bacterial cells 

account for the fact that bacterial survival can be inhibited by antibiotics that do not 

interfere with human cells. In order to be selective bactericidal or bacteriostatic 

agents, antibiotics must act on factors that are dissimilar between human and 

bacterial cells. Interestingly, most of the potent and selective antibiotics, such as 
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streptomycin and rifampicin, were initially isolated from microorganisms, such as 

fungi and bacteria.9 The interaction of antibiotics with their targets and the resultant 

effects have been studied widely. However, the versatile genetic and biochemical 

pathways through which bacteria respond and cell death occurs subsequent to 

antibiotic drug usage is being actively studied by scientists.10  

1.2 Different classes of antibiotics   

The discovery of penicillin can be considered as an initiating point in antibiotic 

development that spanned 40 years, leading to the production of the main antibiotic 

classes we use today. However, this bright era ended in the 1970s, and since then 

only six new classes of antibiotics have received clinical approval.11 For example, 

daptomycin, a cyclic lipopeptide antibiotic type, was discovered in the 1980s and 

approved initially in 2000.12 Pleuromutilin and its derivates were used widely for about 

30 years in veterinary medicine before they were approved in 2007.17 Fidaxomicin, a 

macrocyclic antibiotic, was reported for the first time in the 1970s, but it was approved 

after about 40 years in 2011.13–15 One approach to study antibiotics is to classify them 

based on their mechanism of action, for example, as inhibitors of cell wall 

biosynthesis, inhibitors of nucleic acid synthesis and protein-synthesis inhibitors 

(Table 1.1).16    
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Targeting Site Therapeutic 
classification 

 Examples 

Bacterial cell 
wall 

Penicillins Natural Penicillin G 

 Aminopenicillins Ampicillin 
 Antistaphylococcal Nafcillin, oxacillin 
 Antipseudomonal Piperacillin, 

mezlocillin 
  azlocillin, ticarcillin 
 β-lactamase 

inhibitor & 
penicillin 
combinations 

Clavulanic acid +ticarcillin(Timentin) 
 

 Sulbactam +ampicillin(Unasyn) 
 Tazobactam +piperacillin(Zosyn) 
 Cephalosporins First-generation Cefazolin 
  Second-generation Cefoxitin, cefotetan 
   Cefuroxime 
  Third-generation Ceftriaxone 
   Ceftazidime 
   Cefotaxime 
  Fourth-generation Cefepime 
 Monobactams  Aztreonam 
 Carbapenems  Imipenem 
   Meropenem 
 Glycopeptides  Vancomycin 
   Teicoplanin 

Nucleic acids Sulfonamide Antifolates Cotrimoxazole 
 Miscellaneous  Metronidazole 
 Quinolones First-generation Nalidixic acid 
  Second-generation Ciprofloxacin 
   Ofloxacin 
   Norfloxacin 
  Third-generation Sparfloxacin 
   Levofloxacin 
Protein 
synthesis 

Aminoglycosides First-generation Streptomycin 
  Kanamycin 
  Neomycin 
 Second-generation Gentamicin 
  Tobramycin 
  Amikacin 
Macrolides First-generation Erythromycin 
 Second-generation Azithromycin 
  Dirithromycin 
Lincosamide  Clindamycin 

Table 1.1. Different classes of antibiotics based on their targets. 
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 Inhibition of cell-wall biosynthesis  1.2.1

The cell wall plays critical roles for bacterial cells. It defines the general shape 

of the cell and resists high cytoplasmic osmotic pressure. Furthermore, the cell wall is 

the anchoring site for membrane components and extracellular protein, including 

adhesins.17 Peptidoglycan (PG), which has multiple layers, is an important 

component of the bacterial cell wall. The PG layer is much thinner in Gram-negative 

organisms, but they have an extra protecting layer, an outer-membrane (OM). 

Lipopolysaccharide (LPS) makes up the other leaflet of the outer membrane, but the 

inner leaflet contains other lipids. Since peptidoglycan does not exist in eukaryotic 

cells, compounds which target PG biosynthesis are potential therapeutics. The 

monomeric precursor of peptidoglycan synthesis is called lipid ll (Figure 1.1), which is 

also found to be a target for antibiotics and antimicrobial peptides (AMPs) such as 

lantibiotics.18 PG is composed of a polymer of sugar and peptide moieties, with 

crosslinking bonds between the peptide segments. In Gram-negative bacteria, there 

is a second barrier that has to be overcome to make them susceptible to antibiotics. 

Another defense mechanism is the presence of efflux pumps that expel foreign 

compounds.19–21  
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During the peptidoglycan biosynthesis, lipid ll is assembled in the cytoplasm.22 

The biosynthesis of lipid ll starts with the conversion of uridine diphosphate (UDP) 

activated N-acetyl-D-glucosamine (GlcNAc) into UDP activated N-acetyl-D-muramic 

acid (MurNAc) through enzymatic activity of MurA and MurB (Figure 1.2, Figure 1.1). 

Coupling of an alanine to MurNAc results from the activity of MurC, which is followed 

by MurD activity to add D-glutamic acid.23 Depending o the Gram-positive or Gram- 

negative bacterial strain, usually either lysine or meso diaminopimelic acid (DAP) can 

be installed on the side chain of glutamic acid by the intermediacy of MurE. To 

complete the pentapeptide moiety of lipid ll, D-Ala-D-Ala dipeptide, which is already 

biosynthesized by DdlA, is ligated onto the tripeptidyl monosaccharide. The lipid l 

intermediate is formed by the activity of MraY, which anchors the pentapeptide 

monosaccharide to the internal face of the inner membrane through a pyrophosphate 

bond (Figure 1.1).  
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Figure 1.1. Structure of lipid ll and some of its precursors in Gram-positive and Gram-
negative bacterial strains. 
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Figure 1.2. Overview of peptidoglycan biosynthesis. Figure is reproduced from the 
reference.23 
 

The formation of lipid ll results from the activity of MurG by incorporating the 

second sugar unit. Lipid ll has to be transported by the enzymatic activity of a flippase 

to the exterior face of the inner- membrane, and can then be incorporated into the 

peptidoglycan network.23 These steps are processed by the enzymatic activity of 

penicillin-binding proteins to produce peptidoglycan. Interruption of the peptidoglycan 

biosynthesis by an antibiotic results in bacterial cell death. Figure 1.2 and Figure 1.3 

provide a summary for peptidoglycan biosynthesis, including essential enzymes and 

precursors and intermediates. In Figure 1.3, also a summary of different antibiotic 

targets during peptidoglycan biosynthesis is provided. 
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 β-Lactams  1.2.1.1

β-Lactams antibiotics were first discovered in 1928 in a Penicillium fungus.24 The 

characteristic  structural  feature  of β-lactams  is  the  presence  of  an azetidinone 

nucleus  that  is  indispensable  for  activity  of  the  compounds.  Classification  of β-

lactams  is  based  on  the  chemical  substitutions  on  the  central β-lactam  core  (Figure 

1.4).25 The  azetidinone  can  be  derivatized  with  a fused saturated  or  unsaturated 

pentacycle  or hexacycle that  may  contain heteroatoms  like  sulfur,  oxygen  placed  in 

position one of  the ring. For example,  penams, carbapenams  and  oxopenams  (1), 

which  are  from the penicillin family, include a  saturated  pentacyle  (e.g. penicillin  (5) 

and  ampicillin  (6)).  Carbapenems  and  penems  contain a pentacycle  which is 

unsaturated (e.g. imipenem (7)). Cephalosphorins such as cephems, carbacephems, 

and  oxacephems  (3) have an unsaturated  hexacycle  (e.g. cefotaxime (9)).  Lastly,  

Figure 1.3. The target sites of antibiotics that inhibit peptidoglycan biosynthesis. 
Figure is reproduced from reference.249 
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Figure 1.4. β-lactam antibiotics. 
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azetidinones, such as aztreonam (8), lacking a fused ring with another monobactams. 

β-Lactams act through targeting penicillin-binding proteins to inhibit cell-wall 

biosynthesis.26 These antibiotics can bind in an irreversible manner to the active-site 

of penicillin-binding proteins. The β-lactam core interacts with DD-transpeptidases by 

binding to an active-site serine so as to prevent the crosslinking of peptidoglycan, 

resulting in cell death. The development of penicillins in the 1930s and1940s led to 

the discovery and production of numerous β-lactams with natural, synthetic and 

semisynthetic sources.27–29 As a consequence of structural modifications, compounds 

such as cephalosporins CXA-101 (14), ceftaroline (9) and ceftobiprole (19) were 

developed that exert remarkable activity on Gram-positve and some Gram-negative 

strains including methicillin-resistant staphylococci.19,30  

In order to retain potency, a β-lactam can be used in combination with a β-

lactamase enzyme inhibitor. In this mixed drug formulation (Table 1.1), clavulanic 

acid was used as the first β-lactamase inhibitor, and was followed by sulbactam, 

tazobactam and BAL29880 (15). All these compounds possess a β-lactam chemical 

structure.29 NXL104 (18), which is a non-β-lactam β-lactamase inhibitor with a novel 

bicyclic moiety, has been considered for clinical evaluation (Figure 1.4).29,30 

1.3 Antibiotics with activity on the membrane 

The membrane plays an indispensable role for bacterial cells. Probably its 

most important feature is to provide a selective barrier to maintain cell homeostasis 

and to regulate metabolism. It also prevents foreign compounds from interrupting 

biological  phenomena inside the cells.  A bacterial cell wall is  composed of multiple  
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layers, which include one or more membranes, to protect these microorganisms from 

virulent environmental threats.31 

Most of the bacterial strains can be classified into two main classes, Gram-

negative and Gram-positive. This classification is based on the Gram stain procedure 

that evaluates the capacity of some bacteria to retain a crystal violet stain under 

mordanting and subsequent decolorizing conditions. The basis for the different 

responses to the dying conditions is related to the bacterial cell wall composition.32 A 

Gram-negative cell wall contains a thin peptidoglycan; this layer also is surrounded by 

an outer-membrane, lipopolysaccharide.17 In contrast to Gram-negative bacteria, 

Gram-positive bacteria do not contain LPS, but the peptidoglycan layer is much 

thicker (Figure 1.5). Passing through this peptidoglycan, there are anionic polymers 

called teichoic acids.33 The membrane envelopes cytosol, which contains most of the 

cell’s proteins that are responsible for essential physiological functions. These include 

the transfer of waste produced by biological processes and vital nutrients, production 

of ATP and regulation of proton motive force powered with the intermediacy of ions.34 

 

Figure 1.5. Gram-positive and Gram-negative bacterial membranes. 
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Membrane-targeting antibiotics provide numerous advantages. For example, 

they can exert activity against slow growing bacteria since metabolic processes in 

these bacteria are too slow to be targeted by most antibiotics.35 The main obstacle to 

developing an antibiotic with activity against a membrane is related to its selectivity. 

Agents that attack phospholipid bilayers are prone to be cytotoxic to human cells. The 

bacterial cytoplasmic membrane is different from the mammalian membrane as it is 

mostly composed of negatively charged phospholipids. In contrast, the membrane in 

mammalian cells contains cholesterol and zwitterionic phospholipids resulting in an 

overall neutral composition.36 Different mechanisms are suggested for antibiotics 

exerting activity on the membrane (Figure 1.6).37 Some agents can rupture this layer, 

causing leakage of vital components from the cytoplasm and leading to cell death. 

Moreover, some antibiotics can interact with the membrane components using them 

as an anchoring point to enhance their activity.38 This class of antibiotics may cause 

depolarization of the membrane or perturbation of the pH gradient between its two 

sides. These modes of action can  interrupt vital  processes such  as ATP generation,   

Figure 1.6. Bacterial membrane and examples of the mechanisms of antibiotics 
activities on it: (1) Lytic activity. (2) Inhibition of the trans-membrane protein. (3) 
Interruption of the membrane pH gradient. (4) Depolarization of the membrane. (5) 
Disruption of electron transfer chain.  
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thereby leading to cell to death within a short period of time. 

Polymyxin is an old class of nonribosomal cyclic lipopeptide antibiotics 

originally discovered in 1947 (Figure 1.7).39 Polymyxin B1 (20) belongs to a cyclic 

class of lipopeptides and is produced by Bacillus and Paenibacillus species.  As a 

membrane-acting peptide, it has potent lytic activity against Gram-negative bacteria. 

Mechanistically, polymyxins interact with LPS via binding to the phosphate moiety of 

lipid A, followed by insertion into the inner-membrane to lyse the cell.40   

Nisin (21) was first discovered in the late 1920s and early 1930s when it was 

described as a toxic substance present in milk which had an adverse impact on 

performance of cheese starter cultures.41 Nisin is an example of a class of 

antimicrobial peptides called lantibiotics, which are widely studied for their potent 
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activity against Gram-positive bacterial species. Detailed investigations showed that 

nisin first binds to lipid ll and then can form pores in the membrane, which leads to 

the loss of essential solutes from the cell.42 It was also shown that nisin binds to lipid 

lll and IV and disrupts the biosynthesis of teichoic and lipoteichoic acids.43 In addition, 

nisin can stimulate the autolysin N-acetylmuramoyl-L-alanine amidase in 

Staphylococcus simulans.44 A consequence of autolysin activity is damage to the cell 

wall and cell death. 

1.4 Mechanism of action of antimicrobial peptides (AMPs) 

 Membrane related AMPs’ mechanism of action 1.4.1

AMPs can cause bacterial cell membrane damage through electrostatic 

interaction between their positively charged amino acid residues and negatively 

charged lipids on the cell surfaces. It has been suggested that differences in the 

physical and chemical properties of the lipids in the cell membrane in eukaryotic and 

prokaryotic cells define the surface specificity of the AMPs.45 Negatively charged 

lipids such as phosphatidylglycerol (PG), cardiolipin and zwitterionic 

phosphatidylethanolamine (PE) are the main components of bacterial cells.46 The 

outer-membrane in Gram-negative bacteria is composed of lipopolysaccharides, 

whereas the cell surface of the Gram-positive bacteria is formed of acidic 

polysaccharides (teichoic and teichuronic acids). AMPs, which have positively 

charged residues within their structures, readily interact with the negatively charged 

molecules on the surface of the bacterial cells.47 Therefore, the lipid composition of 
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the cell membrane and the nature of amino acids within the structure of AMPs may 

play important roles in membrane and peptide interaction. The secondary structure of 

such peptides can influence their interaction with membrane.48 Peptides may orient 

themselves perpendicularly in order  to insert into the lipid bilayer and facilitate the 

formation of transmembrane pores. Some AMPs can travel across the membrane. 

AMPs may also induce membrane disturbances, such as pore formation, and 

disruption of the bilayer such as ‘’barrel stave’’ and “toroidal” model. 

One of the primary models to explain membrane disruption is the ‘’barrel 

stave’’.47 The AMP binds to the surface of the membrane in a monomeric state, and 

this triggers peptide oligomerization and pore formation. The size of the pores 

depends on the degree of peptide recruitment. This can lead to leakage of 

cytoplasmic contents and cell death. Such peptides may have a hydrophobic α-helix 

or β-sheet or both to enable pore formation.49  

The “toroidal” model explains how some peptides insert themselves into the 

membrane to form a bundle structure. As a consequence, lipid monolayers bend 

inside the pore and the peptides become interspersed. Examples of AMPs with a 

toroidal pore formation capacity are magainins, protegrins and melittin.50 Some AMPs 

can also cover the surface of the membrane to manipulate its architecture in a 

detergent like manner; this is called the ‘’carpet model’’.51 One of the driving force 

between the interaction of the peptide and the membrane is electrical attraction. As a 

consequence, when the concentration of AMPs on the membrane surface exceeds a 

threshold level, the membrane starts to disintegrate and cell lysis happens. However, 

it is also observed that some peptides have the capacity to form transmembrane 
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pores at a lower concentration than the threshold. It can be concluded that membrane 

disruption or permeation capacities of AMPs can be modulated by their 

concentrations.46  

By comparison, in barrel stave model bundles of amphipatic helices 

oligomerize and form transmembrane pores with hydrophilic residues facing toward 

the pore. The minimal inhibitory concentration required to dissipate the 

transmembrane potential should be below the µM concentration.52 However, in 

toroidal pore model, antimicrobial peptide helices insert into the membrane and 

induce the lipid monolayers to bend continuously through the pore so that water core 

is lined by both the inserted peptides and the lipid head groups.53 

In addition to the AMPs, which act directly on membrane lipids, some peptides 

need a receptor on the surface to exert their optimal activity. The fact that 

antimicrobial activities of all-L and all-D enantiomers of some peptides are distinct 

from each other strengthens this idea.54,55  

Cell lysis resulting from membrane disruption has been reported as a 

mechanism of action by the majority of AMPs. However,  there are other mechanisms 

which involve intracellular targets such as inhibition of the cell wall biosynthesis, DNA, 

RNA and protein synthesis. 47 Moreover, an AMP may have the capacity to act with a 

combination of mechanisms; in other words, it may have more than one cellular 

target.56 The conditions under which AMPs’ mechanism of action are studied, such as 

the media pH, presence of salts and temperature, may affect their observed 

mechanisms of action.57  

 



 
 

17 

 Lantibiotics: AMPs with activity on the membrane  1.4.2

      Bacteriocins are antimicrobial peptides produced by some bacteria. Most of the 

time they are small peptides which are produced ribosomally.58  An important class of 

bacteriocins are the lantibiotics. Lantibiotics are ribosomally synthesized and contain 

interesting post-translational modifications that include thioether bridges. In addition, 

the presence of other modified amino acids within their structures is also common.42 

Certain lantibiotics inhibit peptidoglycan biosynthesis by targeting lipid ll, and some 

are also capable of forming transmembrane pore.59,60 The latter can lead to efflux of 

essential molecules (e.g. amino acids, ATP) and ions (e.g. K+, PO4
-3) from the 

cytoplasm.61 Mersacidin (49) is a widely studied lantibiotic. It is effective against 

methicillin-resistant S.aureus (MRSA) in a murine infection model (Figure 1.8).62 

Mersacidin and nisin have different binding regions on lipid ll. Nisin binds to the 

phosphate segment of lipid ll, whereas mersacidine probably interacts with the sugar 

segment.63,64 Both peptides inhibit peptidoglycan biosynthesis.65 

   A sub-class of lantibiotics includes two-peptide family that show their optimal 

antimicrobial activity in a synergistic manner, even though these peptides are 

transcribed independently.66,67 Lacticin 3147, staphylococcin C55, plantaricin W and 

haloduracin are examples of the two-peptide lantibiotic family.66,68–70 It is important to 

emphasize that lantibiotics can act via the lipid ll mediated mechanism of action; 

however, other bacteriocins can also target lipid ll. For example, lcn972 is a class ll 

bacteriocin suggested to exert a mechanism of action by interacting with lipid ll.71  

Non-ribosomally synthesized peptides, such as vancomycin (23), daptomycin 

(24), have also  suggested to act by  cell-wall inhibition  mechanism through targeting  



 
 

18 

  

 

targeting lipid ll biosynthesis pathway (Figure 1.8).42 

Antibiotics targeting the bacterial cell wall are valuable agents because this barrier 

provides cell integrity and mammalian cells do not have a similar structure. A 

combination of cell wall biosynthesis inhibition and cell membrane disruption shown 

by some AMPs provide a potential to hinder the emergence of resistant bacterial 

strains. For example, no persistence resistance develops against tridecaptin A1 in 

Escherichia coli cells exposed to subinhibitory concentrations of this peptide during 

one month period.72  
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Figure 1.8. Examples of antimicrobial peptides that inhibit cell wall biosynthesis. 
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 Glycopeptides 1.4.3

 
  Dalbaheptides are sugar-containing linear peptides with seven amino acids 

cross-linked to form a rigid structure, with a specific stereochemical configuration to 

exert a particular antibiotic activity by complexation with the D-alanyl-D-alanine 

terminus of the bacterial cell-wall component. The term dalbaheptides is underlining  

their mechanism of action; D-al(anyl-D-alanine)b(inding)a(ntibiotics) having 

hept(apept)ide structure.73,74 

Vancomycin, which was discovered in 1954, was the first dalbaheptide to be 

used clinically.75 Interestingly, vancomycin was introduced into clinical application 25 

years before its structure was elucidated (Figure 1.8).76 The bacterial strain from 

which vancomycin was isolated was Streptomyces orientalis (now known as 

Amycolatopsis orientalis).27 Teicoplanin (52), another glycopeptide, was introduced in 

1988 (Figure 1.9).77 Since glycopeptide antibiotics do not have the capacity to pass 

through the outer-membrane of Gram-negative bacteria, they only show efficacy 

against Gram-positive infections.77 In fact, vancomycin and teicoplanin were chosen 

for clinical application owing to their high activity against Gram-positive pathogens, 

such as many coagulase-negative Staphylococci (CNS), corynebacteria, Clostridium 

difficile, multiresistant staphylococcus aureus and highly gentamicin-resistant 

enterococci.74  

A second generation of glycopeptides with improved activity was developed 

later due to the resistance observed for vancomycin that resulted from its wide usage 

at the time. Total synthesis of these complex structures provided an alternative way 
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to access these compounds.78 Some of the reported structural modifications of the 

native glycopeptides structure include the selective removal of sugar moieties, 

glycosylation, deacylation, deamination, dechlorination, introduction of halogen 

atoms, esterification or amidation of the terminal carboxyl and acylation or alkylation 

of the terminal (or sugar) amino groups.78–82 Structural-activity relationship studies 

(SAR) showed that an important feature is the type of sugars within the structure, 

since aglycones showed a weak activity against selected Gram-negative bacterial 

strains.83–85 Some modifications on the native structure resulted in novel 

dalbaheptides with activity against resistant species.86,87 

For example, some structural features that promote dimerization lead to a 

tighter binding interaction with the biological target. 88,89 Furthermore, more lipophilic 

the side chains of the dalbaheptides often give more anchoring capability. 

Teicoplanin-related glycopeptide A40926, which is derivatized to dalbavancin (28), 

oritavancin (26), which is derived from vancomycin-related glycopeptide, 

chloroeremomycin, and telavancin (27) obtained approval by the Food and Drug 

Administration (FDA) in the United States in 2009.88,89 For example, telavancin was 

approved to be used to treat pneumonia as well as SSTIs caused by Gram-positive 

organisms.90  
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 AMPs and inhibition of nucleic acid synthesis  1.4.4

Some AMPs can traverse outer and inner membrane of bacterial cells to target 

intracellular molecules, such as nucleic acids and proteins. Some linear and cationic 

peptides, like buforin ll with 21 amino acids, have the capacity to cross the cell 

membrane and enter the cytoplasm without permeabilization. Buforin ll binds to DNA 

and RNA of Echerichia coli and causes inhibition of macromolecule synthesis inside 

Figure 1.9. Examples of glycopeptide family. 
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the cell. 91 

Indolicidin is a small antimicrobial peptide with a unique amino acid composition, 

containing 39% tryptophan and 23% proline and a total of 13 amino acids. It has 

cationic charge and can depolarize membrane and inhibit DNA synthesis. As a result, 

it causes induction of filamentation of E. coli cells.92 Structure-function studies on 

indolicidin resulted in a peptide called CP10A, which is a derivative with three proline 

residues replaced by alanine.93 This peptide inhibits nucleic acid and protein 

synthesis in Gram-positive bacteria.94  

Puroindoline (PIN) is a peptide similar to indolicidin, and there is large number 

of tryptophan residues within its structure (positions 39-45). Puroindoline A (PuroA) 

has been shown to exert a strong antimicrobial effect against Gram-positive and 

Gram-negative bacteria, which is mediated by membrane disruption. Puroindoline B 

(PuroB) does not show as strong antimicrobial activity as puroindoline A, despite 

sequence similarity between them. Different PuroB analogues were synthesized that 

have higher potency compared to the natural parent. Interestingly, PuroB peptides 

cannot destabilize the integrity of lipid bilayers. The primary mode of action was found 

to involve binding to DNA.95 Using radioactive precursors for DNA and RNA, it was 

observed that puroindoline peptides are generally capable of inhibiting transcription 

and translation, and it was suggested that positively charged residues of these 

peptides interact with phosphate groups of the nucleic acids.91  

Human neutrophils have evolved to produce AMPs such as defensins. Human 

HPN-1 not only can permeabilize cell membranes but also can inhibit nucleic acid 

and protein synthesis in E. coli. It was also suggested that this AMP can inhibit the 
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cell wall biosynthesis through binding to lipid ll.96 These studies further support the 

idea that some AMPs have evolved in a way that can cause bacterial death through 

multiple mechanisms of action. 

  Microcidin B17 is a bacterial peptide that can target DNA gyrase, the enzyme 

that relieves strain on the double-stranded DNA while it is unwound for DNA 

replication.97 Hence, it is an inhibitor of DNA replication. Mutation in DNA gyrase can 

lead to bacterial resistance.98 Many microcins interact with bacterial components to 

take advantage of active transport into the cell. After release from their transporter, 

they can exert their mechanism of action. For example, microcidin B17 and microcidin 

J25 enter into the bacterial cell with aid of the inner-membrane protein sbmA. Inside 

the cell, RNA polymerase is the target, and bacterial transcription is inhibited.99  

1.5 Antibiotic resistance and its mechanisms 

Bacterial infections have claimed a significant number of lives throughout 

history. The problem was alleviated to some degree after the discovery of penicillin 

and other types of antibiotics that could effectively work against the infectious 

diseases. However, soon after the clinical application of antibacterial drugs started, a 

new issue in this regard emerged: antibacterial resistance.100,101  

When antibiotics MICs (minimal inhibitory concentration) for certain 

microorganisms are above a predefined threshold, these microorganisms are 

classified as resistant. Antimicrobial resistance places a financial burden on the  

health care system of a society not only because of treatment failure but also 

because of the possibility of its spread to become an infection-control problem 



 
 

24 

later.102 An antibiotic causes selective pressure, such that adapted organisms evolve 

and spread the resistance among other strains. 

Bacterial cells have a short generation time. Although DNA replication in 

bacteria is a process with high accuracy, it is still a source of random mutation. In the 

laboratory, replication and mutation may take only minutes. As a result, the number of 

mutations can increase exponentially as the population of the cells increases.103 

Genes responsible for resistance can be integrated into the genome when the 

bacteria are exposed to natural compounds with antibiotic properties. Enzymes 

involved in resistance mechanisms may exert their activity through a range of 

chemical reactions, such as hydrolysis, group transfer and redox mechanisms (Table 

1.2). It is suggested that antibiotic resistance will turn into a major health issue 

claiming 10 million lives per year and may cost up to $100 trillion. Therefore, we need 

novel antibiotics in order to overcome this threat.104 

 

 Antibiotic resistance caused by enzymes 1.5.1

Some enzymes evolve to attack the chemical structure of antibiotics in order to 

make them inactive. One of the earliest reports on antibiotic resistance was about the 

β-lactmase penicillinase by pathogenic E.coli.101 For example, the β-lactam ring of 

penicillins and cephalosporins can be opened as a result of the enzymatic activity of 

amidases. Another example is macrolide resistance caused by esterases or 

fosfomycin resistance resulting from ring-opening epoxidases in the presence of 

water (Figure 1.11). These enzymes are produced and released by the bacterial cell 

and can intercept antibiotics.  



 
 

25 

 

Mechanism Type Example of enzyme Target antibiotic 

Hydrolysis 

 

 

 BlaZ β-Lactams 

 EreA, EreB Macrolides 

 FosA, FosX Epoxides 

Group transfer  

  

 

 

 

 

 

 

 

Phosphoryl 

 

APH (3ʹ) Aminoglycoside 

MPH Macrolide 

Acyl 

 

CAT Chloramphenicol 

AAC(6ʹ) Aminoglycoside 

Nucleotidyl 

 

ANT(2ʹ) Aminoglycoside 

LinA, LinB Lincosamide 

ADP-ribosyl ARR Rifamycin 

Glycosyl 

 

Mtg Macrolide 

Not characterized Rifamycin 

Redox 

  
Oxidation 

TetX Tetracycline 

Iri Rifamycin 

 

 

These β-lactamases can be classified into two main groups: 1) Ser-β-

lactmases that have a serine as a nucleophile in their active site, such as BlaZ, and 

2) metallolactamases, which have a Zn+2 ion bound to water to mediate their 

enzymatic activity (Figure 1.10).  

Table 1.2. Enzymatic modifications leading to antibiotics resistance. 
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In the biosynthesis of peptidoglycan (Figure 1.2), transpeptidase is the enzyme  

responsible for crosslinking the peptide moiety of lipid II. The β-lactams target trans- 

peptidases such  as penicillin  binding  proteins  (PBPs) to  prevent  the  crosslinking  of 

lipid  ll  on  its peptide  moiety,  which is  important  for  the  cell-wall  integrity. There  are 

similarities  between  peptidoglycan  transpeptidases and  Ser-β-lactmases both 

mechanistically  and structurally. It  is likely that  these  two  enzymes have a similar 

evolutionary history. Metallo-β-lactamases are classified as Zn-dependent hydrolases 

and  considered the  major  cause  for  resistance  to  carbapenems  in  Gram-negative 

bacteria (Figure 1.10).105–107 

One strategy  by  which macrolides  interfere  with  bacterial  protein  synthesis  is 

by obstructing  the  peptide  exit  tunnel at the  large  subunit  of  the  ribosome. A 

thioesterase catalyzes the  ring-closing  step  to  form  6-deoxyerythronolide  B  (for  the 

15-membered ring of erythromycin).108,109 Macrolide-resistance enzymes act through 

reverse ring opening by  attacking this  key bond. High  levels of  resistance in E. coli  

Figure 1.10. Basic enzymatic mechanism  for  (A)  Ser-β-lactamases  (B)  metallo-β-
lactamases.  
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strains result from two erythromycin esterases that are encoded by ereA and ereB 

genes.110,111 These proteins have about 43 % similarity and were isolated from two 

different strains of E. coli. These genes, which are on mobile genetic elements,112 

have the capacity to spread in a microbial community as was detected by the 

presence of esterases in environmental isolates of Pseudomonas sp.113  

  Fosfomycin is classified as an epoxide antibiotic that covalently binds MurA, 

which is a major enzyme for the synthesis of the N-acetylmuramic acid moiety of lipid 

ll.114 Resistance to this antibiotic takes place by enzymatic ring opening of its reactive 

Figure 1.11. Mechanism of chemical ring opening catalyzed by fosfomycin resistance 
enzymes (A) Fos X and (B) FosA (R = Glutathione) and FosB (R = Cys). 
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epoxide moiety. FosA, which is a metalloenzyme found in Gram-negative bacteria, 

and enzyme FosX catalyze the epoxide ring opening via glutathione and water- aided 

reactions, respectively. In the catalytic site of these enzymes there is an important 

divalent metal cation: Mn+2 (Figure 1.11).106  

Lantibiotics belong to a class of antimicrobial peptides produced by Gram-

positive bacteria. Many lantibiotics exert their antibiotic activity by the inhibition of 

bacterial cell-wall biosynthesis (Figure 1.3).115 As an example, nisin is a lantibiotic 

with 34 residues produced by certain Lactococcus lactis strains. In nisin producers, a 

mechanism has evolved to protect the producer against the toxic effect of nisin. This 

system contains the lipoprotein NisI and the ABC transporter system NisEFG. In 

strains of L. lactis that do not produce nisin, there is a gene (nsr) that can encode a 

35 KDa protein (NSR). The latter induces nisin resistance by digesting the 

antimicrobial peptide.116 

1.6 Objectives of the projects explained in chapters 2 and 3 

In chapter two, mechanistic studies to unravel the mechanism of action of 

lacticin 3147 peptides are described. The ultimate goal of this project was to obtain a 

three-dimensional structure of lacticin 3147 peptides bound to a synthetic analogue of 

lipid ll. In chapter three, a collaborative project to study the mechanism of action of 

tridecaptin A1 peptide and the synthesis of its analogues are presented. The results 

from both chapters are published.72,117  
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 Mechanistic studies on the lantibiotic lacticin 3147 Chapter 2
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2.1 Introduction 

 Lantibiotics: peptides with antibiotic activity 2.1.1

Lantibiotics are a class of peptides of 19-38 amino acids with antimicrobial 

activity that are ribosomally synthesized. They are produced by a variety of bacterial 

species, including Firmicutes and Actinobacteria. A prominent structural feature of 

this class of AMPs is their post-translational modification by the presence of thioether 

bridges that provide the structure of lantibiotics with some rigidity. For the formation of 

these thioether bonds, residues serine and threonine are dehydrated enzymatically to 

yield 2,3-didehydroalanine (Dha) and (Z)-2,3-didehydrobutyrine (Dhb), respectively. 

Consequently, if nearby there are cysteine residues within the structure, they may 

undergo a 1,4-Michael addition onto Dha and Dhb to form a lanthionine (Lan) or 

methyllanthionine (MeLan) bridge, respectively (Figure 2.1). The term lantibiotic 

refers to Lan-containing antibiotics. As further structural modifications, it is possible 

that C-terminal Cys residues may form S-aminovinyl-cysteine (AviCys) or an N-

terminal may have 2-oxopropionyl (OPr) and 2-oxobutyryl (OBu) groups.115 

It has been reported that the formation of Dha and Dhb frequently occur in the 

N-terminal part of the peptide structure. Another example of such post-translational 

modification is the formation of D-Ala from L-Ser after it is converted to Dha.118 Within  

the  lantibiotic structures, there may be non-proteinogenic amino acids, and the 

extent of the post-translational modification may be different between them. For 

example, one of the peptides with the least modification is lactocin S (24%). However,          

compound 107891  contains a large level of modification (58%).119 The presence      

of these modifications  provides  this  class of  peptides  with  considerable  structural 
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diversity. These peptides posses leader peptides during biosynthesis, which is 

important for the secretion of lantibiotics and to complete their maturation by post 

translational modification.120,121 Furthermore, the leader peptide may hinder lantibiotic 

activity prior to its export out of the cell.122 Most lantibiotics are active against Gram-

positive bacteria. The prototype compound in this family of AMPs is nisin (Figure 2.2), 

which was discovered in the 1920s and has been used industrially for food 

preservation purposes for more than 50 years.123 It is produced by Lactococcus lactis 

and is among the extensively studied members of the lantibiotic class of AMPs. There 

is growing interest and potential for lantibiotics to be applied in human and animal 

health.124,125 

 Lantibiotics can be classified by their biogenesis: class l where the formation of 

Figure 2.1. Thioether bridge formation, the most common lantibiotics post-translational 
modification. 
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Lan requires two separate enzymes, a dehydratase and a cyclase; and class ll where 

there is only a single enzyme capable of performing both transformations.126  

Mechanistically, lantibiotics from either class may exert their antimicrobial 

activity through binding to lipid ll and sequestering it from incorporation into the cell 

wall.38 Moreover, lantibiotics may target different segments of lipid ll compared to 

other classes of AMPs, such as glycopeptides (e.g. vancomycin).74 Some lantibiotics 

show activity against multidrug-resistant (MDR) Gram-positive pathogens, and their 

potential is promising as drugs. An example that was considered as a developmental 

candidate is compound NVB-302 (aminoheptylamido-deoxyactagardine B) (30). It is a 

semisynthetic derivative of deoxyactagardine B which was isolated from Actinoplanes 

liguriare (Figure 2.2).127, 128 In such an approach, specific software has been designed 

that allows effective screening among lantibiotics with cell-wall inhibiting capacity.129 

Another example of a lantibiotic with strong potency is NAI107 (32). 

Interestingly, some novel modifications within the structure of this compound were 

identified that included chlorinated tryptophan and mono or dihydroxylated proline. 

This compound was considered as a developmental candidate to treat nosocomial 

infections caused by Gram-positive pathogens.130 Similar application of the screening 

program resulted in the identification of lantibiotics belonging to class l, with 

compound 97518 (31) as an example. This compound has structural features similar 

to that of NAI-107, however, it contains two carboxylic acid functionalities.131 

Derivatization of the acidic residues provided analogues with enhanced activities.132 

        



 
 

33 

 

 

2.2 Biological properties and applications of lantibiotics 

The majority of lantibiotics exert their bactericidal activity against various 

strains of Gram-positive bacteria in nanomolar ranges. They show promising potential 

against methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 
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enterococci (VRE) and oxacillin-resistant Gram-positives. The lantibiotic mutacin 

1140 is produced by Streptococcus mutans, which can cause dental decay. Mutacin 

1140 was found to show broad activity against many strains of the same species, and 

this has potential as a dentistry agent.133,91 In a different approach, the usage of 

lozenges with a salivaricin A -producing strain, S. salivarius, has been introduced as 

a probiotic to be effective against S. pyogenes in the oral cavity and for the 

prevention of halitosis.134,135  

Cinnamycin and the related duramycins act as strong inhibitors of 

phospholipase A2. During body’s inflammatory response, phospholipase A2 (sPLA2) 

enzymatically hydrolyzes phospholipids and releases arachidonic acid. Arachidonic 

acid is transformed to eicosanoids, which are classified as inflammatory mediators.136  

Duramycin was investigated in clinical trials for its capacity to remove mucus 

secretions from the lungs affected by cysts.137 The enterococcal lantibiotic cytolysin 

has lytic activity against polymorphonuclear leukocytes.138Lantibiotics are usually not 

active against Gram-negative bacteria as they cannot permeate the outer-membrane. 

Compared to other conventional non-peptidic antibiotics, there has been very limited 

resistance development observed in Gram-positive species against the lantibiotics.139  

2.3 Different classes of lantibiotics  

Here three classed of lantibiotics are discussed. The lantibiotic peptides that 

are included in class l are modified by two dissimilar enzymes: LanB enzyme is 

responsible for dehydration of Thr and Ser, while LanC is involved in cyclization. 

LanT (ABC transporter) is responsible for exporting the peptide. In class l lantibiotics,  
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the leader peptide is removed as a result of the  activity of an enzyme called LanP, 

which is a subtilisin-like serine protease. Structurally, lantibiotics for this class are 

more extended and flexible than those of class II (Figure 2.3).140  

In class II lantibiotics, large enzymes (LanM) with up to 1000 amino acids are 

responsible for both dehydratase and cyclase catalytic activities. They have no 

homology to LanB proteins, but they have a sequence similarity to LanC enzymes.141  
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A second multifunctional enzyme with a protease domain is responsible for 

both lantibiotic secretion and processing of the leader segment in class ll lantibiotics 

(Figure 2.4). 140 

 

Figure 2.4. Representative examples of class Il lantibiotics. 
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Although there are differences between the exporters in class l and class ll, 

they share the same designation (LanT). Within class ll, there are some two-

component lantibiotics. In this class, each peptide has its structural gene, and its 

modification is performed by distinctive LanM enzymes.69,142 However, to form the 

mature antibiotic, two peptides work together. Furthermore, only a single enzyme 

(LanT) can cut the leader peptide and secrete both products.  

In earlier studies, a third class of lantibiotics, with little antibiotic activity and 

unknown cellular functions, was proposed.123 Some examples include SapB (46) 

secreted by S. coelicolor,143–145 AmfS is produced by S. griseus146 and SapT (47) 

produced by S. tendae (Figure 2.5).144,145 Different methodologies have been applied 

to determine their structure. For example, the structure for SapT was elucidated using 

NMR spectroscopy, whereas the structure for SapB was deduced using mass 

spectroscopy for amino acid sequencing.143 

Figure 2.5. Representative examples of class lll lantibiotics. 
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2.4 Antibiotic production and the mystery of self-immunity   

   It may be expected that the sustainable production of antibiotics by bacteria 

necessitates a mechanism to confer resistance against these compounds upon the 

producer strain. In the case of lantibiotics, the immunity protein LanI and/or ABC 

transporter enzymes can provide immunity. The responsible genes for encoding 

these proteins are lanFEG. For example, Pep5 (36) is a lantibiotic with cationic 

charges that exerts its mechanism of action through pore formation.123 The producer 

obtains immunity against its antibiotic by the action of PepI. Pep I is a immunity 

protein that is suggested to work based on a mechanism of target shielding.147 In 

other words, PepI is produced and transported out of the cell and to accumulate and 

to act at the membrane-cell wall interface.  Higher extent of protection may be 

obtained through cooperation between LanI and ABC transporters. Nisin activity 

against its producer is intercepted by NisI, an immunity protein that is composed of a 

lipoprotein that attaches itself to the exterior face of the membrane. As a result of the 

activity of this immunity protein and the transporter, free nisin levels are reduced.147 

NuKH is a variant of Lanl/LanFEG that provides immunity against nukacin ISK-1.123 

NuKH is smaller than the NisI and is composed of three transmembrane domains. 

NuKH works cooperatively with the NuKFEG transporter, resulting in self-protection 

and also conferring immunity to lacticin 481 (39), a lantibiotic with a similar structure. 

For lantibiotics such as mersacidin and epidermin, there are only immunity 

transporters and no lipoproteins were found in their gene clusters.148,149 
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2.5 Mechanism of action for lantibiotics and their structures 

Developments in peptide engineering have improved the study of peptide 

structure-activity relationships, and enhanced understanding of the different modes of 

action of lantibiotics.150 Different variants of nisin are produced by L.lactis, that have 

have 34 residues within their structure. Considering nisin A as the protoype, nisin Z 

deviates by one amino acid whereas there are four positions in which nisin Q is 

distinct.151,152 Another homologue of nisin A, nisin U with 78% sequence similarity, is 

produced by Streptococcus uberis. However, nisin U is missing three residues from 

the C-terminal compared to nisin A.152 Structurally, nisin is somewhat flexible and 

contains two amphiphilic domains with three N-terminal rings (labeled A, B, C). In its 

C-terminal there are two rings, D and E, joined with a flexible hinge area.153   

A unique mode of action known for lantibiotics related to nisin is membrane  

pore formation assisted by docking to lipid ll.154,155 The pyrophosphate moiety of lipid 

ll is believed to interact with amides in rings A and B of the N-terminal segment of 

nisin.38,156–158 Binding to the pyrophosphate segment of lipid ll is also known in other 

lantibiotics, such as subtilin, epidermin, gallidermin and mutacin 1140.159,160 However, 

epidermin and gallidermin do not have the C-terminal tail of nisin, and that makes 

them shorter (30 Å) compared to nisin (50 Å). Such a difference can account for the 

observation that epidermin and gallidermin are inactive against some species on 

which nisin shows pore formation type of activity.159 

Further studies on nisin indicate that the C-terminus portion is inserted in the   

membrane through a perpendicular alignment with respect to the membrane 

surface.38,161 As a consequence of this insertion, pores with a size of 2–2.5 nm in 
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diameter are formed.162 It is suggested that each pore is stabilized with the 

incorporation of eight nisin and four lipid ll molecules.157 However, in the reported 

NMR structure for nisin and lipid ll, this stoichiometry is 1:1 nisin-lipid ll.63 The nisin–

nisin interactions may account for the difference in the reported stoichiometries for 

interaction between nisin and lipid ll. Further studies on nisin Z showed that the 

flexible hinge area is an essential structural feature that facilitates obtaining the 

proper transmembrane conformation for the pore formation, however, the binding 

affinity to lipid ll can still be retained even if a mutated peptide does not have such a 

flexible hinge region.163,164  

Nisin and mutacin 1140 can interfere with the functional localization of lipids 

during cell wall biosynthesis.165,166 In other words, if bacterial cells are treated with 

nisin, lipid ll will be sequestered from the biosynthesis of peptidoglycan. Moreover, 

the relative rarity of nisin resistance emphasizes the importance of the dual 

mechanism of action; that is, the combination of pore formation activity and the 

inhibition of cell wall biosynthesis through sequestration of lipid ll.157,160  

Subtilin (33) (Figure 2.3) and ericin S are produced by B. subtilis ATCC6633 

and B. subtilis A1/3, respectively. Structurally, these bacteriocins contain MeLan and 

Lan bridging similar to that of nisin. Ericin A, produced by B. subtilis A1/3, has a 

conserved N-terminal bridging pattern that is distinct from subtilin by 13 amino acids 

and by the position of the C-terminal MeLan residues. There are astonishing 

similarities between the encoding gene clusters for subtilin and ericin A and S.167 

         Lacticin 481 (39) belongs to a family of lantibiotics that share some degrees of 

structural similarity.123 At pH 7, they do not have any net charge, and they are all 
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hydrophobic. All other members have a linear N-terminus and a globular C-terminus 

resulting from three thioether bridges (Figure 2.4) that are interlocked. Site-directed 

mutagenesis studies on mutacin II, another member of this family, indicated that the 

presence of its hinge is essential for the activity.168 The three thioether bridges are 

not mandatory for the peptide to show activity.169 Furthermore, replacing either Lan or 

MeLan residues with each other has no significant impact on the activity of lacticin 

481 and mutacin ll.168–170 Pore formation is suggested as a mechanism of action for 

lacticin 481 and its close relatives.168 In this family, ring A resembles ring C within the 

structure of mersacidin, which is known to be involved in its activity.171 In the producer 

strains, immunity proteins interfere with peptides coming into close proximity of the 

membrane, which suggests that the membrane is a possible target.168  

Mersacidin (38) (Figure 2.4) is a lantibiotic with activity against methicillin-

resistant S. aureus.62 In contrast to lantibiotics with a positive charge, such as nisin, 

mersacidin does not exert antimicrobial activity by pore formation. In fact, mersacidin 

is known to disrupt peptidoglycan biosynthesis in the transglycosylation step.65 More 

studies are needed to clarify the molecular details of this mechanism. Nuclear 

magnetic resonance spectroscopy aided in indicating the conformational change that 

mersacidin undergoes in the presence of lipid ll.64 These studies further suggested 

that the glutamate residue within ring C of mersacidin is important for the recognition. 

Interestingly, ring C is a common motif among lacticin 481 and related members, the 

two-component lantibiotics,68 and also plantaricin C.67  

Duramycin variants and cinnamycin are produced by streptomycetes and have 

a lysinoalanine ring.172 They show binding interaction with phosphatidylethanolamine 
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(PE) with 1:1 stoichiometry.173  

2.6 Two-component lantibiotics 

The two-component lantibiotics consist of two peptides, each of which exerts 

weaker or no antimicrobial activity by itself, but gives stronger synergistic activity in 

combination with its partner.123 Examples of such lantibiotics include plantaricin W, 

staphylococcin C55, cytolysin L, Smb, BHT-A, haloduracin (44, 45) and lacticin 3147 

(42, 43) (Figure 2.4). The peptides may be designated as LanA1/LanA2 when they 

are not yet mature, but after modification they are designated as Lanα/Lanβ. One of 

these two-component lantibiotics whose structure has been elucidated by NMR 

spectroscopy is lacticin 3147.69 The structure of haloduracin has also been proposed 

based on tandem mass spectroscopy.174 Interestingly, a combination of structural 

data plus sequence homology suggests that the topology of the three C-terminal rings 

within the structure of all α-peptides is similar. By comparison with mersacidin, it is 

suggested that these rings are important for lipid ll binding capability.69 Within the 

structure of β-peptides, except for lacticin 3147 and staphylococcin C55, the N-

terminal MeLan ring is conserved, with Halβ as an example.69 Furthermore, this ring 

is followed by a sequence of hydrophobic amino acids. Within the structure of LtnA2 

of lacticin 3147, Ser is converted to D-Ala although it is absent in BHT and Smb. The 

ring B also is conserved to some extent among the known two-component 

lantibiotics. With the exception of cytolysin, the two Lan/MeLan rings located in the C-

terminal part of the β-peptides are also conserved. 

  An interesting mechanism of action, similar to nisin, has also been proposed 
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for lacticin 3147.156,175 It has been predicted that Ltnα interacts with lipid ll and then 

recruits Ltnβ to form pores in the cytoplasmic membrane. Alanine scanning of lacticin 

3147 shows that 36 amino acids (out of 59 residues within the sequences of both 

peptides) can be replaced without complete loss of bioactivity.176  

Enterococcal cytolysin is known for a number of distinctive features. While it 

has antimicrobial activity (functioning as a bacteriocin), it induces cytolytic activity 

toward erythrocytes and other eukaryotic cells.138 Comparing the enterococcal 

cytolysin sequence with that of lacticin 3147 and haloduracin, it is found that in the N-

terminal part of both peptides there is a MeLan residue and an extra Lan ring.  

The structure of the  propeptides CylLL and CylLS is modified by the 

intermediacy of the enzyme CylM, and the exporting process is mediated by a dual-

function transporter/protease to form the CylLLʹ and CylLSʹ peptides.177 To finish the 

maturation of peptides, a serine protease CylA outside the cell is responsible for a 

second proteolysis stage, and as a result of this activity a sequence of six residues is 

cut from the N terminal segment of each peptide to yield CylLLʺ and CylLSʺ.138 

Related system is found with carnolysin, produced by Camobacterium 

maltaromaticum C2.178  

The hydrophobic peptides SapB and SapT have 21 residues within their 

structure, and they show high surface activity (Figure 2.5). Furthermore, at the 

interface between water and air, these peptides have self-assembly capacity.179 

Based on a modeling study, hydrogen bonding within polar side chains is 

discouraged in macrocyclic structures.145 This forces the nonpolar side chains toward 

the surface of the molecule to trigger the formation of patches with hydrophilic and 
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hydrophobic properties. Among the identified structural genes, some residues are 

conserved. This suggests their importance for the activity of the peptide. These 

residues include the Cys and Ser, which are responsible for the formation of Lan 

bridges, and Ser that remain as Dha in mature SapB. Another preserved feature is 

the hydrophobicity of the two rings.145 More studies are needed to uncover the details 

of the mechanism by which these peptides interact with the cell wall. However, it is 

predicted that amphiphilicity and hydrophobicity play important roles.  

2.7 Lacticin 3147  

This two-component lantibiotic is produced by Lactococcus lactis. subsp. lactis. 

DPC32147.66 LtnA1 and LtnA2 (Figure 2.6) show strong antimicrobial activity in the 

nanomolar range. Such a potent activity is achieved only when both peptides are 

present to interact synergistically, whereas individual peptides show only marginal 

activity. The mechanism of action suggested for lacticin 3147 is that LtnA1 first 

interacts with lipid ll in the bacterial cytoplasmic membrane. Subsequently, the lipid ll-

LtnA1 complex can recruit LtnA2, leading to the inhibition of the peptidoglycan 

biosynthesis and pore formation.156 The structure of the lacticin 3147 peptides was 

determined, and shows that there are similarities between LtnA1 and other lipid ll 

binder lantibiotics, such as mersacidin. 66 

Some studies of different classes of two-component antimicrobial peptides 

suggest that the two peptides are interacting with a 1:1 ratio.70,180–183 Based on 

previous studies, LtnA1 is capable of showing inhibitory activity with a MIC50 of      

200 nM that is enhanced by about  30 fold (to 7 nM)  in the  presence of LtnA2. It was  
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suggested that lipid ll is a receptor or docking molecule for LtnA1.181 The participation 

of docking molecules, or receptor, in bacterial systems provides the possibility for 

AMPs to exert their effects in the nanomolar range, whereas eukaryotic AMPs that 

directly disrupt membranes usually are active in micromolar concentrations.175 There 

are notable similarities between the structures of LtnA1, mersacidin, actagardine and 

Plwα, a peptide from two-component lantibiotic plantaricin W.182,184 These include  

the lanthionine-bridging pattern, specifically concerning the C-terminal rings. Lacticin 

3147 peptides may potentially participate in stopping the transglycosylation step of 

the peptidoglycan biosynthesis via a binding interaction with lipid ll.65,154,185–187              

The conserved CTLT-EC motif among the LtnA1 peptide, mersacidin and 

actagardine which suggests that it may have crucial roles for the mechanism of action 

of these peptides.188  

Figure 2.6. Lacticin 3147 A1 and A2. LtnA2: X = S, R = Me; oxa-LtnA2: X = O, R = 
Me; desMe-LtnA2: X = S, R = H. 
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Potassium ion release experiments showed that at low nanomolar 

concentration, LtnA1 is not capable of K+ efflux induction in Lactococcus lactis subsp. 

cremoris HP target cells. Therefore, it was suggested that pore formation may not be 

the primary mode of action for the peptide without its partner and its activity may be 

due to inhibition of peptidoglycan biosynthesis from its precursor, lipid ll.175 Although 

LtnA1 alone shows activity in the micromolar concentration range, the optimal activity 

of lacticin 3147 is observed with both components in the nanomolar range.  

In nisin both pore formation activity and inhibition of peptidoglycan 

biosynthesis can be performed by a single peptide. In lacticin 3147 these activities 

are proposed to require two peptides. The shorter peptide, mersacidin, has only one 

of these mechanisms of action; the inhibition of peptidoglycan biosynthesis at the 

transglycosylation step. 

Furthermore, lacticin 3147 peptides show potent activity against a broad range 

of Gram-positive bacterial strains. Indeed, clinically significant human pathogens are 

inhibited by the antimicrobial activity of lacticin 3147.189 In addition, lacticin 3147 is a 

potent killer of all mastitic staphylococcal and streptococcal isolates that were 

tested.190,191  

 Objective of our studies on lacticin 3147 2.7.1

Lacticin 3147 project started with the aim to study the presence of interaction 

between lacticin 3147 peptides and lipid ll using isothermal calorimetry (ITC). If such 

an interaction could be detected, the next step would be to obtain the three-

dimensional structure for the complex with the aid of nuclear magnetic resonance 

spectroscopy (NMR). Toward this goal, an analogue of lipid ll with a shorter lipid tail 
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(e.g. farnesyl) than the natural variant, containing an undecaprenyl lipid tail, was 

targeted for synthesis. Such a synthetic compound makes NMR experiments feasible 

as the natural lipid ll has poor solubility, can form micelles, and generates many 

overlapping signals. Portions of the following have been published.117 

 

 ITC and in vitro assays to assess pore formation characteristics of 2.7.2

lacticin 3147 

 
Isothermal titration calorimetry (ITC) commonly is used to assess the lipid II 

binding properties of antimicrobial peptides.72,192,193 We used ITC to study the 

interactions between natural and synthetic analogues of lacticin 3147 peptides as well 

as synergistic mixtures and Gram-positive lipid II. Gram-positive lipid II often contains 

lysine in its pentapeptide chain whereas Gram-negative lipid II usually             

contains diaminopimelic acid. To better mimic a bacterial membrane, 1 mol% lipid II 

was incorporated into large unilamellar vesicles (LUVs) for the ITC experiments. In 

these LUVs, lipid II is symmetrically distributed between the inner and outer leaflets 

and cannot translocate the artificial membrane without a flippase. Therefore, the 

actual concentration of lipid II present on the outer leaflet is 0.5 mol%.194 LtnA1 binds 

to membrane-embedded lipid II in a 2:1 ratio with a binding affinity (kd) of 0.9 µM, 

which is consistent with its minimum inhibitory concentration (1 µM) ( A). However, 

none of the LtnA2 analogues bind to lipid II (Figure 2.9). Given the synergistic 

relationship between LtnA1 and LtnA2, the binding interaction between                

these peptides was also assessed by ITC. LtnA1 binds strongly to LtnA2 in a 1:1 ratio  
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Figure 2.7. ITC binding experiments with natural and synthetic lacticin 3147 
analogues and phospholipid LUVs containing 1 mol% Gram-positive lipid II. (A) Lipid 
II added to LtnA1. (B) LtnA1 added to LtnA2. (C) Lipid II added to 1:1 LtnA1: LtnA2. 
(D) LtnA1 added to desMe-LtnA2 

 

with a Kd of 1.2 µM . When lipid II LUVs were added to a 1:1 mixture of LtnA1: LtnA2, 

the binding isotherm changed (C). The resulting isotherm is characteristic of              

a  heterotropic  interaction,  in  which cooperative    binding    occurs    between    a  

A 

B C D 
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macromolecule (LtnA1) and two different ligands (LtnA2 and lipid II).195 Therefore, it is 

not accurate to measure the number of binding sites or binding affinity by this method 

as  it  only  gives  an  average  of  the various  possible  binding states between  LtnA1, 

LtnA2  and  lipid  II  embedded  in  the  LUVs.  The  binding  of  LtnA1  to  synthetic  LtnA2 

analogues was also tested, and it was found that LtnA1 binds weakly to desMe-LtnA2 

(Figure 2.8 D)  and  does  not  bind  to oxa-LtnA2  at  all (Figure 2.8 E). These 

measurements  are  consistent  with  our  previous  observations  that  desMe-LtnA2  has 

reduced  synergistic  activity  with LtnA1, but  oxa-LtnA2  is  not  synergistic  with 

LtnA1.196,197 Then, the binding  of  LtnA1  +  des-LtnA2  to  lipid  II  (Figure 2.8 F) and 

LtnA1  +  oxa-LtnA2  to  lipid  II  (Figure 2.8 G)  were  analyzed. The  resulting  curves     

are very similar to LtnA1 + LtnA2 + lipid II. In the case of oxa-LtnA2, this is surprising,  

 

 

 

 

Figure 2.8. ITC  binding  experiments  with  natural  and  synthetic  lacticin  3147 
analogues  and phospholipid  LUVs  containing  1  mol%  Gram-positive  lipid  II.  (E) 
LtnA1 added to oxa-LtnA2. (F) Lipid II added to 1:1 LtnA1: desMe-LtnA2. (G) Lipid II 
added to 1:1 LtnA1: oxa-LtnA2. 
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Figure 2.9. Isothermal calorimetry (ITC) experiments to determine if lacticin 3147 A2 
and its analogues bind specifically to lipid II in large unilamelar vesicles (LUVs). The 
lipid II was from Gram-positive bacteria (contains L-lysine in the stem peptide) and 
was purchased from BaCWAN at University of Warwick. (I) LtnA2 + lipid II. (J) 
desMe-LtnA2 + lipid II. (K) Oxa-LtnA2 + lipid II. Results show that lacticin 3147 A2 
and its analogues do not specifically bind to lipid II. 
 

given that it does  not  bind  to LtnA1. It is possible that upon formation of the LtnA1: 

lipid II complex, oxa-LtnA2 is then able to bind to this structure. However, at this 

stage, further experiments were required to determine how these binding studies 

relate to antimicrobial activity. 
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 In vitro membrane lysis assays 2.7.3

 

Figure 2.10. (A) Cartoon schematic of the assay used to assess membrane lysis of 
the lacticin 3147 analogues. (B) Relative fluorescence vs. time graph showing the 
effects of adding lacticin 3147 analogues to LUVs containing BCECF. Peptide 
concentrations are 5 µM. 
 

To link the ITC results to the effect on cell membranes, a series of pore-

formation assays were performed using LUVs containing the pH sensitive dye 2′,7′-

bis-(2-carboxyethyl)-5-carboxy-fluorescein (BCECF).198 In this assay, LUVS are 

constructed with an internal pH of 8 and then placed in a buffer at pH 6. If pore 

formation occurs, there is a decrease in intra-vesicle pH, which is observed as a 

decrease in BCECF fluorescence (Figure 2.10 A).72,198 To assess the effect of 

membrane bound lipid II on membrane lysis, LUVs with and without lipid II were 

constructed. In LUVs lacking lipid II, no membrane lysis was observed for any of the 

lacticin 3147 analogues at concentrations up to 5 µM (Figure 2.10 B). However, a 1:1 

mixture of LtnA1: LtnA2 (5 µM) caused rapid membrane lysis. The synergistic mixture 

of  LtnA1: desMe-LtnA2  caused  a  smaller  degree of  membrane  lysis  in  vesicles  
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lacking lipid II, however, no effect was observed for LtnA1:oxa-LtnA2. 

These results are consistent with the ITC studies that showed that oxa-LtnA2 

does not bind to LtnA1. When lipid II was incorporated into the LUVs, the 

concentration of 1:1 LtnA1: LtnA2 or 1:1 LtnA1: desMe-LtnA2 required for membrane 

lysis dropped significantly to 100 nM.  Consistent with the absence of lipid II binding 

found during the ITC studies, none of the LtnA2 analogues caused membrane lysis. 

In contrast, LtnA1, which was shown by ITC to bind to lipid II, caused moderate 

membrane lysis at 100 nM (Figure 2.11). These results show that although lacticin 

3147 can cause membrane lysis without lipid II, the presence of lipid II significantly 

enhances activity. An anomaly observed during the ITC studies was the binding curve 

for 1:1 LtnA1:oxa-LtnA2 + lipid II. Even though oxa-LtnA2 does not bind to LtnA1, the 

binding curve was nearly identical to the synergistic mixture of the natural peptides + 

lipid II, suggesting a similar interaction. However, the degree of membrane lysis 

observed for 1:1 LtnA1:oxa-LtnA2 is identical to LtnA1 alone, suggesting that the 

Figure 2.11. In vitro membrane lysis assays. (C) Relative fluorescence vs. time 
graph showing the effects of adding lacticin 3147 analogues to LUVs doped with 1 
mol% lipid II and containing BCECF. Peptide concentrations are 100 nM. 
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major interaction resulting in the ITC binding curve is LtnA1 binding to lipid II. Having 

linked lipid II binding to membrane lysis, we next sought to relate this to antimicrobial 

activity. 

 

 Time-kill assays 2.7.4

Time-kill assays often are used to determine if an antibiotic is bacteriostatic or 

bactericidal.72 In these experiments, Lactococcus lactis subsp. cremoris HP cells 

were incubated in the presence of set concentrations of lacticin 3147 peptides (1 µM 

or 250 nM) for 8 hours. At certain time points, aliquot of the bacterial suspension were 

removed, spread on an agar plate and grown overnight. Then, the colony forming 

units (CFUs) per mL were counted and plotted over the course of the 8-hour 

experiment (Figure 2.12 A and B). In a time-kill assay, bacteriostatic agents (e.g. 

chloramphenicol) are easily identified as the number of CFUs will remain constant 

over the time-course of the experiment. Bactericidal agents kill cells, therefore, the 

number of CFUs will decrease over time if cells are exposed to a bactericidal 

compound.  

Furthermore, membrane-lysing agents cause rapid cell death, with the number 

of CFUs typically being reduced to 0 within 30 min. At both 250 nM and 1 µM, LtnA1 

halted cell-growth but did not significantly reduce the number of CFUs over an 8-hour 

period. This shows that LtnA1 binding to lipid II exerts a bacteriostatic effect. In 

contrast, LtnA2 is bactericidal. At 250 nM all cells are killed over the 8-hour          

time-course, however, at 1 µM the time taken to kill all cells is reduced to 30 min. This  
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suggests that at higher concentrations, LtnA2 alone can kill Gram-positive bacteria  

by lysis of the cell membrane. In the in vitro membrane lysis assay, LtnA2 showed no 

lytic activity against LUVs with or without lipid II. Therefore, these artificial 

membranes either lack the lipid composition required for LtnA2 induced membrane 

lysis or LtnA2 binds to a membrane embedded biomolecule that is not present in the 

LUVs. To confirm this, an in vivo membrane lysis assay was required. The synergistic 

mixture of LtnA1 and LtnA2 kills all cells within 10 min at 250 nM and 5 min at 1 µM, 

which is highly suggestive of rapid membrane lysis (Figure 2.12, Figure 2.13). These 

results corroborate that the synergistic mixture of LtnA1 and LtnA2 kills Gram-positive 

bacteria by rapid membrane lysis. To confirm these findings in vivo, SYTOX Green 

membrane lysis assays were performed.72 

Figure 2.12. Time-kill assays. Lactococcus lactis subsp. cremoris HP cells treated 
with 250 nM (A) or 1 µM (B) of peptide, and the number of viable cells determined at 
different time points. 
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Figure 2.13. Time-kill assays using lacticin 3147 A1, A2 or A1+A2 (Plate 
representation). The number of viable Lactococcus lactis subsp. cremoris HP cells 
were assessed at various time points (values given in minutes). (A) LtnA1 (250 nM) 
had no observable effect on cell viability over 1 hour (5 min, 30 min, 60 min). (B) 
Higher concentrations of LtnA1 (1 µM) appeared to halt cell growth, suggesting it is 
bacteriostatic. (C) LtnA2 (250 nM) killed most cells by 1 hour, showing it is 
bactericidal. (D) LtnA1 + LtnA2 (250 nM) killed all cells within 5 minutes, suggesting 
rapid membrane lysis. 
 



 
 

56 

 In vivo membrane lysis assays 2.7.5

 
 
       To assess the effect of lacticin 3147 peptides on whole-cell membranes, in vivo 

membrane lysis assays were performed using SYTOX Green (Figure 2.14). SYTOX 

Green is a membrane-impermeable reagent that penetrates cells with compromised 

cell membranes, binding to nucleic acids and emitting a fluorescent signal.199 

Lactococcus lactis subsp. cremoris HP cells were incubated with SYTOX Green, and 

then peptides were added to a final concentration of 100 nM. Nisin is known to cause 

rapid pore-formation at this concentration and indeed showed rapid membrane lysis 

in the SYTOX Green assay.72 LtnA1 did not cause membrane lysis, which is 

consistent with the previous experiments in this study. The synergistic mixture of 

LtnA1 and LtnA2 caused immediate membrane lysis although not to the same extent 

as nisin. Gratifyingly, LtnA2, which did not cause membrane lysis in the in vitro assay 

Figure 2.14. Lactococcus lactis subsp. cremoris HP cells pre-treated with SYTOX 
Green were exposed to antimicrobial peptides (100 nM) and the extent of 
membrane lysis visualized as an increase in fluorescence.72 
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but showed bactericidal kinetics consistent with a lytic peptide, caused membrane 

lysis in this whole-cell experiment. This provides further evidence that either the 

artificial membranes lack the lipid content required for LtnA2 lysis or they lack a 

membrane embedded biomolecule that LtnA2 binds to induce membrane lysis. 

 

 CD spectroscopy and membrane-depolarization assay using DiBAC4(3) 2.7.6

As shown above, the two peptides that constitute lacticin 3147 act 

synergistically. Circular dichroism (CD) spectroscopy, as an analytical tool, allows 

us to study if the peptide can obtain different secondary structure, such as α helix, 

parallel or antiparallel β sheets and under different conditions they are studied. The 

resulting CD data shows that LtnA1 may not be able to attain detectable structure in 

the presence and absence of LtnA2. However, LtnA2 can attain α-helicity, and this 

helical structure becomes even more stable, as can be seen from the CD graph, in 

the presence of LtnA1; this is depicted in the graph with one positive band at 190 

nm and two negative bands in 208 and 222 nm. This higher degree of α-helicity 

could be resulted from synergistic activity between the two peptides  (Figure 2.15, 

see section 4.3). 

 The synergistic activity of lacticin 3147 peptides was studied further by using a 

membrane depolarization assay. This is a common experiment to assess the 

interaction of antimicrobial compounds with the membrane. DiBAC4(3) is one of the 

biosoxonal dyes that provides the possibility to visualize the membrane potential on 

the inner membrane of bacterial cells.200 As a member of the oxonol family                

of   slow-response  probes, it is  a small  negatively charged fluorophore that shows   
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 Figure 2.16. Lacticin 3147 peptides and membrane-depolarization assay. 

Figure 2.15. CD spectroscopy of lacticin 3147 A1, A2 peptides and the mixture of 
them in water. 
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fluorescence enhancement when it binds to hydrophobic proteins in the cytoplasm. 

The dye accumulates on the exterior of the inner-membrane due to the high 

concentration of potassium ions in there. If the membrane is depolarized, the 

potassium gradient will be disrupted, and the fluorescence signal increases as a 

result. This study suggests if ltnA1 is added first, it may dock to the membrane, and 

upon addition of ltnA2 depolarization of the membrane could be observed. However, 

if ltnA2 is added first, it attacks the membrane and lyses it, so no depolarization could 

be observed (Figure 2.16, see experimental 4.2.10). 

 
 Total synthesis of (E,E)-farnesyl lipid II for NMR studies 2.7.7

Having identified LtnA1 as a lipid II binding peptide, we sought to identify 

exactly how it binds to lipid II by calculating the NMR solution structure of the 

complex. Natural lipid II has a long undecaprenyl chain (C55) that is not very 

amenable to NMR studies as it has poor solubility and its multiple methylene units 

can mask important signals from the peptide. Therefore, a shorter chain version, 

(E,E)-farnesyl lipid II (Scheme 2.1), was synthesized by adapting a previously 

published methodology.201,202 Breukink and co-workers prepared biosynthetically a 

Gram-postive lipid ll analog with an (E,E)-farnesyl terpene chain that was used to 

elucidate the NMR solution of nisin in the presence of lipid ll.38 To obtain a final model 

for the nisin and lipid ll interaction, lipid ll was docked into the structure, providing a 

model for the nisin-lipid ll complex. It was found that the properties of the terpene 

chain, length and geometry, do not affect the binding interaction between nisin and 

lipid probably because it is embedded in the cell membrane.63  
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VanNieuwenhze  and  coworkers  reported  the  first  total  synthesis  of  the 

peptidoglycan  precursors.201,202 To  synthesize (E,E)-farnesyl  Gram-positive  lipid  II, 

the previously reported procedures by VanNieuwenhze and coworkers were applied 

with some modifications. 
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Scheme 2.1. Retrosynthetic approach to prepare (E,E)-farnesyl lipid II. 
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In the retrosynthetic plan, the lipid ll  structure was broken into four  linear  syn-  

thetic targets (Scheme 2.1). The main disaccharide segment of the structure was 

prepared by combining the glycosyl donor with glycosyl acceptor. This was followed 

by coupling to the tetrapeptide after intermediate protecting group manipulations. The 

last main segment of the structure to be attached was the lipid tail (62). Glycosyl 

donor (50) was initially prepared from N-acetyl-D-glucosamine (79). 

However, compound (50) also was prepared from glycol (48), available 

commercially (Carbosynth, UK) in large quantities, to scale up the synthesis of 

primary intermediates (Scheme 2.2). Compound (48) was treated with L-

chloropropionic acid, and this was followed by coupling with derivatized alanine (80) 

with the aid of the coupling reagent CDMT/NMM to result in benzylidene (49). In 

Compound (49), the 4-hydroxyl group was deprotected selectively using TFA/TES to 

yield (50). 

  The glycosyl acceptor (53) segment of the lipid ll structure was synthesized 

from D-glucosamine (51) in four steps (Scheme 2.3). First, the amine functionality 

was protected  as  Troc-carbamate, and  this  was  followed  by  acetylation of all the  

Scheme 2.2. Synthesis of glycosyl donor (50). 
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other hydroxyl groups to yield carbohydrate intermediate (52). The anomeric position 

of sugar (89) was deprotected selectively using hydrazine acetate, and the resulting 

free hydroxyl group was treated with Cl3CCN and DBU to yield glycosyl acceptor (53).  

Solution phase Boc chemistry synthesis was used to prepare the tetrapeptide 

in five steps (Scheme 2.4). The first coupling was between H-D-Ala-OMe  and Boc-D-

Ala-OH using EDCI.HCl coupling reagent to yield Boc-dipeptide (54).  

 
Scheme 2.4. Synthesis of Boc-tetrapeptide (56). 
 

Scheme 2.3. Synthesis of glycosyl acceptor (53). 
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After deprotecting the Boc-dipeptide, it  was  coupled  with  Boc-Lys(TFA)-OH  to  

form the Boc-tripeptide (55). Lastly, Boc-tripeptide was deprotected to couple to the 

last amino acid, Boc-D-γ-Glu-NH2, to prepare the tetrapeptide (56).  

By preparing the main lipid ll segments separately, the synthesis of lipid ll 

could be finalized (Scheme 2.5). TMSOTf catalyzed glycosylation was carried out 

between glycosyl donor (50) and glycosyl acceptor (53) sugar units to yield 

disaccharide (57). 

Next, the benzyl ether functionality at 6-position on (57) was deprotected  

using ZnCl2, and  this was  followed by  reprotection in the  form of acetate  ester. 

The next step was deprotection of Troc-carbamate using a Zn insertion mechanism 

and reprotection as an acetamide to produce disaccharide (58). In the following step, 

benzyl ether was deprotected through hydrogenolysis in the presence of a Pd catalyst 

Scheme 2.5. Total synthesis of (E,E)-farnesyl lipid II (part 1). 
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which was followed by phosphorylation of the MurNAc anomeric position with 

dibenzyl N,N-diisopropylphosphoramidite and oxidation of the resulting phosphite with 

H2O2 to yield phosphate (59). Deprotection of the 2-(phenylsulfonyl) ethyl ester with 

DBU gave acid (60), which then was coupled to the Boc-deprotected tetrapetide 

moiety, and as a consequence, pentapeptidyl disaccharide (61) was produced. In the 

final stage, the benzyl ether on compound (61) was removed using a Pd catalyst and 

hydrogen. In the following step, the final phosphate was coupled to CDI activated 

(E,E)-farnesyl phosphate (62). Lastly, to obtain the lipid ll derivative, a global 

deprotection was performed using aqueous NaOH reagent under shown conditions 

(Scheme 2.6). 
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Scheme 2.6. Total synthesis of (E,E)-farnesyl lipid II (part 2). 
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 Efforts toward the NMR study of isotopically labeled lacticin 3147 2.7.8

peptides 

Experimental data from CD spectroscopy and isothermal calorimetry support 

the idea that LtnA1 and LtnA2 are interacting together to exert their synergistic 

activity. Therefore, obtaining the structure resulting from these peptides while they 

are together was set as a research goal. X-ray crystallography and nuclear magnetic 

resonance are among the strongest available tools for this purpose. The probability of 

obtaining a crystal structure for proteins and peptides is inversely related to the size 

and structural flexibility of the biomolecules. So far, as part of a collaboration, 

obtaining the crystal structure of the lacticin 3147 peptides has been an ongoing 

research project. Meanwhile, we started to apply an NMR approach to elucidate the 

structures of LtnA1 and LtnA2 and their binding to target molecules. Different NMR 

techniques have been developed to expand the application of solution NMR to larger 

biomolecules such as proteins.203 One the of main limitations of using basic proton-

proton two-dimensional NMR spectroscopy (2D NMR) to study a large protein system 

is related to the challenging analysis of the resulting spectra that have many 

correlations with overlapping peaks. In the 1990s, labeling of proteins with stable 15N 

and 13C isotopes was applied as an effective approach to overcome this 

limitation.204,205 Protein isotope labeling plus the development of powerful 

heteronuclear multidimensional NMR spectroscopy, especially development of triple-

resonance and 13C/15N-resolved three and four-dimensional NMR experiments, 

enabled the structural study of large proteins, either as individual biomolecules or 

involved in interactions with a ligand.206,207     
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 Effort to optimize available media to grow Lactococcus lactis subsp. 2.7.8.1

lactis DPC3147 

 
Isotope labeling by 13C and 15N isotopes is a useful technique to determine the 

overall function and structure of biological macromolecules like proteins. In order to 

produce labeled proteins, cells should be grown in media containing the desired 

isotopes. Isotopes are usually included as amino acid precursors, such as 15N 

ammonium salts as a source for 15N and 13C-labeled glucose or acetate as a 13C 

source. Rich media, such as Celtone® and Bioexpress®, which contain labeled amino 

acids and nutrients, also can be used for high-yielding protein expression.208–210 To 

obtain labeled peptides, different media, either directly or as mixtures with               

the conventional media were used to grow the lacticin 3147 producer. The results are  

summarized in Table 2.1. 

Media Tested Results 

Bioexpress® 1000 Slow growth; impractical rate of 
bacteriocin production 

Celtone® complete Slow growth; impractical  rate of 
bacteriocin production 

50:50 (customized media: Bioexpress 1000) Slow growth; impractical  rate of 
bacteriocin production 

Bioexpress®1000 + Multi vitamin Growth; low rate production with 
oxidation of the bacteriocin 

Bioexpress®1000 enzymatic treatment 
(chymopapain+pepsin) 

Growth; impractical bacteriocin 
production 

 
  

Table 2.1. Media optimization results. 
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 Processing of Bioexpress media 2.7.8.2

  Bioexpress® was a media that was tried for growth of Lactococcus lactis 

subsp. lactis DPC3147 in order to obtain labeled LtnA1 and LtnA2 for NMR 

experiments. However, it was found that the strain grew sluggishly in this media as 

well as supplemented variants. Addition of a multi-vitamin solution (1 mL/L) enhanced 

the growth rate. Unfortunately, addition of the multi vitamin caused extensive 

oxidation of the isolated peptides. 

Next, it was decided to enzymatically process the Bioexpress® media to make 

it more digestible for the bacterial strain and to remove unknown hydrophobic 

components. A 25 mL portion of the media was lyophilized to produce about 2 g of 

solid. A literature procedure previously published by our group was followed for 

further processing.211 The solid media was extracted in a Soxhlet extractor using ethyl 

acetate as the solvent. After 24 h, the solvent was removed on a rotary evaporator, 

and about 0.2 g of a foamy material was left in the flask. After extraction, the solid 

media was suspended in water (1.5 g/100 mL). This was followed by two steps of 

enzymatic digestion, first with pepsin (Sigma; 3300 units/mg, 70 units/mL), pH 2.0, 

and 37 °C for 12 h. Subsequently, using concentrated HCl, the pH was adjusted to 

about 6.7, and as a second step of enzymatic digestion, chymopapain (Sigma; 4.5 

units/mg, 1 unit/mL) was used for 36 h at 37 °C. The solution was filter-sterilized 

(Millipore Stericup) and inoculated with the bacterial strain. Unfortunately, the bacteria 

were still growing at a diminished rate and no improvement was achieved. 
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 NMR binding study between LtnA1 and lipid ll 2.7.9

LtnA1 and (E,E)-farnesyl lipid II were both characterized separately by 1H-

NMR, 1H-1H COSY, 1H-1H TOCSY, 1H-1H NOESY and 31P-NMR (Table 4.6).212 The 

chemical shifts were then assigned in a 1:1 mixture of LtnA1 and (E,E)-farnesyl lipid II 

(Table 4.1, Table 4.2, Table 4.3, Table 4.4). A significant chemical shift perturbation 

(~1.0 ppm) was observed in the pyrophosphate signals in the presence LtnA1 (Figure 

2.17) while no similar chemical shifts changes were observed in the pyrophosphate 

segment of lipid ll when mixed with LtnA2 (Figure 2.18). Spectra for LtnA1 in the 

presence and absence of lipid ll were processed and overlaid, and similar processing  

was done for TOCSY spectra of lipid ll. The largest 1H-chemical shift changes in 

LtnA1 were observed in the amide N-H signals of the C-terminal residues (Figure 

2.19) while in lipid ll similar chemical shift perturbations were observed mostly on the 

peptide moiety (Figure 2.20). 
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Figure 2.17. 31P-NMR chemical shift perturbation when lacticin 3147 A1 binds to 
(E,E)-farnesyl lipid II, the analog of lipid II from Gram-positive bacteria. Solvent 1:1:1; 
CD3OH: ACN: H2O (phosphate buffer, 25 mM, pH 6.7). 
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 Figure 2.18. 31P-NMR chemical shifts when lacticin 3147 A2 is in the presence   of 
(E,E)-farnesyl lipid II, the analog of lipid II from Gram-positive bacteria:  solvent 
CD3OD. 
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Figure 2.19. Overlay of the amide cross peak regions from the TOCSY spectra of 
lacticin 3147 A1 (red) and lacticin 3147 A1 + lipid II (black). Residues that underwent 
significant chemical shift changes upon addition of lipid II are shown. 
 

 

Figure 2.20. Overlay of the amide cross peak regions from the TOCSY spectra of 
lipid II (red) and lipid II + lacticin 3147 A1 (black). Residues that underwent significant 
chemical shift changes upon addition of lacticin 3147 A1 are shown. 
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 CYANA structural calculations 2.7.10

The NMR solution structure of the LtnA1: lipid II complex was calculated using 

CYANA from the NMR data (experimental section, Table 4.5). Overlay of the 20 

calculated lacticin 3147 A1 structures by CYANA illustrated a high degree of structure 

in the C-terminus, where the interactions with lipid ll happen, while the N-terminus is 

less structured (Figure 2.21, Figure 2.22). 213 As the largest chemical shift deviations 

occurred in the pyrophosphate of lipid II and C-terminus of LtnA1, a distance 

constraint was placed between these portions to aid structural determination. The 

resulting model was supported experimentally by 8 intermolecular NOEs found during 

NMR characterization of the complex. 

  

 

Figure 2.21. (A) NMR solution structure of LtnA1 and (E, E)-farnesyl lipid II calculated 
using CYANA. LtnA1 is shown as a surface representation with hydrophobic residues 
green and hydrophilic residues yellow. Lipid II is represented as a stick model. LtnA1 
binds mainly to the pyrophosphate and pentapeptide regions of lipid II. (B) The 
pyrophosphate binding pocket of LtnA1 as a surface representation. (C) Key binding 
interactions between the C-terminal residues of LtnA1 and pyrophosphate of lipid. 
Suggested potential interactions: H-bonds between the lipid II pyrophosphate and the 
amide protons of Glu24, Cys25 and Lys30, as well as a pi-anion interaction between 
the lipid II pyrophoshate and the imidazole ring of His23. 
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LtnA1 binds predominantly to the pyrophosphate and pentapeptide moieties of 

lipid II  (Figure 2.21 A). Closer analysis of the structure indicated that the C-terminal 

portion of LtnA1 forms a hydrophilic groove that binds to the pyrophosphate on lipid II 

(Figure 2.21 B).  Looking into the generated structure, we suggested that the amide 

protons of Glu24, Cys25 and Lys30 form hydrogen bonds with the P=O oxygen 

atoms in lipid II (Figure 2.21 C). Furthermore, the electron-deficient imidazole ring on 

His23 may form a pi-anion with a P-O oxygen anion in lipid II. Medium chemical shift 

deviations were found in all of the amide chemical shifts of these LtnA1 residues, 

further supporting the CYANA generated LtnA1: lipid II model. Unfortunately, ltnA1 

and ltnA2 have different solubility; therefore, we could not try to run NMR for the 

mixture of peptides and lipid ll.  

Figure 2.22. Overlay of the 20 calculated lacticin 3147 A1 structures by CYANA. 
There is a high degree of structure in the C-terminal residues (left), where the most 
significant chemical shift deviations occur upon addition of lipid II. The N-terminus 
(right) is less ordered.  



 
 

74 

2.8 Comparison to other lipid II binding lantibiotics 

Having identified that LtnA1 binds to the pyrophosphate of lipid II, we next 

sought to compare this binding mechanism to other lipid II-binding lantibiotics (Figure 

2.23). The NMR solution structure of the nisin:lipid II complex was previously 

determined in DMSO.63 This Type-A(I) lantibiotic adopts an elongated structure in 

which the N-terminal residues bind to lipid II (Figure 2.237 A). In contrast, as a Type-

B-like lantibiotic, LtnA1 adopts a globular structure, with lipid II binding occurring at 

the C-terminus (Figure 2.23 B). The pyrophosphate cage adopted by nisin (Figure 

2.23 D) is shallower than that adopted by LtnA1 (Figure 2.23 E), with binding 

occurring exclusively through amide intermolecular hydrogen bonds. As well as 

intermolecular hydrogen bonding, LtnA1 also uses an interesting pi-clamp interaction 

to bind to the lipid II pyrophosphate. For both nisin and LtnA1, the major interaction is 

with the lipid II pyrophosphate.  The NMR solution structure of mersacidin was 

previously determined in DPC micelles containing Gram-positive lipid II.64 However, 

the NMR solution structure adopted by lipid II in this complex was not determined. 

Mersacidin has significantly higher affinity for lipid II than lipid I (which lacks 

GlcNAc)214 and has increased activity in calcium enriched media.215 These findings 

suggest that mersacidin may bind to both the pyrophosphate and GlcNAc moieties in 

lipid II. In the absence of a structure of the mersacidin:lipid II complex, lipid II 

analogue 63 was ocked into the NMR solution structure of mersacidin using 

AutoDock Vina (C and F). 216 This Type-B lantibiotic adopts a globular structure 

similar to LtnA1. In the resulting model, the C-terminal residues of mersacidin that 

have previously been shown to interact with lipid II are involved in lipid II binding.  
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There are predicted intermolecular H-bonds between the amides of Dha16 and Glu17 

and the pyrophosphate, as well as the carboxylate group of Glu17 and GlcNAc. 

Glu17 was previously shown be very important in the antimicrobial activity of 

Figure 2.23. (A) NMR solution structure of the nisin-lipid II complex (1WCO), (B) 
Model of the LtnA1-lipid II complex and (C) Lipid II docked into the NMR solution 
structure of mersacidin bound to lipid II in DPC micelles (1MQZ). In (A) – (C) peptides 
are shown as a surface representation with hydrophobic residues green and 
hydrophilic residues yellow, and lipid II is represented as a stick model. Nisin adopts 
an elongated structure and binds to lipid II with its N-terminal residues, whereas both 
LtnA1 and mersacidin adopt a globular structure and bind to lipid II through their C-
terminal residues. (D) The nisin-lipid II pyrophosphate cage, (E) the LtnA1-lipid II 
cage and (F) a model of the proposed mersacidin-lipid II intermolecular bonds. In (D) 
– (F) the peptide backbone is shown a stick model wherein carbon = green, oxygen = 
red, nitrogen = blue and sulfur = yellow, and some side-chain residues have been 
included. The pyrophosphate moiety within lipid II is represented by spheres with the 
rest of lipid II omitted for clarity, unless needed to show key intermolecular bonds. 
Nisin forms a tight pyrophosphate cage with several intermolecular hydrogen bonds, 
whereas the LtnA1 pyrophosphate cage is looser, with less intermolecular hydrogen-
bonds but with a pi-clamping interaction. The mersacidin-lipid II model suggests 
hydrogen-bonding between Glu-17 and both the pyrophosphate and GlcNAc moieties 
of lipid II and is supported by all experimental evidence of mersacidin-lipid II binding 
to date. 
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mersacidin, with mutation of this residue to alanine abolishing activity.176 Care must 

be taken when comparing the structures of nisin, LtnA1 and mersacidin bound to lipid 

II, as they were calculated in different solvents. Ideally these would be calculated in 

the same solvent system for comparison, however this is not possible due to the 

differing solubility’s of the respective peptide:lipid II complexes. 

 

2.9 Conclusions 

These studies suggest that the two-component lantibiotic lacticin 3147 A1 has 

several mechanisms of action. LtnA1 binds to peptidoglycan precursor lipid II by the 

formation of a “pyrophosphate cage” using its C-terminal residues. In model systems, 

LtnA1 alone does not form pores or cause membrane lysis to a significant extent. It 

may attack Gram-positive bacteria by inhibition of peptidoglycan formation although 

this is uncertain.156 Co-administration of LtnA1 and LtnA2 causes rapid lysis at 5 µM 

concentrations in model membranes without lipid II, indicating direct pore forming 

activity by these peptides. However, the presence of lipid II greatly enhances this 

activity at nanomolar concentrations. This supports an earlier proposal156 that a 

ternary complex of LtnA1, LtnA2 and lipid II is critical for the most potent antimicrobial 

action. The current work also reveals three dimensional aspects of the LtnA1 

interaction with lipid II. Synthetic LtnA2 analogues show that the precise geometries 

of the lanthionine and methyl-lanthionine rings are also critical for this synergistic 

activity. 
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 The lipopeptide tridecaptin A1: synthesis and mechanism Chapter 3

of action  
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3.1 Introduction  

3.2 Background: antibiotic development for Gram-negative bacteria  

 
Figure 3.1. Differences between Gram-positive and Gram-negative bacterial cell wall. 
 

One of the main features by which Gram-negative and Gram-positive bacteria 

are different from each other is the composition of their cell wall (Figure 3.1). 

Although both Gram-negative and Gram-positive bacteria have peptidoglycan as a 

constituent of their membrane, the thickness of this layer in Gram-positive bacteria is 

higher than that in Gram-negative bacteria. However, Gram-negative bacteria have 

an outer membrane as an extra barrier. The outer membrane in Gram-negative 

bacteria provides some protection against antibiotics with negative charges or those 

that are hydrophobic. As part of their mechanism of defense, Gram-negative bacteria 

take advantage of multiple efflux pumps that are capable of removing foreign 

compounds and/or enzymes. Furthermore, some chemically modify the structure of 

antibiotics and/or their targets.19–21 Developing a new antibiotic compound to be 

active against Gram-negative bacterial strains is often more challenging than for 

Gram-positive bacterial strains.   
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3.3 Lipopeptides: structure, antibiotic activity and preparation  

Lipopeptides are a class of AMPs with interesting properties. Lipopeptides can 

be either linear or cyclic and are acylated with a short fatty acid chain, usually on their 

N-terminus. Owing to lack their potential applicability as antibiotics was ignored for a 

long time because they were thought to cause systemic toxicity. Eventually, the 

emergence of antimicrobial resistance brought lipopeptides to attention, and several 

of them obtained FDA approval to treat multidrug resistantant infections. Examples 

include daptomycin and polymyxin B (Figure 3.2).217 Bacillus and Paenibacillus 

strains may produce numerous lipopeptides with potent activity, including 

polymyxins.218 Lipopeptides often show enhanced stability to proteases in blood 

plasma. This may be due to the presence of both D and L amino acids.219 The lipid 

tails are commonly branched and may contain a β-hydroxyl group.220 Formation of 

lipopeptides with a cyclic structure usually results from amide or ester bond formation 

that gives the lipopeptides more structural rigidity. These linkages are normally 

formed between the amino acid side chains, or the lipid tail and/or the C-terminus. 

Lipopeptides normally target cell membranes, and the development of resistance 

against them is slow in comparison to other antibiotics.218  

Synthetically, linear lipopeptides are much easier to prepare  than cyclic 

lipopeptides, such as polymyxin B. Solid-phase synthesis is a convenient method to 

prepare linear peptides.  However, preparation of cyclic peptides by chemical 

synthesis is more demanding since it requires orthogonal side chain protection 

followed by a cyclization at the final steps of the synthesis. In other words, among the 

different classes of AMPs, linear lipopeptides are synthetically more approachable.218  
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Figure 3.2. Examples of lipopeptide antibiotics with clinical application. 

3.4 Tridecaptins 

Tridecaptins belong to the linear class of lipopeptides. They were isolated from 

P. polymyxa species in the1970s.221,222 Within their structure, they contain both L- and 

D-amino acids and a N-terminal lipid tail with a β-hydroxyl group (Figure 3.3). 

Tridecaptins show potent antimicrobial activity against Gram-negative bacteria.              
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Chemical synthesis was applied to enhance the potency of tridecaptin A1 by  

modifying its lipid tail. As a result, analogues with simpler structure were prepared, 

and it was found that the stereochemical aspects of the tridecaptin A1 lipid tail are not 

crucial for its antimicrobial activity.223 

 
 

 Synthesis of tridecaptin A1 analogs using solid phase peptide synthesis  3.4.1

Tridecaptin A1 and its analogs were prepared by solid phase peptide synthesis 

(SPPS) chemistry.224 This well-established synthetic method was invented by Robert 

Bruce Merrifield who was awarded the Nobel Prize for his revolutionary innovation in 

1984. Frequently, the α-amino group of the amino acid building blocks is protected 

with a Fmoc group, which is base-labile, while all other reactive functional groups 

over  the  side-chains  are  protected  with  acid-labile  groups. Normally, polystyrene  
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beads are loaded with the C-terminal amino acid in the peptide chain, allowing 

sequential elongation of the peptide toward the N-terminal, with purification at each  

step by simple washing and filtering of the resin. These quick steps will remove all the 

excess reagents and side products convenienly.  

The  synthesis  of  tridecaptin  A1  analogs  was  performed by  loading  Fmoc  
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protected alanine over trityl resin. In the following step, the Fmoc protecting group 

was removed from the amine functionality by treating the resin-bound alanine with a 

20% solution of piperidine in dimethylformamide (DMF) (Scheme 3.1). The result of  

this deprotection  was the  formation of  amine (66)  and fulvene (65) as a side 

product. The latter compound absorbs under UV light, which can be used to monitor 
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the completion of the deprotection step of the SPPS. Then, the next amino acid 

Fmoc-d-allo-Ile-OH (67) was pre-activated with HATU, a coupling reagent used to 

make an activated ester (68). To perform the next coupling step, the formation of a 

new peptide bond, the solution of the activated ester was added to amine (69) to give 

a dipeptide (70). This sequence of deprotection and coupling was repeated until the 

full peptide chain was synthesized.  

 Next, to finalize the synthesis of the tridecaptin A1 analog, the tail of interest, 

for example anthracene (72) or biotin (73), can be coupled to the peptide while it is 

still bound to the resin. To perform this step, the Fmoc protecting group on the N-

terminal amino acid was removed, and then, either anthracene or biotin was 

converted to an activated ester using the coupling reagent HATU. Gentle stirring of 

the resin bound tridecaptin A1 with five equivalents of the activated tail of interest for 

3 hours in DMF yielded the N-terminally acylated peptide (Scheme 3.2). The resin 

bound peptide was then treated with a cleavage solution (TFA: TIPS: H2O; 95: 2.5: 

2.5) to release the deprotected peptide from the resin. The crude peptide was 

precipitated from a cold solution of diethyl ether. The peptide was re-dissolved in a 

mixed solution of H2O:ACN (50:50) and purified using HPLC to yield the final pure 

product. 

 Mechanistic studies on tridecaptin A1  3.4.2

 Bacterial growth kinetic study 3.4.2.1

An effective approach for studying antibiotic mechanism is to measure the  

time taken by the compounds to exert its activity.18 If an antibiotic compound halts cell  
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division without diminishing the number of viable cells, it is classified as a 

bacteriostatic agent. To be effective, this class of antibiotic must work together with 

our bodies’ immune system to kill off the microbes and clear the infection. Examples 

of bacteriostatic antibiotics are tetracyclins, which inhibits protein synthesis or 

rifampicin, which inhibits RNA synthesis.225,226  

However, If an antibiotic is capable of diminishing the number of viable 

bacterial cells, it is a bactericidal agent, and measuring the time taken to exterminate 

the bacteria provides valuable information. β-Lactams are bactericidal antibiotics that 

inhibit the biosynthesis of peptidoglycan and exert their activity through binding to 

penicillin-binding proteins. Therefore, cells affected by these antibiotics lose the 

capacity to crosslink the peptidoglycan, which is crucial to sustain the cellular 

integrity. The time needed for β-lactams to exert their activity is in the range of 3 

hours or more, but antimicrobial compounds targeting the cell membrane are 

Figure 3.4. Bacterial growth kinetics comparing the activity of tridecapin A1 with other 
antibiotics with a known mechanism of activity against E. coli. 
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exterminating bacterial cells in a range of minutes.72 

 In this study, E. coli cells were exposed to tridecaptin A1 as well as other 

antibiotics with known mechanisms of action, and the time taken by tridecaptin A1 to 

kill cells was compared with that of other antibiotics. Among those, chloramphenicol   

is a protein-synthesis inhibitor, ampicillin is a peptidoglycan biosynthesis inhibitor    

and polymyxin B is a membrane targeting agent. In a  period of three hours, the 

optical density of the cells pre-treated with these antibiotics (2 x MIC) was measured. 

As a result, it was found that, after being exposed to tridecaptin A1, cells were still 

able to grow at a diminished rate for about 20 minutes, followed by a steady decrease 

in the number of cells. Ampicillin, a β-lactam antibiotic, needs an expected delay time 

of 3 hours to exert its activity, polymyxin B reduces the number of viable cells from 

the beginning and chloramphenicol, a bacteriostatic agent, does not reduce optical 

density (Figure 3.4). This experiment was performed by Dr. Brandon Findlay.  
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 Time-kill assay 3.4.2.2

 

 
A similar approach to that of bacterial growth kinetics is the time-kill assay.227 

To perform this assay, an indicator strain of bacterial cells was mixed with antibiotics 

at a concentration ten times that of the MIC. Then, at certain time points, an aliquot of 

this mix of bacteria cells and antibiotic are diluted and streaked on an agar plate with 

no antibiotic. The bacteria cells on the plate were grown overnight, and the number of 

bacterial colonies was counted the next day. This experiment indicated that the time 

taken by the antibiotic to kill all the cells (Figure 3.5). It can be seen from the figure 

that polymyxin B exerts its activity much faster than tridecaptin A1; polymyxin B can 

exterminate the bacterial cells in a span of 30 min. The combination of growth-kinetic 

assays and time-kill assay suggested that the target for tridecaptin A1 is the bacterial 

membrane. This experiment was performed by Dr. Brandon Findlay. 

Figure 3.5. Time-kill assay comparison of tridecaptin A1 and polymyxin B activity 
against E. coli.  
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 Inner-membrane depolarization assay 3.4.2.3

 

The inner-membrane depolarization assay is an effective method to study the 

possibility of interaction between an antimicrobial compound and the membrane. 

DiBAC4(3) is a bisoxonol dye suitable properties for bacterial membrane studies. It 

can be used to estimate the potassium gradient across the bacterial inner membrane 

using fluoroscopy.228 There is a high concentration of potassium ions on the exterior 

side of the inner-membrane, so this negatively charged dye first penetrates through 

the outer-membrane. It then accumulates on the external part of the inner-membrane 

where the potassium ions are. If the inner-membrane is ruptured, for example by a 

membrane-damaging antibiotics, the potassium-ion gradient will disappear. At this 

stage, the dye molecules will enter the cytoplasm where they will bind to hydrophobic 

proteins leading to an increase in fluorescence signal. In this assay, E. coli cells were 

pretreated with DiBAC4(3) and then exposed to tridecaptin A1 (2xMIC), which did not 

Figure 3.6. Membrane depolarization experiment with the aid of the potential 
sensitive dye DiBAC4 (3).  
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cause the fluorescence to increase. As is evident from Figure 3.6, the addition of 

tridecaptin A1 only caused a dilution effect, which is observed as a decrease in the 

fluorescence signal. This result suggests that tridecaptin A1 cannot induce 

depolarization of the inner-membrane. However, subsequent to polymyxin B addition, 

depolarization of the inner membrane was observed by a fluorescence enhancement, 

which also shows that the dye was functional under applied experimental conditions. 

This experiment was performed by Dr. Brandon Findlay. 

 Inner-membrane disruption study 3.4.2.4

 

 

 

To study whether or not tridecaptin A1 can lyse the inner-membrane, a 

membrane-disruption assay was used which employed SYTOX Green, a dye that 

shows an enhancement in fluorescent signal intensity if it crosses the inner-

Figure 3.7. SYTOX Green dye and membrane-disruption assay. 
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membrane to bind to nucleic acids in the cytoplasm.199 Basically, if the antibiotic 

induces the formation of large pores on the inner-membrane, a fluorescence signal 

intensification is expected. SYTOX Green is also called a “live/dead” stain because 

the  fluorescence signaling by this dye results in the formation of large tears that 

cause rapid cell death. In the assay, E. coli cells were pretreated with SYTOX Green 

and then exposed to tridecaptin A1, but only very slow fluorescence signal increase 

was observed (Figure 3.7). As a positive control, subsequent addition of the 

surfactant TritonX-100 caused fluorescence signal intensification up to 6-fold. By 

comparison, there is correlation between the death rate in the time-kill assay and a 

fluorescence enhancement in SYTOX Green (approximate doubling in fluorescence 

over five min), from which it can be concluded that the fluorescence intensification is 

related to the number of dead cells. Furthermore, formation of tears over the 

membrane is not a prompt consequence of tridecaptin A1 exposure. This experiment 

was performed by Dr. Brandon Findlay. 

 Proton-motive force disruption assay 3.4.2.5

The results for DiBAC4(3) and SYTOX Green were in contrast to what was 

predicted from the time-kill assay that demonstrated rapid killing of E. coli cells. 

Inhibition of nucleic acid synthesis, protein synthesis or biosynthesis of peptidoglycan 

cannot be the mechanism of action of tridecaptin A1 because it can exterminate most 

cells within 30 min after exposure, and these mechanisms of action are acting over a 

much longer span of time. The rapid rate of killing is an indication that tridecaptin A1 

may attack the membrane, and this is supported by the importance of the lipid tail 

importance for the  antimicrobial  activity of  tridecaptin A1 and the  outer-membrane  
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disruption.223 Therefore, we started to look into an alternative membrane-targeting 

mechanism that could be compatible with the experimental observation of a rapid kill 

rate. 

A proton-motive force exists at the cytoplasmic membrane.229 It is an 

indispensable biological phenomenon for cell growth since protons and potassium 

ions gradients drives the production ATP with the proton-motive force.230 The electric 

potential (ΔΨ) and the pH gradient (ΔpH) are two main components of proton-motive 

forces,  where ΔpH  refers to the  difference  between the pH  inside  and  outside the  

Figure 3.8. Antibiotics with proton-motive force disruption capacity. 
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membrane. The antibiotic nigericin (78) is known to be an antiporter of K+ and H+ and 

is able to vanish the ΔpH (Figure 3.8). The electric potential difference between 

outside and inside of the membrane is under the control of Na+ and K+ ion gradients. 

Valinomycin (76) has ionophore activity and can dissipate ΔΨ through selective 

binding to K+ ions. The disruption of the proton-motive force has been known as a 

bactericidal mechanism of action by subtilosin (77), a bacteriocin acting on the Gram- 

positive bacterium Gardnerella vaginalis.231 Subtilosin which is a cyclic lantibiotic 

produced by Bacillus subtilis KATMIRA 1933 and interact with membrane 

electrostatically.232 

As an approach to elucidate the mechanism of action for tridecaptin A1, the 

possibility of exerting activity by disruption of the proton-motive force was stu-       

died. This idea was examined by designing an assay using of the  pro-dye BCECF-

AM (Figure 3.9) in Gram-negative bacteria. BCECF-AM is a pH sensitive dye that 

was frequently used for mammalian cell intracellular pH measurements. Within its 

structure, there is a fluorescein core and several acidic functionalities protected   by 

acetoxymethyl  esters. The  presence  of  hydrophobic  functionalities, including ester  
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groups, allow the dye to cross the cytoplasmic membrane. Inside the cytoplasm, the 

dye is hydrolyzed by non-specific esterases to produce the active dye BCECF (75). 

 The pka for the dye is 7, and as the pH decreases from 8 to 6, the 

fluorescence intensity also diminishes.233 To perform this experiment, E. coli were 

suspended in a buffer with pH 6. The cytoplasmic pH was between 7.0 – 7.4, which 

was different from that of the buffer. To make the E. coli outer membrane permeable 

to BCECF-AM, the cells were treated with EDTA, a divalent  chelating reagent, to 

coordinate ions such as Ca2+and Mg2+. These ions are associated with the LPS on its 

phosphate groups, therefore, further coordination to EDTA causes loss of some LPS 

from the outer-membrane, and this exposes the phospholipids and facilitates the 

permeation of hydrophobic molecules.234 Fluorescence signal enhancement was 

observed after the addition of glucose to the EDTA/BCECF-AM treated E. coli cells, 

which resulted from cytosolic pH elevation, signaling that the dye is functional under 

the applied experimental conditions (Figure 3.10).231 To determine the net impact of 

Figure 3.10. BCECF fluorescence from the cytoplasm of E. coli cells that are 
sequentially treated with glucose, valinomycin, tridecaptin A1 and nigericin. 
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tridecaptin A1 on the proton gradient, valinomycin was added to the bacterial solution 

to dissipate the electric potential, and the outcome was observed as a small 

intensification of the fluorescence signal. This was followed by the addition of 

tridecaptin A1, which led to a rapid fluorescence signal fading. The latter was a result 

of pH alteration; protons flow from the buffer into the cytoplasm.   

Upon addition of nigericin, a similar outcome of rapid decrease in the 

fluorescence signal was observed. Comparison between these observations from 

nigericin and tridecaptin A1 suggests that tridecaptin A1 disrupts the proton gradient 

on the inner-membrane of E. coli cells. Maintaining the proton gradient is vital in the 

cellular process to generate ATP, and we suggested that tridecaptin A1 attacks the 

proton-motive force to kill E. coli. This experiment was performed by Dr. Brandon 

Findlay. 

 

3.5 Conclusions 

Lipopeptides are an important class of AMPs that are showing a promising 

future for use as antibiotics against Gram-negative bacterial strains. This class of 

AMPs can be prepared with the powerful tool of solid phase synthesis, therefore, they 

can be enhanced structurally, and more potent members of this class of AMPs can be 

designed and synthesized. Tridecaptins are among the most interesting class of 

lipopeptides with versatile structures. Mechanistic studies have revealed that 

tridecaptin A1 can exert its mechanism of action through interaction with the bacterial 

membrane to disrupt the vital process of proton-motive force.  

In summary, mechanistic studies on tridecaptin A1 and solid-phase synthesis 
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of tridecaptin analogues were described. The future prospect for this project involves 

NMR studies between tridecaptin A1 and membrane mimicking micelles: 13C-labeled 

and/or deuterated dodecylphosphocholine (DPC). In the tridecaptin project, 

synthesizing the labeled DPC was the last thing that I worked on. A colleague in our 

group is currently continuing this project.  
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 Experimental procedures Chapter 4
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4.1 Synthetic procedures  

 Reagents, solvents and purification 4.1.1

Commercially available reagents were purchased from Chem-Impex 

International, Sigma-Aldrich Canada Ltd., Fisher Scientific Ltd., Alfa Aesar Ltd., 

Caledon and ANA Spec. They were used without further purification unless otherwise 

stated. Solvents were of American Chemical Society (ACS) grade quality, and were 

used without further purification unless otherwise stated. Water-sensitive reactions 

were conducted in flame-dried glassware under a positive pressure of argon. The 

solvents used for water sensitive reactions were distilled prior to use: diethyl ether 

and tetrahydrofuran (THF) were distilled over sodium with benzophenone as an 

indicator, and methanol was distilled over magnesium. Hexanes, methanol, 

acetonitrile, N,N-dimethylforamide (DMF) and 2-propanol (IPA) of HPLC grade quality 

were used with no further purification. ACS grade solvents (>99.0% purity) were 

purchased commercially and used for column chromatography without further 

purification. A Milli-Q reagent water system (Millipore Co., Milford, MA) was the 

source of deionized water. Glass plate thin layer chromatography (TLC) with an 

ultraviolet (UV) fluorescent indicator (normal SiO2, Merck 60 F254) was used to 

monitor the progress of reactions and to check the fractions from column 

chromatography. The following techniques were employed for TLC visualization: 

staining with phosphomolybdic acid in ethanol (10 g/ 100 mL), permanganate 

(KMnO4:K2CO3:NaOH:H2O with ratios of 1.5 g:10 g:0.12 g:200 mL) or ninhydrin 

(ninhydrin:acetic acid:n-butanol with ratios of 0.6 g:6 mL:200 mL) and UV absorption 

by fluorescence quenching. Purifications by flash chromatography were performed 
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using Merck type 60, 230–400 mesh silica gel. A Büchi rotary evaporator was used in 

order to remove solvents under reduced pressure. High performance liquid 

chromatography (HPLC) on an analytical scale was performed on a Gilson 

chromatograph equipped with model 322 pump heads, model 171 diode array 

detector, FC 203B fraction collector and a Rheodyne 7725i injector fitted with 1000 

µL sample loop. Preparative and semi preparative scale HPLC was performed on a 

Gilson chromatograph equipped with model 322 pump heads, model UV/VIS-156 

detector, a GX-271 liquid handler and a Vydac C18 (5 µm, 4.6 x 250 mm) or 

Phenomenex C18 column (5 µm, 21.2 x 250 mm). HPLC solvents were filtered and 

degassed prior to use.   

 

 Synthetic product characterization  4.1.2

A Perkin Elmer 241 Polarimeter with a microcell (10 cm, 1 mL) was used to 

measure optical rotations at ambient temperature, and the results were reported in 

units of 10-1 deg cm2 g-1
. All the reported optical rotations were referenced against air 

and measured at the sodium D line (λ = 589.3 nm). A Nicolet Magna 750 FT-IR 

spectrometer or Nic-Plan FT-IR microscope were used to measure infrared spectra 

(IR). The term ‘’cast’’ was applied when sample loading was done by evaporation of a 

solution on a NaCl plate. Varian Inova 600, Inova 500, Inova 400, Inova 300 or Unity 

500 spectrometer machines were used to record the nuclear magnetic resonance 

(NMR) spectra at 27 °C. For recording 1HNMR spectra (300, 400, 500 or 600 MHz), 

chemical shift values (δ) were referenced to CDCl3 (7.26 ppm), D2O (4.79 ppm), 

CD3OH (3.30 ppm), CD2Cl2 (5.32 ppm) or DMSO-d6 (2.50 ppm) and for 13C spectra 
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(75, 100, 125 or 150 MHz), chemical shift values were referenced to CDCl3 (77.0 

ppm), CD3OH (49.0 ppm), CD2Cl2 (53.8 ppm) or DMSO-d6 (39.5 ppm).  Splitting 

patterns are reported using the following abbreviations: s = singlet, d = doublet, t = 

triplet, q = quartet, m = multiplet. Mass spectra (MS) were recorded on Applied 

BioSystems Mariner BioSpectrometry Workstation, Kratos AEIMS-50, Agilent 

Technologies 6220 oaTOF and Perspective Biosystems VoyagerTM Elite MALDI-

TOF MS using either 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) or α-

cyano-4-hydroxycinnamic acid (CHCA) as a matrix. Waters (Micromass) Q-TOF 

Premier was used to perform LC MS/MS. To perform MALDI-TOF MS, the sample 

was prepared according to the following procedure. A peptide solution (1 µL) in 0.1% 

TFA (aq.) was mixed with a solution of sinapinic acid (10 mg/mL) in 50% acetonitrile 

containing 0.1% TFA (aq.) in a 1:1 ratio (vol/vol). In order to prepare the sample over 

the plate, a sinapinic acid layer was spread over a MALDI plate using a pipette. After 

the solvent was evaporated, a layer of sinapinic acid was left on the surface of the 

plate. Then, the sample matrix solution (1 µL) was spotted onto the dried layer of 

sinapinic acid, which was left to dry. 

 

 HPLC purification method 4.1.3

Lacticin 3147 HPLC purification (73, 75): on a Gilson, preparative HPLC 

system equipped with a model 322 HPLC pump, GX-271 liquid handler, 156 UV/vis 

detector and a 10-mL sample loop. Method: GraceVydac Protein and Peptide C18 

100 mm column 10 micron; flow-rate 10 mL/min, UV = 220 nm, Gradient = 

water/acetonitrile (70:30) for 5 min, then the acetonitrile percentage was ramped up 
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to 95% over 45 min, kept at this ratio for 5 min, then the ratio of acetonitrile was 

lowered to 30 % over 3 min and maintained at this ratio for 5 min. 

Nisin HPLC purification (21): GraceVydac Protein and Peptide C18 100 mm 

column 10 micron; flow rate 10 mL/min, UV = 220 nm, Gradient =  water/acetonitrile 

(85:15) for 5 min, then the acetonitrile ratio was ramped up to 60% over 30 min, kept 

at this ratio for 10 s, then, quickly the acetonitrile ratio was reduced to 15% over 30 s. 

This ratio was maintained for 5 min. 

Lipid ll HPLC purification (63): GraceVydac Protein and Peptide C18 100 mm 

column 10 micron; flow rate 10 mL/min, UV = 220 nm, Gradient = 100 % 50 mM 

NH4HCO3 (aq) to 100% MeOH over 30 min. 

Tridecaptin HPLC purification (72, 73, 95): Gilson preparative system, 

Phenomenex C18 column; flow rate 10 mL/min, UV= 220 nm. Gradient: started from 

20% ACN (0.1% TFA) and 80% water (0.1% TFA) for 5 min, ramped up to 55% ACN 

over 30 min, then ramped up to 95% ACN over 3 min, stayed at 95% ACN for 3 min, 

ramped down to 20% ACN over 2 min and then kept at 20% ACN for 5 min. 

4.2 General microbiology procedures 

 Isolation of lacticin 3147 A1 and A2  4.2.1

Isolation of the lacticin 3147 peptides was performed by following a previously 

reported literature procedure with modifications.66 A glycerol stock of Lactococcus 

lactis subsp. lactis DPC3147 was used to inoculate a 50 mL culture of Difco M17 

broth, which was incubated overnight at 30 °C without shaking. Then, the overnight 
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culture was used to inoculate 4 x 1 L (1% inoculum) culture flasks containing liquid 

media that were prepared as follows: per 800 mL; yeast extract 5.0 g, tryptone 2.5 g, 

D/L-methionine 1.5 g, MnSo4!4H2O 50 mg and MgSO4 125 mg. This media contained 

hydrophobic components, that would interfere with the isolation of the hydrophobic 

peptides. To clarify the media of any hydrophobic constituents,  the solution media 

was passed through an Amberlite XAD-16 resin (Aldrich), and about 60 g of the resin 

was packed in a glass column (2.5 x 40 cm). This was followed by sterilization of the 

media. Next, per 800 mL of the prepared media, 100 mL sterilized solutions of D-

glucose (100 g/L) and β-glycerophosphate (190 g/L) were added. The resulting 

cultures were incubated at 30 °C for 24 h. The cell pellets were collected by 

centrifugation (4 °C, 25 min, 6000 rpm) and re-suspended in 7:3 isopropanol: water + 

0.1% trifluoroacetic acid. This suspension was stirred for 4 h at 4 °C, and the cells 

were removed by centrifugation (4 °C, 20 min, 8000 rpm). The resulting supernatant 

was concentrated to ~50 mL with a rotary evaporator. A disposable C18 column 

(Strata C18-E, 10 g/60 mL, 55 µm, 70A) was pre-equilibrated by washing with 50 mL 

methanol, followed by 100 mL of Milli-Q water. The supernatant was then loaded onto 

the column at 2 mL/min, followed by sequential washes of the column with 60 mL of 

water, 60 mL of 30% ethanol and 40 mL of 25% isopropanol. The peptides were then 

eluted from the column by washing the column with 4:1 isopropanol:water + 0.1% 

trifluoroacetic acid. The volume of this fraction was reduced to ~ 15 mL and further 

purified by Reversed-Phase High Performance Liquid Chromatography (RP-HPLC) 

on a Gilson preparative HPLC system equipped with a model 322 HPLC pump, GX-

271 liquid handler, 156 UV/vis detector and a 10 mL sample loop. Method: 
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GraceVydac Protein and Peptide C18 100 mm column 10 micron; flow-rate = 10 

mL/min, UV = 220 nm, Gradient = water/acetonitrile (70:30) for 5 min, then the 

acetonitrile ratio was ramped up to 95% over 45 min, kept at this ratio for 5 min, then 

the acetonitrile ratio was lowered to 30 % over 3 min and maintained this percentage 

for 5 min.  

 

 Purification of nisin  4.2.2

Nisin is commercially available (Alfa Aesar), but it also contains sodium 

chloride and other small peptides. To purify nisin efficiently, 500 mg of the 

commercial material was suspended in 10 mL of 35% acetonitrile (0.1% TFA) 

followed by sonication for 5 min. The insoluble material was separated through 

centrifugation, and the supernatant was used for HPLC purification (see 4.1.3).  

 Fluoroscopy Experiments 4.2.3

Measurements were performed on a 75 XE PTI Fluorescence 

spectrophotometer, with all slits open 1 mm and measurements taken every second. 

Results were visualized in Felix32 analysis software, and analyzed in Microsoft Excel. 

 

 BCECF Containing LUV Preparation 4.2.4

BCECF containing LUVs were prepared as previously described.2 1,2-

Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (16 mg) and 1,2-dioleoyl-sn-

glycero-3-phospho-(1'-rac-glycerol) (DOPG) (4 mg) were dissolved in chloroform (2 
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mL). If necessary Gram-positive lipid II (obtained from the BaCWAN synthetic facility 

at the University of Warwick, United Kingdom) was then added as a solution in 2:3:1 

CHCl3:MeOH:H2O to 1 mol%. The solution was thoroughly mixed by shaking, then 

the solvent was removed under reduced pressure and the film dried in the dark under 

high vacuum overnight. The desiccated lipids were rehydrated with potassium 

phosphate buffer (50 mM, pH 8, 2 mL) and BCECF acid (2 mM, 10 µL). In dim light 

the solution was shaken thoroughly, vortexed and transferred to a 5 mL cryovial. The 

vial was frozen in liquid nitrogen, and thawed at 37 oC. The lipids were shaken 

thoroughly until finely suspended (vortexing was insufficient) and re-frozen. This 

process was repeated five times in total. The finely dispersed vesicles were extruded 

21 times (back and forth 10.5 times) through a lipid extruder (Avanti Polar Lipids) 

containing a 100 nm pore. Non-encapsulated dye was removed by passing the pale-

yellow solution through a Sephadex G-50 size exclusion column (50 mM potassium 

phosphate buffer as eluent, pH 8). The vesicles were then stored in the dark on ice at 

4 oC for further use. 

 Preparation of Lipid II LUVs for ITC studies 4.2.5

LUVs were prepared as previously described.2 DOPE (16 mg) and DOPG (4 

mg) were dissolved in chloroform (2 mL). Gram-positive lipid II was then added as a 

solution in 2:3:1 CHCl3:MeOH:H2O to 1 mol%. The solution was thoroughly mixed by 

shaking, then the solvent was removed under reduced pressure and the film dried in 

the dark under high vacuum overnight. The desiccated lipids were rehydrated with 

potassium phosphate buffer (50 mM, pH 6.7, 2 mL). The solution was shaken 

thoroughly, vortexed and transferred to a 5 mL cryovial. The vial was frozen in liquid 
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nitrogen and thawed at 37 oC. The lipids were shaken thoroughly until finely 

suspended and re-frozen. This process was repeated five times in total. The finely 

dispersed vesicles were extruded 21 times (back and forth 10.5 times) through a lipid 

extruder (Avanti Polar Lipids, AL) containing a 100 nm pore. 

 ITC Binding Study  4.2.6

The binding experiments were performed on an MCS isothermal titration 

calorimeter (Microcal, Northampton, MA) at 25 °C. Lipid II containing LUVs were 

injected into the cell containing 20 µM (or 100 µM depending on quality of the purified 

peptides) of the desired peptide/peptide mixture in the same buffer system. We found 

that peptide aggregating in solution is a major obstacle for ITC binding detection. To 

overcome this issue, several cycles of dissolving the peptide in acetonitrile and water, 

and sonication followed by lyophilization and passing the peptides through an 

antistatic device were helpful. Furthermore, we found that a small quantity of oxidized 

peptide also triggers peptide aggregation, therefore, peptides should be kept cold and 

under argon for each experiment. The applied experiment conditions include 

temperature = 25 °C, reference power = 17 µalcal/s, syringe-stirring speed = 300 

rpm, number of injections = 29, injection volume = 5 µL and time between injections = 

240 s. Heat change during the experiment was recorded in real time and raw data 

was processed using the Origin® 7 software. For controls, LUVs were injected into 

buffer, and buffer was injected into peptide solutions. In all cases the heats of dilution 

were significantly lower in comparison with ligand-receptor bindings.  
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 In vitro assay using BCECF LUVs 4.2.7

For BCECF experiments, the excitation and emission wavelengths on the 

fluorescence spectrometer were set to 500 nm and 522 nm, respectively. Freshly 

prepared lipid vesicles (50 µL) were added to potassium phosphate buffer (50 mM, 

pH 6, 2 mL), and a small stir bar was used to properly disperse the vesicles.  The 

fluorescence was monitored for approximately 100 s to establish a baseline. BCECF 

LUVs with no lipid ll or 1 mol % Gram-positive lipid ll were treated with the desired 

peptide/peptide mixture (to a final concentration of 5 µM or 100 nM), and 

fluorescence was monitored for another 100 s. The experiments shown are 

representative of results from three technical replicates.  

 Time-kill assay 4.2.8

This assay was performed according to a previously reported literature 

procedure.72 Lactococcus lactis subsp. cremoris HP was grown overnight (OD600 = 

1.1) and then diluted with Difco M17 broth to a concentration of 1x 106 CFU/mL. This 

suspension was mixed 1:1 with either 500 nM LtnA1, 2 µM LtnA1, 500 nM LtnA2 or 

500 nM LtnA1 + 500 nM LtnA2. The resulting cultures were incubated at ambient 

temperature. At desired time points, 25 µL of culture was streaked onto an agar plate. 

Cells not treated with peptides were used as a negative control. Plates were 

incubated at 30 °C for 24 h, and the remaining colonies were counted. Agar plates 

were prepared using sterilized Difco M17 media containing 10% lactose and 1.5% 

agarose.   
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 Peptide-membrane interaction study using SYTOX Green 4.2.9

The excitation and emission wavelengths on the fluorescence 

spectrophotometer were adjusted to 488 nm and 523 nm, respectively. Lactococcus 

lactis subsp. cremoris HP was grown to an OD600 = 0.38. To this cell suspension, 

SYTOX Green (2.5 µM, 37 µL) was added and incubated for 5 min. Peptides were 

added to a final concentration of 100 nM. Fluorescence was monitored for 10 min, 

with the peptide/peptides mixtures added after ~60 s.  

 

 Membrane depolarization assay  4.2.10

Measurements were performed over a 75 XE PTI Fluorescence 

spectrophotometer. All slits were open 1 mm, and data collection was done every 

second. Data were visualized using the Felix32 analysis software and analyzed in 

Microsoft Excel. For DiBAC4 experiments, the excitation and emission wavelengths 

were adjusted to 492 nm and 515 nm, respectively. Lactococcus lactis subsp. 

cremoris HP was grown overnight to OD600 = 0.5 using Difco M17 broth. This cell 

suspension (70 µL) was mixed with DiBAC4 (3 mg/L, 30 µL) and incubated at room 

temperature for 5 min. The mixture was transferred to a 0.2 mL cuvette, and 

individual or a mixture of desired peptides was added to a final concentration of 100 

nM.  

4.3 CD spectroscopy 

CD spectra were recorded on OLIS SpectralWorks (V. 5.0.54) using the 
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following parameters: collection mode; Scan, number of points: 66, Monochromator = 

250 to 185 nm, timing mode = as Fxn of HVs, reduction mode = Circular Dichroism, 

average scans mode = 5 scans averaged, scan mode = fixed bandwidth (bandwidth = 

2 nm), total elapsed time for each sample = 14 min. Peptide solutions with a 

concentration of 1 mg/mL were used to perform the experiments. 

4.4 NMR spectroscopy  

Lacticin 3147 A1 lantibiotic peptide and (E,E)-farnesyl lipid II were dissolved in 

1:1:1 CD3OH:CD3CN:H2O (phosphate buffer 25 mM, pH 6.7) to a final concentration 

of 1 mM each. All spectra were referenced to 1% DSS (4,4-dimethyl-4-silapentane-1-

sulfonic acid).235 1D 1H-NMR and 2D homonuclear 1H-1H correlation spectroscopy 

(COSY), total correlation spectroscopy with excitation sculpting and zero quantum 

artifact suppression (ZTOCSY-ES),236,237 Nuclear Overhauser Effect Spectroscopy 

with excitation sculpting (NOESY-ES) and Rotating Frame Nuclear Overhauser Effect 

experiments with excitation sculpting (ROESY-ES)238 were acquired at 27 °C on a 

four-channel 700-MHz Varian VNMRS spectrometer with a z-gradient HCN cold 

probe. The acquisition software used by the spectrometer was VNMRJ 4.2A. 

NMRPipe239 and NMRview240 were used to process and analyze the NMR data. 

Manual assignment of chemical shifts was performed as previously described.212 The 

NMR spectrometer parameters for experiments are described in Table 4.6. 
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 CYANA structural calculation 4.4.1

The structure of the complex between synthetic lipid II and LtnA1 was 

calculated using CYANA 2.1.213 Seven cycles were done with 10000 steps per cycle 

producing 100 structures. NOESY cross peaks were assigned automatically. A total 

number of 271 NOE distance restraints were kept and used by CYANA in the final 

structure cycle (193 short-range, 33 medium-range, 45 long-range). Structural 

statistics are provided in Table 4.5.  

The determination of the solution structure of the complex necessitated custom 

additions to the standard cyana library for all non-conventional amino acids. The PDB 

structure of 1WCO was used as a starting point and was followed by additional 

modifications using PyMOL.241 The definition of non-standard residues was carried 

out in agreement with cyana’s library format.242 Furthermore, the farnesyl 

pyrophosphate and MurNAc moieties on lipid II were defined and integrated as part of 

a single custom residue to comply with cyana’s requirement that all residues be part 

of a single linear chain. For support in nmrviewJ,243 topology files were manually built 

according to the requirements described in the program’s manual.244 Based on 

observed 31P chemical shift perturbations and detected intermolecular NOEs 

following the lipid II interactions with lacticin 3147 A1 and earlier work of Sahl et al,38 

four loose artificial NOE restraints were introduced involving residues E24 and K30 

with both phosphate atoms for relative anchoring of lacticin 3147 A1 and lipid ll.  
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4.5 General procedure for manual Fmoc solid phase peptide synthesis 

A scale of 0.5 mmol of the first amino acid was loaded over a trityl resin 

(Chem-Impex). Reactions were performed in a custom-built 20 mL glass fritted 

column fitted with a T-joint and a three-way T-bore teflon stopcock. After transferring 

the resin into the vessel, it was pre-swollen in DMF (10 mL, 15 min), and this was 

accompanied with agitation of the solution using an argon flow from the bottom of the 

vessel. In the following step, Fmoc deprotection was performed using 20% piperidine 

in DMF (3 x 10 mL x 5 min). Between deprotections and couplings, the vessel was 

drained under argon pressure and washed with DMF (3 x 5 mL). The completion of 

the deprotection was followed by UV measurement. For the coupling step, Fmoc 

protected amino acid (5 equivalents) was pre-activated using HATU (5 equivalents) 

and DIPEA (5 equivalents) in DMF (5 mL) for 5 min. The solution of pre-activated 

amino acid was transferred into the vessel containing the resin-loaded amino acid 

with continuous argon bubbling for 3 h. Upon completion of the coupling step, the 

vessel was drained, and the resin was washed with dried DMF (3 x 10 mL). The 

sequence of deprotections and couplings was continued until the last desired amino 

acid was incorporated into the peptide chain. CH2Cl2 (3 x 10 mL) was used to wash 

the resin-bound peptide, which was followed by drying under a house vacuum line 

overnight. To cleave the peptide from the resin, it was transferred to a screw top vial 

and treated with a solution of TFA:TIPS:H2O (95:2.5:2.5, 5 mL), then stirred 2 h. The 

solution was filtered and evaporated using argon flow, the crude peptide was 

precipitated from Et2O and the precipitate was separated after centrifugation. Lastly, 

HPLC purification of the crude peptide was performed after it was dissolved in a 
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solution of H2O:ACN (1:1, 5 mL). The product containing fractions was lyophilized to 

yield pure products. 

4.6 General procedure for Fmoc solid phase peptide synthesis using a 

peptide synthesizer 

Standard and non canonical amino acids were purchased from Chem-Impex. 

The peptide synthesizer Prelude X was used for this purpose. The first amino acid 

was loaded manually over a trityl resin, and the loading rate was determined using 

UV measurement of the solution resulting from the Fmoc cleavage of a pre-measured 

loaded resin. 200 mM solutions of amino acids, N,N-diisopropylethylamine (DIPEA), 

HATU in dimethylformamide (DMF) were prepared and transferred to the peptide 

synthesizer. Fmoc deprotection was performed over the peptide synthesizer using a 

20 % solution of piperidine in DMF (3 x 5 min), and coupling steps were performed by 

loading the DMF solution amino acids into the reactor containing the resin pre-loaded 

with the first amino acid. This was followed by sequential addition of HATU, base 

(DIPEA) and a 15 min shaking with argon flow agitation at room temperature for each 

coupling step. Then, the peptide cleavage and HPLC purification steps were followed, 

as has been explained already in the manual SPPS section, to obtain the pure 

peptide. 

4.7 General procedure for coupling a lipid tail to resin-bound tridecaptin A1 

A HATU activated solution of desired tail (5 mmol), either 3-anthracen-9yl-
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propionic acid or biotin, was stirred in a suspension of Fmoc deprotected resin-bound 

tridecaptin A1 (1 mmol) in CH2Cl2 (5 mL) at ambient temperature under argon for 24 

h. The suspension was then filtered, washed with CH2Cl2 (3 x 8 mL) and dried under 

house vacuum for 5 min. To cleave the peptide from the resin and deprotect its side 

chains, the resin was transferred to a screw-top vial with a premixed solution of 

TFA:TIPS:H2O (95:2.5:2.5, 1 mL) and stirred for 2 h. The resin beads were filtred 

through glass wool, and the solution was concentrated under an argon flow.  The 

crude mixture of peptide was precipitated from cold Et2O. To purify the final 

compound by HPLC, the crude peptide was re-dissolved in H2O/ACN (1:1) containing 

0.1 % TFA (aq) and purified. 

4.8 Synthesis and characterization of compounds  

Benzyl 2-Acetamido-2-deoxy-α-D-glucopyranoside (98)  

 

 
N-Acetyl-D-glucosamine (79) (20.3, 91.8 mmol) and p-toluenesulfonic acid 

(1.75 g, 9.18 mmol) were suspended in toluene (240 mL) and benzyl alcohol (140 

mL), refluxed for three hours and cooled to room temperature. This was followed by 

addition of NaHCO3 (1.27g, 15.0 mmol) dissolved in water. Toluene was removed 

under reduced pressure, Et2O-hexane (2:1, 800 mL) was added, and the reaction 

mixture stirred vigorously for one hour. The precipitate was filtered and recrystallized 

O

AcHN
HO

HO

HO
O

OBnAcHN
HO
HO

HOBnOH, pTSA, 
NaHCO3,Toluene

(79)                                                               (98)

reflux, 3h, 44%
OH
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from ethanol (150 mL) overnight at -18 °C. The product was filtered off, washed with 

cold EtOH (30 mL) and Et2O (100 mL) and dried to yield an off-white solid (12.56 g, 

44%). [α]D25 = 166.94 (c = 0.410 g/100 mL, DMSO); IR (CH2Cl2 cast) 3294, 3089, 

3031, 2935, 2899, 1648, 1549, 1497, 1453, 1413, 1375 cm-1; 1H NMR (500 MHz, d6-

DMSO) δ 7.81 (d, J = 8.1 Hz, 1H, AcNH), 7.39 – 7.25 (m, 5H, ArH), 5.01 (d, J = 5.6 

Hz, 1H, OH), 4.73 (d, J = 5.6 Hz, 1H, OH), 4.70 (d, J = 3.6 Hz, 1H, H1), 4.66 (d, J = 

12.5 Hz, 1H, PhCHH), 4.53 (t, J = 5.8 Hz, 1H, OH), 4.41 (d, J = 12.5 Hz, 1H, 

PhCHH), 3.70 – 3.63 (m, 2H, H2+H6), 3.56 – 3.43 (m, 3H, H3+H5+H6), 3.15 (ddd, J 

= 9.7, 8.5, 5.6 Hz, 1H, H4), 1.83 (s, 3H, CH3). 13C NMR (126 MHz, d6-DMSO) δ 

169.9, 138.4, 128.6, 128.0, 127.9, 96.4, 73.6, 71.4, 71.0, 68.1, 61.3, 54.2, 23.0. 

HRMS (ES) Calcd for C15H21NNaO6 [M+Na]+ 334.1261, found 334.1262.201, 245  

Benzyl 2-acetamido-4,6-O-benzylidene-2-deoxy-α-D-glucopyranoside (48) 

 

 
Benzyl-2-acetamido-2-deoxy-α-D-glucopyranoside (98) (12.0 g, 38.5 mmol) 

was co-evaporated with toluene to dry it, and then it was added to a suspension of 

ZnCl2 (12.3 g, 90.0 mmol) in benzaldehyde (50 mL, 490 mmol) under an argon 

atmosphere. The reaction mixture was heated to 60 °C (to reach a clear solution) and 

stirred at that temperature for one hour. The reaction mixture was cooled to room 

temperature, and a mixture of ice-water was poured over the solution. The precipitate 

was collected by filtration and washed with cooled H2O (20 mL), Et2O (50 mL). The 

O
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(98)                                                      (48)
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resulting powder was dried in a vacuum oven at 50 oC (10.6 g, 65%). [α]D25 = 108.90 

(c = 0.545 g/100mL, DMSO); IR (CH2Cl2 cast) 3447, 3284, 3090, 3062, 3035, 2978, 

2918, 2869, 1956, 1816, 1649, 1557, 1497cm-1; 1H NMR (500 MHz, d6-DMSO) δ 7.98 

(d, J = 8.3 Hz, 1H, AcNH), 7.49 – 7.25 (m, 10H, ArH), 5.61 (s, 1H, CH- benzylidene 

acetal), 5.17 (d, J = 5.9 Hz, 1H, 3-OH), 4.79 (d, J = 3.7 Hz, 1H, H1), 4.70 (d, J = 12.6 

Hz, 1H, PhCHH), 4.49 (d, J = 12.6 Hz, 1H, PhCHH), 4.14 (dd, J = 9.2, 4.1 Hz, 1H, 

H6), 3.88 – 3.80 (m, 1H, H2), 3.78 – 3.65 (m, 3H, H3+H5+H6), 3.50 (t, J = 9.0 Hz, 

1H, H4), 1.84 (s, 3H, CH3);13C NMR (126 MHz, d6-DMSO) δ 169.9, 138.2, 129.3, 

128.7, 128.5, 128.1, 128.0, 126.8, 101.3, 97.4, 82.6, 69.0, 68.5, 67.7, 63.3, 54.6, 

23.0; HRMS (ES) Calcd for C22H25NNaO6 [M+Na]+ 422.1574, found 422.1575.201, 245  

1,3,4,6-Tetra-O-acetyl-2-deoxy-2-[(2,2,2-trichloroethoxy)carbonylamino]-(α,β)-D-

glucopyranoside (52) 

 

D-Glucosamine (51) (10.0 g, 46.4 mmol) and NaHCO3 (7.80 g, 92.8 mmol) 

were dissolved in water (120 mL) and stirred vigorously for five minutes. 2,2,2-

Trichloroethoxycarbonyl chloride (7.65 mL, 55.6 mmol) was added dropwise and the 

solution was stirred at ambient temperature for two hours, over which time a white 

precipitate formed. The precipitate was filtered, washed with water and dried by 

lyophilization (24 h) to give a white flocculent solid. This solid was dissolved in dry 

 1) NaHCO3/H2O
     CCl3CH2OCOCl
     rt, 2h

 2) Ac2O, py, rt,
     18h, 80% 
    over 2 steps
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pyridine (100 mL) and acetic anhydride (50 mL) and stirred at ambient temperature 

for 18 h. The reaction mixture was concentrated in vacuo and co-evaporated with 

toluene (3 x 50 mL). The resulting oily residue was dissolved in chloroform (100 mL) 

and washed with 1M hydrochloric acid (100 mL). The aqueous phase was back 

extracted with chloroform (2 x 100 mL), and the combined organic extracts washed 

with brine (50 mL). Then, the organic phase was dried over anhydrous sodium sulfate 

and concentrated in vacuo to yield 1,3,4,6-tetra-O-acetyl-2-troc-d-glucosamine (19.42 

g, 80%) as a white solid. [α]D25 = 64.73 (c = 1.13 g/100mL, CHCl3); IR (CHCl3 cast) 

3328, 3024, 2959, 1754, 1538, 1369 cm-1; 1H NMR (500 MHz, CDCl3) δ 6.28 (d, J = 

3.7 Hz, 1H, AcNH), 5.32 (dd, J = 10.8, 9.5 Hz, 1H, H1), 5.24 (t, J = 9.8 Hz, 1H, H3), 

5.14 (d, J = 9.3 Hz, 1H, H4), 4.86 (d, J = 12.0 Hz, 1H, Troc-CH2), 4.66 (d, J = 12.1 

Hz, 1H, Troc-CH2), 4.32 (dd, J = 12.5, 4.1 Hz, 1H, H6), 4.28 – 4.22 (m, 1H, H2), 4.10 

(dd, J = 12.5, 2.4 Hz, 1H, H6), 4.05 (ddd, J = 10.1, 4.1, 2.4 Hz, 1H, H5), 2.24 (s, 3H, 

Ac), 2.13 (s, 3H), 2.09 (s, 6H, Ac); 13C NMR (126 MHz, CDCl3) δ 171.3, 170.6, 169.2, 

168.6, 154.0, 95.2, 90.4, 77.3, 77.2, 77.0, 76.8, 74.7, 70.4, 69.8, 67.5, 61.5, 53.3, 

20.9, 20.7, 20.6; HRMS (ES) Calcd for C17H22Cl3NNaO11 [M+Na]+ 544.0151, found 

544.0146.201, 245 
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Synthesis of 3,4,6-tris-O-acetyl-1-α-trichloroacetimido-2-troc-D-glucosamine 

(glycosyl acceptor) (53)  

 

Sugar compound (52) (10.0 g, 19.3 mmol) was dissolved in dry 

dimethylformamide (100 mL), and this was followed by addition of hydrazine acetate 

(2.11 g, 23.0 mmol). The reaction mixture was stirred at room temperature for 45 min, 

diluted with ethyl acetate (100 mL) and washed with water (100 mL), saturated 

sodium bicarbonate (100 mL) and water (100 mL). The aqueous phases were 

combined to be back extracted with ethyl acetate (100 mL), and the combined 

organic phases were washed with brine, dried over anhydrous sodium sulfate and 

concentrated in vacuo. The resultant yellow oil was re-dissolved in dichloromethane 

(100 mL) to which trichloroacetonitrile (19.2 mL, 191.3 mmol) was added, and this 

was followed by addition of 1,8-Diazabicycloundec-7-ene (0.570 mL, 3.83 mmol). The 

reaction mixture was stirred at room temperature for 95 min and concentrated in 

vacuo. The crude reaction mixture was purified by flash column chromatography 

(silica, 2:1 hexanes:ethyl acetate + 0.1% triethylamine) to yield 3,4,6-tris-O-acetyl-1-

α-trichloroacetimido-2-troc-d-glucosamine (53) as a white foam (5.5 g, 46%). [α]D25 = 

54.32 (c = 0.90 g/100mL, CHCl3); IR (CHCl3 cast) 3429, 3316, 3022, 2956, 2854, 

1748, 1677, 1368 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H, acetimidate-NH), 

6.45 (d, 1H, J = 3.6 Hz, H1), 5.37 (dd, 1H, J = 10.9, 9.4 Hz, H3), 5.27 (t, 1H, J = 9.9 
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Hz, H4), 5.21 (d, 1H, J = 9.3 Hz, Troc-NH), 4.79 – 4.69 (m, 2H, Troc-CH2), 4.35 – 

4.26 (m, 2H, H2 + H6), 4.20 – 4.11 (m, 2H, H5 + H6), 2.10 (m, 3H, 1 x Ac), 2.08 (m, 

6H, 2 x Ac); 13C NMR (126 MHz, CDCl3) δ 171.1, 170.5, 169.2, 160.4, 154.1, 95.2, 

94.6, 90.7, 74.7, 70.3, 67.4, 61.4, 60.4, 53.9, 21.1, 20.7, 20.6; HRMS (ES) Calcd for 

C17H20Cl6N2NaO10 [M+Na]+ 644.9141, found 644.9136.201, 245 

Synthesis of Alanine-2-(phenylsulfonyl)-ethyl ester (80) 

 

Boc-l-alanine (80) (5.08 g, 26.8 mmol), 2-phenylsulfonylethanol (5.00 g, 26.8 

mmol), 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (5.20 g, 26.8 

mmol) and 4-dimethylaminopyridine (0.330 g, 2.68 mmol) were dissolved in dry 

dichloromethane (150 mL) and stirred at ambient temperature under an argon 

atmosphere for 18 h. Next, the reaction mixture was washed with 0.5 M hydrochloric 

acid (100 mL) and saturated sodium bicarbonate (100 mL). Each aqueous phase was 

back extracted with dichloromethane (50 mL), the combined organic extracts washed 

with brine (100 mL), then dried over anhydrous sodium sulfate and concentrated in 

vacuo. The resulting orange oil was dissolved in dichloromethane (30 mL) and cooled 

to 0 °C. Trifluoroacetic acid (30 mL) was added slowly, then the solution was warmed 

to ambient temperature and stirred for two hours. The resulting orange solution was 

concentrated in vacuo, dissolved in water (50 mL) and basified to pH 8.0 with 3M 

BocHN
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NaOH. This solution was extracted with dichloromethane (5 x 50 mL), and the 

combined organic extracts dried over anhydrous sodium sulfate and concentrated in 

vacuo to yield the product as a clear oil (4.30 g, 63%). [α]D25 = -106.7 (c = 0.55 

g/100mL, CH2Cl2); IR (EtOAc cast) 3378, 3312, 3064, 2978, 2934, 1739 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 7.95 – 7.90 (m, 2H, O-ArH), 7.70 – 7.65 (m, 1H, p-ArH), 

7.61 – 7.56 (m, 2H, m-ArH), 4.50 – 4.41 (m, 2H, O-CH2), 3.52 – 3.42 (m, 2H, S-CH2), 

3.30 (q, J = 7.0 Hz, 1H, Hα), 1.17 (d, J = 7.0 Hz, 3H, Hβ); 13C NMR (125 MHz, CDCl3) 

δ 175.92, 139.53, 134.18, 129.59, 129.54, 129.45, 128.09, 56.37, 55.20, 49.95, 

20.33; HRMS (ES) Calcd for C11H15NO4S [M+H]+ 258.0795, found 258.0794.201, 245 

Benzyl 2-Acetamido-4,6-O-benzylidene-2-deoxy-3-O-(D-1-carboxyethyl)-α-D-

glucopyranoside (82) 

 
 

Glycol (48) (7.00 g, 17.5 mmol) was added to dry dioxane (100 mL), and 

sodium hydride reagent (60% dispersion in mineral oil, 4.90 g, 122.5 mmol) was 

added in portions at room temperature. The cloudy suspension was stirred at 50 °C 

for 1 h and cooled to 0 °C. It is important that the temperature of the reaction mixture 

be reduced to 0 °C to prevent epimerization of l-chloropropionic acid. Next, a solution 

of L-chloropropionic acid (5.00 g, 46.1 mmol) in dry dioxane (20 mL) was added 

dropwise over 10 min. Then, the temperature of the reaction mixture was increased to 
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ambient temperature and stirred for 18 hours. The reaction solvents were removed 

using a rotary evaporator, and the resulting solid stirred in brine (100 mL) at 4 °C for 1 

h. Next, the suspension was filtered and the solid washed using cold water. The solid 

was dried overnight in a vacuum oven at 50 °C, followed by re-suspension in 60:39:1 

methanol:dichloromethane: triethylamine (200 mL) and stirring for 10 min. Then, the 

mixture was filtered through celite and concentrated in vacuo to yield the muramic 

acid ammonium salt as a white foam (9.11 g, 91%), which was used directly without 

further purification in the next step. [α]D25 = 81.61 (c = 0.762 g/100 mL, DMSO); IR 

(CH2Cl2 cast) 3418, 3286, 3064, 3033, 2974, 2926, 2868, 1953, 1890, 1812, 1597, 

1497 cm-1; 1H NMR (500 MHz, d6-DMSO) δ 10.82 (d, J = 3.0 Hz, 1H, -COOH), 7.43 – 

7.25 (m, 11H, ArH + AcNH), 5.66 (s, 1H, O2CH), 5.35 (d, J = 3.5 Hz, 1H, H1), 4.64 (d, 

J = 12.4 Hz, 1H, PhCHH), 4.43 (d, J = 12.4 Hz, 1H, PhCHH), 4.13 – 4.06 (m, 1H, H3), 

3.96 (q, J = 6.9 Hz, 1H, MurNAc-CH), 3.74 – 3.62 (m, 4H, H2+H4+H6), 3.45 (dt, J = 

10.4, 3.3 Hz, 1H, H5), 1.84 (s, 3H, Ac), 1.17 (d, J = 6.9 Hz, 3H, MurNAc-CH3); 13C 

NMR (126 MHz, d6-DMSO) δ 177.6, 170.1, 138.3, 138.3, 129.2, 128.7, 128.6, 128.0, 

128.0, 126.3, 100.7, 97.1, 83.0, 78.5, 73.7, 69.5, 68.4, 63.5, 55.4, 23.1, 20.2; 

HRMS(ES) Calcd for C25H29NNaO8 [M+Na]+ 494.1785, found 494.1781.201, 245 
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(2S)-2-(Phenylsulfonyl)ethyl-2-((2R)-2-(7-acetamido-6-(benzyloxy)-2-

phenylhexahydropyrano[3,2-d][1,3]dioxin-8-yloxy)propanamido)propanoate (49) 

 
The muramic acid derivative (82) (3.00 g, 5.24 mmol) was dissolved in 

dichloromethane (40 mL), and the temperature of the reaction mixture was reduced to 

0 °C. 2-Chloro-4,6-dimethoxy-1,3,5-triazine (1.10 g, 6.29 mmol) and N-

methylmorpholine (0.580 mL, 5.24 mmol) reagents were added, and the reaction 

mixture stirred at 0 °C for 50 min. Next, alanine-2-(phenylsulfonyl)-ethyl ester (1.62 g, 

6.29 mmol) was added, and the temperature of the reaction mixture was increased to 

ambient temperature and stirred for 18 h. The resultant cloudy solution was diluted 

with dichloromethane (30 mL) and washed with 1M hydrochloric acid (100 mL) and 

brine (100 mL). Lastly, the organic phase was dried over anhydrous sodium sulfate 

and concentrated in vacuo to yield (49) as a white solid (3.90 g, quant.). [α]D25 = 

51.54 (c = 0.4 g/100mL, CH3OH); IR (CH3OH cast) 3295, 3065, 3031, 2950, 2923, 

2869, 1744, 1652 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.96 – 7.93 (m, 2H, ArH), 7.72 – 

7.67 (m, 1H, ArH), 7.59 (t, J = 7.8 Hz, 2H, ArH), 7.50 (dd, J = 7.1, 2.5 Hz, 2H, ArH), 

7.42 – 7.33 (m, 8H, ArH), 6.97 (d, J = 7.1 Hz, 1H, Ala1-NH), 6.20 (d, J = 8.9 Hz, 1H, 

AcNH), 5.60 (s, 1H, O2CH), 4.99 (d, J = 3.8 Hz, 1H, H1), 4.75 (d, J = 11.8 Hz, 1H, 

PhCHH), 4.40-4.53 (m, 3H, PhCHH + OCH2), 4.33 (dt, J = 9.3, 4.7 Hz, 1H, H2), 4.28 

O

OBnAcHN
O
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    rt, 18 h, quant.



 
 

120 

(dd, J = 10.2, 4.8 Hz, 1H, H6), 4.20 (t, J = 7.2 Hz, 1H, Ala1-Hα), 4.11 (q, J = 6.7 Hz, 

1H, OCH), 3.91 (dt, J = 9.2, 4.9 Hz, 1H, H5), 3.80 (t, J = 10.2 Hz, 1H, H6), 3.75 – 

3.67 (m, 2H, H3 + H4), 3.46 (qdd, J = 14.7, 6.6, 5.5 Hz, 2H, SCH2), 1.97 (s, 3H, Ac), 

1.41 (d, J = 6.7 Hz, 3H, MurNAc-CH3), 1.33 (d, J = 7.2 Hz, 3H, Ala1-Hβ);13C NMR 

(126 MHz, CDCl3) δ 173.0, 171.8, 170.5, 139.2, 137.1, 136.7, 134.1, 129.5, 129.1, 

128.7, 128.4, 128.3, 128.2, 128.1, 125.9, 101.5, 97.5, 81.5, 78.5, 78.2, 70.2, 68.9, 

63.2, 58.0, 55.0, 53.0, 48.0, 23.5, 19.4, 17.2; HRMS (ES) Calcd for C36H42N2NaO11S 

[M+Na]+ 733.2402, found 733.2392.201   

Benzyl N-acetyl-6-benzylmuramic acid monopeptide ester (glycosyl donor) (50) 

 
Benzylidene (49) (3.46 g, 4.87 mmol) was dissolved in dichloromethane (50 

mL), and the temperature of the reaction mixture was reduced to 0 °C. Next, 

triethylsilane (3.63 mL, 24.3 mmol) was added, and this was followed by the dropwise 

addition of trifluoroacetic acid (1.86 mL, 24.34 mmol) to carry out the reduction 

reaction. After stirring the reaction mixture for five hours at 0 °C, another portion of 

trifluoroacetic acid (1.12 mL, 14.6 mmol) was added. The reaction mixture was stirred 

for 19 more hours at 0 °C and then diluted with dichloromethane (50 mL). To perform 

the workup, saturated sodium bicarbonate (50 mL) was slowly added, and the 

O
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0 oC, 24 h 
62%
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aqueous layer was extracted with dichloromethane (50 mL). The combined organic 

phases were washed with brine (50 mL), dried over anhydrous sodium sulfate and 

concentrated in vacuo. The crude product was purified by column chromatography 

(silica, gradient: 0%–3% MeOH in CH2Cl2) to yield the product (50) as a white foam 

(2.0 g, 62%). [α]D25 = 58.90 (c = 0.90 g/mL, CHCl3); IR (CHCl3 cast) 3370, 3063, 

3031, 2983, 2928, 1748, 1659 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.98 – 7.92 (m, 2H, 

ArH), 7.74 – 7.67 (m, 1H, ArH), 7.65 – 7.57 (m, 3H, ArH), 7.42 – 7.29 (m, 9H, ArH), 

6.93 (d, J = 7.2 Hz, 1H, Ala1-NH), 6.08 (d, J = 9.0 Hz, 1H, MurNAc-NH), 4.94 (d, J = 

3.6 Hz, 1H, H1), 4.72 (d, J = 11.7 Hz, 1H, PhCHH), 4.67 – 4.56 (m, 2H, PhCH2), 4.50 

– 4.39 (m, 3H, PhCHH + OCH2), 4.29 – 4.22 (m, 2H, H2 + Ala1-Hα), 4.16 (q, J = 6.7 

Hz, 1H, MurNAc-OCH), 3.84 (dt, J = 9.2, 4.4 Hz, 1H, H5), 3.77 (dd, J = 10.2, 4.5 Hz, 

1H, H6), 3.74 – 3.69 (m, 2H, H3 + H4), 3.56 (dd, J = 10.5, 8.7 Hz, 1H, H6), 3.46 – 

3.38 (m, 2H, SCH2), 2.99 (d, J = 3.1 Hz, 1H, OH), 1.93 (s, 3H, Ac), 1.43 (d, J = 6.7 

Hz, 3H, MurNAc-CH3), 1.33 (d, J = 7.2 Hz, 3H, Ala1-Hβ);13C NMR (126 MHz, CDCl3) 

δ 172.9, 171.9, 170.3, 139.2, 139.0, 137.8, 137.0, 134.1, 134.0, 129.5, 128.6, 128.5, 

128.2, 128.1, 128.0, 127.8, 127.7, 97.1, 80.5, 77.9, 73.7, 71.6, 70.4, 70.2, 69.9, 58.3, 

58.0, 56.4, 55.0, 52.5, 47.9, 23.4, 19.0, 17.1; HRMS (ES) Calcd for C36H44N2NaO11S 

[M+Na]+ 735.2558, found 735.2547.201 
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N-Trichloroethoxycarbonyl-(2-deoxy-2-aminoglucopyranosyl)-β-[1,4]-N-acetyl-

muramyl monopeptide ester (57) 

 
Glycol (50) (2.00 g, 2.81 mmol) was dissolved in dry dichloromethane (30 mL), 

added to a round-bottomed flask already containing activated 4 Å molecular sieves 

(MS) (20 g) under argon, and the reaction mixture stirred gently. This was followed by 

the addition of trimethylsilyl triflate (0.300 mL, 2.81 mmol) and the solution of 

acetimidate (53) (5.26 g, 8.42 mmol) already dissolved in dry dichloromethane (30 

mL). At this point, the reaction mixture was stirred at room temperature overnight. 

Next, the reaction mixture was decanted and the solution diluted with 

dichloromethane (50 mL). To perform the work up, the organic solution was washed 

with saturated sodium bicarbonate (80 mL) and brine (100 mL) and dried over 

anhydrous sodium sulfate. The solution was concentrated in vacuo and purified by 

flash column chromatography (silica, gradient: 1:1 EtOAc:hexane to ethyl acetate to 

19:1 EtOAc:MeOH) to yield the product as a white foam (2.00 g, 61%). [α]D25 = 37.73 

(0.30 g/100mL, CH2Cl2); IR 3351, 3281, 3064, 3032, 2984, 2932, 1749, 1659, 1536, 

1448, 1368, 1322, 1293 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.97 – 7.92 (m, 2H, ArH), 

7.71 – 7.67 (m, 1H, ArH), 7.62 – 7.47 (m, 6H, ArH), 7.42 – 7.30 (m, 6H, ArH), 6.87 (d, 

J = 7.5 Hz, 1H, Ala1NH), 6.57 (d, J = 7.4 Hz, 1H, MurNAc-NH), 5.13 (d, J = 3.6 Hz, 

TMSOTf
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1H, MurNAc-H1), 5.01 (t, J = 9.6 Hz, 1H, GlcNAc-H4), 4.91 (d, J = 12.0 Hz, 1H, 

MurNAc-1-CHHPh), 4.80 (dd, J = 11.2, 8.6 Hz, 2H, GlcNAc-H3 + Troc-CHH), 4.63 (t, 

J = 11.5 Hz, 2H, Troc-CHH + MurNAc-6-CHHPh), 4.51 – 4.44 (m, 2H, OCHH + 

MurNAc-6-CHHPh), 4.39 (dd, J = 12.1, 5.6 Hz, 2H, OCHH + MurNAc-1-CHHPh), 4.29 

– 4.14 (m, 5H, MurNAc-H2 + MurNAc-CHO + GlcNAc-H1 + GlcNAc-H6 + Ala1Hα), 

4.02 (dd, J = 12.4, 2.2 Hz, 1H, GlcNAc-H6 ), 3.95 (t, J = 9.5 Hz, 1H, MurNAc-H3), 

3.72 (dd, J = 10.9, 2.4 Hz, 1H, MurNAc-H6), 3.66 (dt, J = 10.1, 2.3 Hz, 1H, MurNAc-

H4), 3.59 (td, J = 10.2, 8.4 Hz, 1H, MurNAc-H5), 3.49 – 3.41 (m, 4H, CH2S + GlcNAc-

H2 + GlcNAc-H5), 2.07 – 2.00 (m, 9H, 3 x Ac), 1.93 (s, 3H, Ac), 1.37 (d, J = 6.7 Hz, 

3H, Ala1Hβ), 1.28 (dd, J = 7.2, 2.6 Hz, 3H, MurNAc-CH3);  13C NMR (CDCl3, 125 

MHz) δ 173.47, 171.93, 170.79, 170.54, 170.41, 169.53, 154.25, 139.37, 137.45, 

137.27, 134.18, 129.54, 129.24, 128.67, 128.26, 128.23, 100.13, 97.26, 95.74, 77.73, 

75.78, 74.60, 73.89, 72.28, 71.32, 70.53, 70.40, 68.42, 67.27, 61.58, 58.24, 56.31, 

55.04, 53.75, 47.83, 23.38, 20.75, 18.44, 17.63; HRMS (ES) Calcd for 

C51H62Cl3N3NaO20S [M+Na]+ 1196.2605, found 1196.2614.201 
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N-Acetyl-(2-deoxy-2-aminoglucopyranosyl)-β-[1,4]-N-acetylmuramyl 

monopeptide ester (58) 

 

 
Acetic anhydride and acetic acid, (3:1, 23 mL) were used to dissolve troc-

disaccharide (57) (4.0 g, 3.4 mmol). This was followed by the addition of an 

anhydrous solution of ZnCl2 (4.60 g, 34.0 mmol) in Ac2O and AcOH (3:1, 11 mL). The 

reaction mixture was stirred at room temperature for 24 h, and this was followed by 

addition of zinc dust (8.9 g, 136.0 mmol) plus a mixture of THF, Ac2O and AcOH 

(3:2:1, 54 mL). At this point, the reaction mixture was again stirred for 24 more hours 

at ambient temperature and filtered through celite, washed with EtOAc and 

concentrated in vacuo. The final residue was co-evaporated with toluene (2 x 30 mL) 

and re-dissolved in EtOAc (100 mL). Next, the organic layer was washed with 

saturated sodium bicarbonate (2 x 50 mL), water (2 x 50 mL) and brine (50 mL), dried 

over anhydrous sodium sulfate and concentrated in vacuo. The crude product was 

purified by flash column chromotography (silica, 2% MeOH in EtOAc) to yield the 

product as a white foam (2.13 g, 63%). [α]D25 = 16.50 (c = 0.2 g/100mL, CHCl3); IR 

(CHCl3 cast) 3280, 3067, 2986, 2934, 1745, 1664, 1539, 1448, 1370 cm-1; 1H NMR 

(CDCl3, 500 MHz) δ 7.97 – 7.86 (m, 2H, o-ArH), 7.72 – 7.63 (m, 1H, p-ArH), 7.57 (m, 

OAcO
AcO

AcO NHTroc
O O

OBn

OBnAcHN
O

HN
O

O
O SO2Ph

1) ZnCl2, 
     AcOH:Ac2O (1:3)
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2H, m-ArH), 7.38 – 7.24 (m, 5H, Bn-ArH), 7.16 (d, J = 7.6 Hz, 1H, MurNAc-NH), 6.84 

(d, J = 6.8 Hz, 1H, Ala1NH), 6.02 (d, J = 9.5 Hz, 1H, GlcNAc-NH), 5.17 – 5.06 (m, 2H, 

MurNAc-H1 + GlcNAc-H3), 4.64 (d, J = 12.1 Hz, 1H, MurNAc-1-CHHPh), 4.49 (d, J = 

12.1 Hz, 1H, MurNAc-1-CHHPh), 4.46 – 4.22 (m, 6H, OCH2 + MurNAc-CHO + 

GlcNAc-H1 + GlcNAc-H6 + MurNAc-H6), 4.19 – 4.14 (m, 1H, MurNAc-H6), 4.12 (q, J 

= 7.1 Hz, 1H, GlcNAc-H6), 4.09 – 3.97 (m, 3H, GlcNAc-H2 + MurNAc-H2 + MurNAc-

H3), 3.78 (d, J = 5.2 Hz, MurNAc-H5), 3.62 - 3.54 (m, 2H, GlcNAc-H5 + MurNAc-H4), 

3.36 (m, 2H, CH2S), 2.14 (s, 3H), 2.05 – 1.97 (m, 6H), 1.95 (s, 3H), 1.93 (s, 3H), 1.37 

(d, J = 6.7 Hz, 3H, MurNAc-CH3), 1.29 (d, J = 7.2 Hz, 3H, Ala1Hβ); 13C NMR (CDCl3, 

500 MHz) δ 173.8, 172.0, 171.3, 171.06, 170.9, 170.73, 170.7, 169.4, 139.2, 137.4, 

134.2, 129.5, 128.6, 128.2, 128.1, 128.01, 100.4, 97.08, 76.1, 75.7, 72.6, 71.9, 70.4, 

69.6, 68.2, 62.4, 61.7, 60.5, 58.1, 55.03, 54.7, 53.7, 47.9, 23.38, 23.32, 21.1, 20.77, 

20.75, 20.74, 18.49, 17.47; HRMS (ES) Calcd for C45H59N3NaO20S [M+Na]+ 

1016.3305, found 1016.3292.201 
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Phosphate (59) 

Benzyl ether (58) (1.50 g, 1.51 mmol) was dissolved in MeOH and THF (1:4, 

45 mL), and this was followed by the addition of a suspension of 10% palladium on 

charcoal (2.70 g, 2.54 mmol) in the same solvent (30 mL). After stirring for 3 h under 

hydrogen atmosphere, the reaction mixture was filtered through a thin layer of Celite. 

The celite was also washed with CH2Cl2 (150 mL) to collect most of the compound. 

The filtrate was concentrated in vacuo, and the resultant oil was precipitated from 

hexanes and ether (1:1, 35 mL). The precipitate was collected by filtration and dried 

to yield the lactol as a white solid (1.35 g, 99%). Anhydrous CH2Cl2 (8 mL) was used 

to re-dissolve the lactol, which was added rapidly to a stirring suspension of tetrazole 

(0.53 g, 7.5 mmol) and dibenzyl N,Nʹ-diethylphosphoramidite (1.35 mL, 4.50 mmol) in 

anhydrous CH2Cl2 (8 mL) under argon at room temperature. After stirring for 2 h, the 

reaction mixture was worked up by diluting it with CH2Cl2 (8 mL) and washing it with 

saturated sodium bicarbonate (7 mL), water (7mL) and brine (7 mL). The organic 

phase was dried over anhydrous Na2SO4 and concentrated in vacuo to obtain a 

colourless oil, which was precipitated through treating with hexanes and ether (1:1, 

40 mL) to yield the phosphite, a white solid. To perform the chemical transformation 

1) H2, Pd/C, 
     MeOH, rt, 3 h
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of phosphite to phosphate, the phosphite product was dissolved in THF (25 mL) and 

kept at -78 °C. Hydrogen peroxide (30%, 1.63 mL) was added dropwise to the stirring 

solution of the reaction mixture using a syringe. On completion of the hydrogen 

peroxide addition, the ice bath was removed, and the mixture was allowed to warm to 

room temperature over two hours. At this point, ice-cold saturated sodium sulfite (6 

mL) was added to dilute the reaction mixture, and this was followed by addition of 

EtOAc (10 mL) and stirring for 10 min. The organic layer was dried over anhydrous 

sodium sulfate and concentrated in vacuo to obtain phosphate (59) as a white solid 

(1.46 g, 84%). [α]D25 = 1.89 (c = 1.75 g/100mL, CHCl3); IR (CHCl3 cast) 3280, 3065, 

2956, 1747, 1666, 1544, 1498, 1455, 1371, 1322 cm-1; 1H NMR (DMSO-d6, 500 MHz) 

δ 8.67 (d, J = 4.6 Hz, 1H, NHAc), 8.40 (d, J = 7.0 Hz, 1H, NHAc), 8.07 (d, J = 9.0 Hz, 

1H, NHAc), 7.92 – 7.80 (m, 2H, o-ArH), 7.76 – 7.72 (m, 1H, p-ArH), 7.67 – 7.59 (m, 

2H, m-ArH), 7.44 – 7.27 (m, 10H, 2 x Bn-ArH), 5.81 (dd, J = 6.4, 3.1 Hz, H1, MurNAc-

H1), 5.24 (t, J = 9.9 Hz, 1H, GlcNAc-H3), 5.13 – 4.95 (m, 4H, 2 x CH2Ph), 4.91 (t, J = 

9.8 Hz, 1H, GlcNAc-H4), 4.72 (dd, J = 16.2, 7.5 Hz, 1H, GlcNAc-H1), 4.60 (d, J = 6.7 

Hz, 1H, MurNAc-CHO), 4.40 – 4.18 (m, 3H, MurNAc-H6 + GlcNAc-H6 + OCHH), 4.13 

– 3.95 (m, 4H, MurNAc-H6 + GlcNAc-H6 + OCHH + Ala1Hα), 3.87 – 3.71 (m, 4H, 

GlcNAc-H2 + GlcNAc-H5 + MurNAc-H3 + MurNAc-H5), 3.65 – 3.56 (m, 3H, MurNAc-

H2 + SCH2), 3.42 (dd, J = 10.9, 8.7 Hz, 1H, MurNAc-H4), 2.03 – 1.87 (m, 12H, 4 x 

Ac), 1.75 (s, 3H, Ac), 1.69 (s, 3H, Ac), 1.29 (d, J = 6.7 Hz, 3H, MurNAc-CH3), 1.11 (d, 

J = 7.3 Hz, 3H, AlaHβ); 13C NMR (DMSO-d6, 125 MHz) δ 174.48, 171.35, 169.91, 

169.83, 169.56, 169.30, 139.26, 135.76, 133.93, 129.39, 128.43, 128.38, 128.36, 

128.33, 127.93, 127.84, 127.70, 127.65, 127.62, 99.60, 75.97, 75.75, 73.89, 72.34, 
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70.74, 70.43, 68.69, 68.46, 68.42, 68.30, 66.36, 61.63, 57.92, 53.65, 47.35, 40.02, 

39.95, 39.85, 39.78, 39.69, 39.61, 39.52, 39.44, 39.35, 39.19, 39.02, 22.61, 22.38, 

20.53, 20.38, 20.27, 18.96, 16.52; HRMS (ES) Calcd for C52H66N3NaO23PS [M+Na]+ 

1186.3438, found 1186.3415.201  

 

Boc-D-Ala-D-Ala-OMe (54) 

 

H-D-Ala-OMe.HCl (84) (5.00 g, 35.8 mmol), Boc-D-Ala-OH (6.78 g, 35.8 mmol) 

and HATU (13.60 g, 35.8 mmol) were all dissolved in dry DMF as solvent (175 mL), 

and the temperature of the reaction flask was reduced to 0 °C. DIPEA (6.25 mL, 

107.4 mmol) was added, and the reaction mixture was stirred at ambient temperature 

for 18 h. After the solution was concentrated in vacuo, it was re-dissolved in EtOAc 

(200 mL) that was washed with 0.5 M HCl (100 mL), saturated sodium bicarbonate 

(100 mL) and brine (100 mL), respectively. Next, the organic phase was dired over 

anhydrous sodium sulfate and concentrated in vacuo to obtain Boc-dipeptide (54), a 

white foam (7.37 g, 75%). [α]D25 = 69.56 (c = 0.675 g/100mL, H2O); IR (H2O cast) 

3309, 3066, 2980, 2980, 2937, 1747 cm-1; 1H NMR (CDCl3, 400 MHz) δ 6.67 (m, 1H, 

D-Ala5NH), 5.03 (m, 1H, D-Ala4NH), 4.56 (pentet, J = 7.2 Hz, 1H, D-Ala5Hα), 4.17 (m, 

1H, D-Ala4Hα), 3.74 (s, 3H, D-Ala5-OMe), 1.44 (m, 9H, Boc), 1.39 (d, J = 7.1 Hz, 3H, 

D-Ala5Hβ), 1.35 (d, J = 7.1 Hz, 3H, D-Ala4Hβ); 13C NMR (CDCl3, 125 MHz) δ 173.32, 

H3N OMe
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172.30, 52.59, 48.15, 28.43, 18.50, 18.41; HRMS (ES) Calcd for C12H22N2NaO5 

[M+Na]+ 297.1421, found 297.142.201, 245 

 

Boc-Lys(TFA)-D-Ala-D-Ala-OMe (55) 

 Boc-D-Ala-D-Ala-OMe (54) (3.2 g, 11.7 mmol) was dissolved in CH2Cl2 (50 mL) 

and cooled to 0 °C. TFA (50 mL) was added, and the reaction was stirred at 0 °C for 

2 h. The reaction mixture was concentrated in vacuo and co-evaporated with toluene 

(3 x 20 mL). In a separate flask, Boc-Lys(TFA)-OH (4.00 g, 11.7 mmol) was dissolved 

in CH2Cl2 (50 mL) and cooled to 0 °C. DIPEA (6 mL, 35 mmol), EDCI.HCl (2.24 g, 

11.7 mmol) and a 0.6 M solution of HOAt in DMF (19.5 ml, 11.7 mmol) were added, 

and the reaction was stirred for 15 min. Then, a solution of the freshly deprotected 

dipeptide in CH2Cl2 (50 mL) and DIPEA (4 mL) was added, and the solution stirred at 

ambient temperature overnight. The reaction mixture was concentrated in vacuo and 

re-dissolved in EtOAc (150 mL). The organic phase was washed with 0.5 M HCl 

solution (100 mL), which was then extracted with EtOAc (100 mL). The combined 

organic phases were washed with a solution of saturated NaHCO3 (100 mL), which 

was also extracted with EtOAc (100 mL). Then, the combined organic phase was 

washed with brine (2 x 100 mL), dried over Na2SO4 and concentrated in vacuo. The 

oil was precipitated from Et2O (200 mL) and filtered to yield the product as a white 
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powder (3.20 g, 56%). [α]D25 = 38.82 (c = 0.445 g/100 mL, H2O); IR (cast) 3305, 

3086, 2979, 2940, 2869, 1711, 1656, 1529, 1455 cm-1; 1H-NMR (500 MHz, CDCl3) δ 

6.95 (s, 1H, Lys3-NHTFA), 6.90 (s, 1H, D-Ala4-NH), 6.80 (d, J = 7.5 Hz, 1H, D-Ala5-

NH), 5.21 (d, J = 7.7 Hz, 1H, Lys3-NH), 4.57 – 4.47 (m, 2H, D-Ala4-Hα + D-Ala5-Hα), 

4.11 (dd, J = 14.0, 7.0 Hz, 1H, Lys3-Hα), 3.75 (s, 3H, -OMe), 3.37 (app. q, J = 6.8 Hz, 

2H, Lys3Hε), 1.85 (m, 1H, Lys3-Hβ), 1.74 (m, 2H, Lys3-Hδ), 1.71 – 1.56 (m, 3H, 

Lys3-Hβ + Hγ), 1.44 (s, 9H, Boc), 1.40 (m, 6H, D-Ala4-Hβ + D-Ala5-Hβ); 13C-NMR 

(126 MHz, CDCl3) δ 173.1, 171.9, 171.6, 157.3, 116, 80.4, 60.4, 54.3, 52.5, 48.8, 

48.2, 39.4, 31.7, 28.31, 28.3, 28.29, 22.4, 18.1, 17.9; 19F-NMR (376 MHz, CDCl3) δ -

75.8; HRMS (ESI) Calcd for C20H34F3N4O7 (M+H)+ 499.2374, found 499.2386. 

 

Boc-D-γ-Glu(α-amide)-Lys(TFA)-D-Ala-D-Ala-OMe (56) 

 
 

Boc-tripeptide (55) (3.00 g, 6.02 mmol) was suspended in CH2Cl2 (30 mL) and 

cooled to 0 oC. TFA (30 mL) was added, at which point all the solid dissolved, and the 

resulting solution was stirred at 0 °C for two hours. Then, the reaction mixture was 

concentrated in vacuo and co-evaporated with toluene (2 x 40 mL). The colorless oil 

was re-dissolved in CH2Cl2 (50mL) and DIPEA (2 equivalents) so that the final pH 

N
H

H
N
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O

OO
BocHN

NHTFA
(55)                                                                                                       (56)

1) TFA/CH2Cl2, 0 oC, 2 h
2) Boc-D-Glu-NH2
    EDCI, HOAt, DIPEA, CH2Cl2
    rt, 18 h, 40%
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was ~8. This solution was added to a stirring solution of Boc-D-γ-Glu-NH2 (1.48 g, 

6.02 mmol), EDCI (1.15 g, 6.02 mmol), 0.6 M HOAt (10 mL, 6.02 mmol) and DIPEA 

(1.05 mL, 6.02 mmol) in CH2Cl2 (50 mL) at 0 °C. The resulting yellow solution was 

stirred at ambient temperature overnight. The reaction mixture was concentrated in 

vacuo and re-dissolved in EtOAc (150 mL). The organic phase was washed with 0.5 

M HCl solution (100 mL), which was then extracted with EtOAc (100 mL). The 

combined organic phases were washed with a solution of saturated NaHCO3 (100 

mL), which was then extracted with EtOAc (100 mL). Then, the combined organic 

phase was washed with brine (2 x 100 mL), dried over Na2SO4 and concentrated in 

vacuo. The oil was precipitated from Et2O (200 mL) and filtered to yield the product 

as a white powder (1.64 g, 40%). [α]D25 = 15.87 (c = 0.65 g/100 mL, MeOH); IR (cast) 

3314, 3089, 2977, 2935, 1699, 1669; 1H-NMR (500 MHz, DMSO-d6) δ 9.34 (t, J = 5.7 

Hz, 1H, Lys3-NHTFA), 8.16 (d, J = 7.1 Hz, 1H, D-Ala5-NH), 8.12 (d, J = 8.0 Hz, 1H, 

D-Ala4-NH), 7.96 (d, J = 7.4 Hz, 1H, Lys3-NH), 7.19 (s, 1H, D-γ-Glu2-NH2), 6.94 (s, 

1H, D-γ-Glu2-NH2), 6.67 (d, J = 8.2 Hz, 1H, D-γ-Glu2-NH), 4.29 – 4.24 (m, 1H, D-

Ala4-Hα), 4.24 – 4.20 (m, 1H, D-Ala5-Hα), 4.14 (app. q, J = 7.4 Hz, 1H, Lys3-Hα), 

3.80 (m, 1H, D-γ-Glu2-Hα), 3.58 (s, 3H, -OMe), 3.12 (app. q, J = 6.8 Hz, 2H, Lys3-

Hε), 2.12 (m, 2H, D-γ-Glu2-Hγ), 1.78 (m, 1H, D-γ-Glu2-Hβ), 1.70 – 1.60 (m, 1H, D-γ-

Glu2-Hβ), 1.56 (m, 1H, Lys3-Hβ), 1.50 – 1.39 (m, 4H, L-Lys3-Hδ + Lys3-Hβ + Lys3-

Hγ), 1.35 (s, 9H, Boc), 1.27 (d, J = 7.3 Hz, 3H, D-Ala5-Hβ), 1.23-1.20 (m, 1H, L-Lys3-

Hγ), 1.16 (d, J = 7.1 Hz, 3H, D-Ala4-Hβ); 13C-NMR (126 MHz, DMSO-d6) δ 173.7, 

172.8, 171.9, 171.8, 171.3, 156.1, 155.1, 115.8, 78.0, 53.8, 52.6, 51.8, 47.5, 47.5, 

31.8, 31.3, 28.1, 28.1, 27.9, 22.5, 17.9, 16.7; 19F NMR (376 MHz, (CD3)2SO) δ -74.4; 
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HRMS (ESI) Calcd for C25H42F3N6O9 (M+H)+ 627.296, found 627.2957. 

Synthesis of pentapeptidyl disaccharide (61) 

 

Phosphate (59) (430 mg, 0.370 mmol) was dissolved in dry CH2Cl2 (5 mL) and 

stirred under an argon atmosphere. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (50 

µL, 0.37 mmol) was added, and the resulting solution was stirred for 30 min at 

ambient temperature. Next, the reaction mixture was diluted with CH2Cl2 (10 mL) and 

washed with 1M HCl (10 mL) and brine (6 mL). The organic phase was dried over 

Na2SO4, concentrated in vacuo and precipitated from Et2O (10 mL). The resulting 

white solid was dried under high vacuum for one hour to give acid (60) (322 mg, 0.32 

mmol). Acid (60) (322 mg, 0.32 mmol) was dissolved in anhydrous DMF (4 mL) and 

cooled to 0 oC. EDCI.HCl (93 mg, 0.49 mmol) and N-hydroxysuccinimide (NHS) (60 

mg, 0.49 mmol) were added, and the resulting solution stirred under argon for 18 h. 

Next, the reaction mixture was diluted with EtOAc (20 mL), washed with water (10 

mL) (which was back-extracted with EtOAc (4 mL)), washed with brine (10 mL), dried 

over Na2SO4 and concentrated in vacuo to yield the NHS ester as an oil (292 mg, 

0.27 mmol). In a separate flask, Boc-tetrapeptide (56) (170 mg, 0.28 mmol) was 

2) Deprotected tetrapeptide (93), 
    NHS, EDCI.HCl, DMF, rt, 
    18 h, 54%
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133 

suspended in CH2Cl2 (5 mL) and cooled to 0 oC. TFA (5 mL) was added, and the 

reaction mixture stirred at 0 oC for two hours, concentrated in vacuo and co-

evaporated with toluene. The NHS ester (292 mg, 0.27 mmol), tetrapeptide TFA salt 

(0.28 mmol) and DIPEA (161 µL, 0.924 mmol) were dissolved in dry DMF (3 mL) and 

stirred under argon for 18 h. The reaction mixture was concentrated in vacuo, re-

dissolved in CHCl3:IPA (9:1), washed with brine (3 x 5 mL), dried over Na2SO4, 

filtered and concentrated in vacuo. The resulting oil was precipitated from Et2O and 

dried under high vacuum for 1 h to yield pentapeptidyl disaccharide (61) as a white 

powder (301 mg, 54% from disaccharide ester). This compound was used in the next 

step without further purification; HRMS (ES) Calcd for C64H89F3 N9O27PNa [M+Na]+ 

1526.545, found 1526.5457. 
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Synthesis of bis ammonium (E,E)-farnesyl phosphate (88) 

 

Methansulfonyl chloride (93 µL, 1.2 mmol) was added dropwise at 0 °C to a 

solution of Farenesol (87) (222 mg, 1.00 mmol) and triethylamine (210 µL, 1.5 mmol) 

in CH2Cl2 (10 mL). The reaction was allowed to reach ambient temperature, stirred 

for 45 min, and then diluted with CH2Cl2 (3 x 5 mL). The combined organic extracts 

were washed with HCl solution (1 M, 10 mL) and brine (10 mL), dried over anhydrous 

Na2SO4 and concentrated in vacuo to yield the crude mesylate. To another flame-

dried flask under argon was added tetrabutylammonium dihydrogen phosphate (1 g, 

3.0 mmol) and dry acetonitrile (6 mL). A solution of the crude mesylate in acetonitrile 

(3mL) was added dropwise to the phosphate solution, and the resulting mixture 

stirred at ambient temperature for 72 h. The ion-exchange resin was prepared in the 

following way: Dowex 50W-X8,100-200 mesh (30 g, Acros Organics) was added to a 

2.5 x 25 cm fritted glass column. The resin was washed with concentrated NH4OH (4 

x 40 mL), followed by H2O to reach pH 7 and buffer (2x 40mL, 25 mM NH4HCO3 in 

49:1 H2O: IPA). The reaction mixture was concentrated in vacuo, dissolved in buffer 

(2mL) and loaded on to the ion exchange column. The column was eluted with buffer, 

and 5 mL fractions were collected. These fractions were combined and concentrated 

in vacuo. The resulting residue was dissolved in 4:2:1 ethyl acetate: IPA: H2O (7 mL) 

and purified by silica flash chromatography column using the same eluent. The 

product containing fractions were concentrated to 10 mL, frozen and lyophilized to 

O
P
O

ONH4
ONH4OH

(87)                                                                                                                (88)

1) MsCl, NEt3, CH2Cl2,
     1h, 0 oC to rt

2) Bu4NH2PO4, ACN
    72 h, rt
3) Dowex 50WX8
    ammonium form, 20%
     (three steps)



 
 

135 

yield bisammonium farnesyl phosphate as a solid white powder. The product 

containing fractions were determined using ESI-MS [M-H]- = 301.1 (50 mg, 20%).201 

 

Synthesis of (E, E)-farnesyl lipid II (63) 

 

Disaccharide (61) (53 mg, 0.04 mmol) was dissolved in anhydrous MeOH (6 

mL) and degassed with argon. Palladium on activated charcoal (10%, 0.094 mmol, 

100 mg) was added, and the suspension stirred under H2 pressure for two and a half 

hours. Then, the reaction mixture was filtered through celite, which was washed with 

MeOH, and concentrated in vacuo. The resulting phosphate was dried under high 

vacuum overnight to give a white solid. In a separate flask, (E,E)-Farnesyl phosphate 

(10 mg, 0.03 mmol) and carbonyl diimidazole (CDI) (25.0 mg, 0.153 mmol) were 

dissolved in anhydrous DMF (0.5 mL) and stirred at room temperature for 2 h. 

Farnesyl phosphate formed a cloudy mixture in DMF, which turned to a clear solution 

upon addition of CDI. Anhydrous MeOH (4 equivalents) was added, and the solution 

was stirred for 45 min. Excess MeOH was removed carefully by rotary evaporation. 

Then, the disaccharide phosphate was dissolved in anhydrous DMF (0.5 mL) and 

added to this CDI-activated farnesyl phosphate solution. The resulting solution was 
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     DMF, rt, 4d
3) NaOH, H2O/dioxane, 37 °C, 2h, 15%
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stirred for 4 days at ambient temperature and then concentrated in vacuo to yield a 

clear oil. This was dissolved in H2O:Dioxane (1:1, 2 mL), to which a solution of 1M 

NaOH (0.3 mL, 0.3 mmol, 10 equivalents) was added, and the resulting solution was 

stirred for 2 h at 37 oC . The reaction mixture changed from a clear solution to a 

cloudy one over this time period. The reaction mixture was filtered through a millipore 

filter disc, which was also washed with H2O (1 mL). Next, the crude reaction mixture 

was purified by RP-HPLC: GraceVydac Protein and Peptide C18 100 mm column 10 

micron; flow rate 10 mL/min, UV= 220 nm, method = 100 % 50 mM NH4HCO3 (aq) to 

100% MeOH over 30 min. Fractions that contained product were determined by ESI-

MS, pooled, concentrated and lyophilized to give (E,E)-farnesyl lipid ll as a white 

powder (6 mg, 14.7%); 13C-NMR (126 MHz, CD3OH) δ 179.3, 175.4, 174.5, 174.3, 

173.8, 141.9, 136.2, 132.5, 125, 121.2, 101, 75.2, 74.9, 73.5, 71.7, 63.5, 62.4, 40.2, 

32.7, 31.6, 28.6, 28.3, 27.5, 27.2, 25.7, 23.5, 23.1, 20.2, 19.3, 19.0, 17.7, 17.5, 16.5, 

16.3, 16.0; 1H-NMR (Table 4.3).  
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6-O-Benzylbromohexane (91) 

To a solution of benzylalcohol (1.44 mL, 12.8 mmol) and 1,6-dibromohexane 

(11.0 mL, 72 mmol, 5.5 eq) in toluene (70 mL) was added ground potassium 

hydroxide (3.17 g, 56.8 mmol, 4.4 eq) and tetrabutylammonium hydrogen sulfate 

(0.47 g, 0.10 eq). The mixture was stirred rapidly for 3.5 h at room temperature, then 

quenched with saturated aqueous sodium bicarbonate. The resulting solution was 

diluted with water, then extracted with water and brine. The organic layer was dried 

with sodium sulfate, and the toluene was removed under reduced pressure to give a 

clear oil (15.5516 g). This oil was distilled under house vacuum to 100 °C, and the 

residue that did not distill was collected. This residue was the title compound (3.3338 

g, 90%). [α]D25 = 0.16 (c = 1.00 g/100mL, CH2Cl2); IR (CH2Cl2 cast) 3061, 3031, 3004, 

2936, 2857, 2793, 1495; 1H-NMR (500 MHz, CDCl3) δ 7.37 – 7.31 (m, 4H), 7.31 – 

7.27 (m, 1H), 4.50 (s, 2H), 3.47 (t, J = 6.5 Hz, 2H), 3.40 (t, J = 6.8 Hz, 2H), 1.92 – 

1.81 (m, 2H), 1.69 – 1.59 (m, 2H), 1.51 – 1.36 (m, 4H);13C-NMR (126 MHz, CDCl3) δ 

38.8, 128.5, 127.8, 127.6, 73.1, 70.3, 34.0, 32.9, 29.7, 28.1, 25.6.246 
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KOH, NBu4HSO4
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138 

6-O-Benzyl-hexyltriphenylphosphonium bromide (92) 

To a solution of 6-O-benzylhexylbromide (2.11 g, 7.75 mmol) in dry acetonitrile 

(20 mL) was added triphenylphosphine (4.06 g, 15.5 mmol, 2 eq). The mixture was 

heated overnight at 80 °C, then the solvent was removed under reduced pressure to 

give a clear oil (7.09 g). Purification using flash chromatography (8% MeOH in DCM 

eluent) gave the title compound as a clear oil (3.76 g, 91%). [α]D25 = -0.22 (c = 1.00 

g/100mL, CHCl3); IR (CHCl3 cast) 3281, 3054, 2928, 2858, 2791, 2458, 1649, 1586, 

1542; 1H NMR (700 MHz, CDCl3) δ 7.9 – 7.8 (m, 6H), 7.8 – 7.7 (m, 3H), 7.7 – 7.6 (m, 

6H), 7.3 (m, 4H), 7.2 (m, 1H), 4.4 (s, 2H), 3.9 – 3.7 (m, 2H), 3.5 (d, J = 4.8 Hz, 2H), 

3.4 (t, J = 6.4 Hz, 2H), 1.7 – 1.6 (m, 1H), 1.6 (m, 2H), 1.6 – 1.5 (m, 1H), 1.4 – 1.3 (m, 

2H); 13C NMR (176 MHz, CDCl3) δ 138.7, 135.0, 135.0, 133.9, 133.8, 130.6, 130.5, 

128.4, 127.8, 127.6, 118.9, 118.4, 73.0, 70.4, 30.3, 30.2, 29.4, 26.0, 23.1, 22.8, 22.7; 

HRMS (ES) Calcd for C31H34OP [M]∗+ 453.2347, found 453.2334.247 
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1-13C-Hexanal (94) 

 
To a solution of pentylmagnesium bromide (1.75 M in diethyl ether, 4.1 mL, 0.97 

eq) in diethyl ether (7 mL) at 0 °C, was added 1-13C-dimethylformamide (0.55 mL in 

7.0 mL diethyl ether) over 25 min. The DMF was then rinsed down with diethyl ether (2 

x 2 mL) over 10 min, allowed to react for a further 5 min, then quenched with the 

addition of hydrochloric acid (2 M, 10 mL). The organic layer was removed, and the 

aqueous layer was extracted three times with diethyl ether. All organic layers were 

combined, washed once with brine, dried with magnesium sulfate, filtered and 

concentrated at room temperature under a weak vacuum (~100 mmHg) to give a light-

yellow liquid (1.1639 mL). Then, this liquid was purified via distillation (kugelrohr) to 

give the title compound as a clear oil (0.200 g, 29%). [α]D25 = 0.58 (c = 1.00 g/100mL, 

CH2Cl2); IR (CH2Cl2 cast) 3399, 2956, 2930, 2859, 1722, 1670, 1466, 1378; 1H NMR 

(600 MHz, CDCl3) δ 9.76 (dt, J = 169.8, 1.9 Hz, 1H), 2.46 – 2.38 (m, 2H), 1.64 (td, J = 

7.3, 4.6 Hz, 2H), 1.36 – 1.29 (m, 4H), 0.93 – 0.88 (m, 2H); 13C NMR (150 MHz, CDCl3) 

δ 205.8, 203.07, 98.6, 93.4, 66.4, 65.8, 63.1, 22.4, 15.2; HRMS (ES) Calcd for C6H12 

[M]+ 100.0888, found 100.0889.248 

 

 

 

N H

O MgBr

Et2O, 0 oC, 29%
H

O

(93)                                                                  (94)
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Anthracene-tridecaptin A1 (72) 

 
  

Peptide (72) was isolated as a single peak using C18 RP-HPLC (5.5 mg, 25 

%). Retention time = 39 min. 1H NMR (D2O + 10 % CD3OD, 600 MHz): δ 7.51 – 7.02 

(m,18H, Trp5-ArH + Phe9-ArH + Anth-ArH), 4.65 – 4.61 (m, 1H, Phe9-Hα), 4.55 (t, 

1H, J =7.3 Hz, Trp5-Hα), 4.39 – 4.18 (m, 7H, D-Ser4-Hα + D-Dab2-Hα + D-allo-Ile12-

Hα +Dab7-Hα + Glu10-Hα + D-Dab8-Hα + Ala13-Hα), 4.09 – 4.06 (m, 2H, Val11-Hα 

+ Ser6-Hα), 3.89 – 3.86 (m, 3H, D-Val1-Hα + Gly3-Hα), 3.70 – 3.63 (m, 2H, D-Ser4-

Hβ), 3.56 – 3.53 (m, 1H, Ser6-Hβ), 3.30 – 3.10 overlapped by MeOH (m, 4H, Ser6-

Hβ + D-Trp5-Hβ + Phe9-Hβ), 3.01 – 2.91 (m, 4H, D-Dab2-Hγ + Dab7-Hγ), 2.87 – 

2.79 (m, 1H, Phe9-Hβ), 2.70-2.64(m, D-Dab8-Hγ), 2.59 – 2.54 (m, 1H, D-Dab8-Hγ), 

2.28 – 2.10 (m, 6H, Glu10-Hγ + D-Dab2-Hβ + D-Dab2-Hβ + Dab7-Hβ + Anth-Hα), 

2.01 – 1.75 (m, 9H, D-Val1-Hβ + Dab7-Hβ + D-Dab8-Hβ + Glu10-Hβ + Val11-Hβ + D-

allo-Ile12-Hβ + Glu10-Hγ), 1.29 – 1.12 (m, 5H, Ala13-Hβ + D-allo-Ile12-Hγ), 0.90 – 

0.80 (m, 18H, D-Val1-Hγ + Val11-Hγ + D-allo-Ile12-Hγ, Hδ); HRMS (ESI) Calcd for 

C81H111N17O19 (M+2H)+2 813.9194, found 813.9182.223 
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Biotin-tridecaptin A1 (73) 

 
Peptide (73) was isolated as a single peak using C18 RP-HPLC (8.3 mg, 50.0 

%). Retention time = 22.87 min. 1H NMR (D2O, 600 MHz): δ 7.57 (d, 1H, J = 8.5 

Hz,Trp5-ArH), 7.46 (d, 1H, J = 8.2 Hz, Trp5-ArH), 7.32 – 7.25 (m, 3H, Trp5-ArH + 

Phe9-ArH), 7.21 – 7.19 (m, 4H, Trp5-ArH + Phe9-ArH), 7.11 (t, 1H, J = 7.5 Hz, Trp5-

ArH),4.67 (dd, 1H, J = 9.5, 5.3 Hz, Phe9-Hα), 4.62 (t, 1H, J = 7.1 Hz, Trp5-Hα), 4.50 

– 4.48 (m, 1H, Biotin-NHCHCH2-) 4.45 – 4.41 (m, 2H, D-Ser4-Hα + D-Dab2-Hα), 

4.35 – 4.26 (m, 5H,D-allo-Ile12-Hα + Dab7-Hα + Glu10-Hα + D-Dab8-Hα + Biotin-

NHCHCH-), 4.22 – 4.18 (m, 1H, Ala13-Hα), 4.13 – 4.10 (m, 2H, Val11-Hα + Ser6-

Hα), 4.01 (d, 1H, J = 7.5 Hz, D-Val1-Hα), 3.89 (s, 2H, Gly3-Hα), 3.75 (app. qd, 2H, J 

= 12.0, 5.4 Hz, D-Ser4-Hβ), 3.55 (dd, 1H, J = 11.5, 6.2 Hz, Ser6-Hβ), 3.31 (dd, 1H, J 

= 11.2, 5.3 Hz, Ser6-Hβ), 3.25 (d, 2H, J = 6.9 Hz, D-Trp5-Hβ), 3.19 – 3.16 (m, 2H, 

Phe9-Hβ + Biotin-NHCHCH), 3.07 – 2.97 (m, 4H, D-Dab2-Hγ + Dab7-Hγ), 2.90 – 

2.85 (m, 2H, Phe9-Hβ + Biotin-NHCHCHH), 2.73 – 2.68 (m, 2H, D-Dab8-Hγ + Biotin-

NHCHCHH), 2.61 – 2.56 (m, 1H, D-Dab8-Hγ), 2.32 – 1.78 (m, 14H, Glu10-Hγ + D-

Dab2-Hβ + Dab7-Hβ + D-Val1-Hβ + D-Dab8-Hβ +Glu10-Hβ + D-allo-Ile12-Hβ + 

Biotin-NHC(O)CH2-), 1.64 – 1.44 (m, 4H, Biotin-NHC(O)CH2CH2CH2CH2-), 1.34 – 

1.19 (m, 7H, Ala13-Hβ + D-allo-Ile12-Hγ + Biotin-NHC(O)CH2CH2CH2-), 0.96 – 0.84 

(m, 18H, D-Val1-Hγ + Val11-Hγ + D-allo-Ile12-Hγ,Hδ); HRMS (ESI) Calcd for 
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C74H113N19O20S (M+2H)+2 810.9138, found 810.9129.223 

Fmoc-tridecaptin A1 (95) 

 
 

Peptide (95) was isolated as a single peak using C18 RP-HPLC (10 mg, 20 

%). Retention time = 38 min. MS/MS: m/z 203.1 (y2), 302.2 (y3), 431.2 (y4), 578.3 

(y5), 678.3 (y6), 778.4 (y7), 865.4 (y8), 1051.4 (y9), 1138.4 (y10), 1195.5 (y11), 

1295.5 (y12), 422.2 (b2), 479.2 (b3), 566.2 (b4), 752.3 (b5), 839.3 (b6), 1039.4 (b8), 

1186.5 (b9), 1315.5 (b10), 1414.6 (b11), 294.2 (a1), 538.2 (a4), 724.3 (a5), 1386.5 

(a11). MW calculated for C79H110N17O20 1616.8108, found high resolution (FTICR-

ESI-MS)1616.8088 (M+H)+.223  
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Figure 4.1. MALDI-TOF detection of lacticin 3147 peptides 
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Residue Chemical Shifts (ppm) 
 NH Hα Hβ Hγ Other 

Lan1 Not 
found 

Not 
found 

Not 
found NA NA 

Lan2 7.935 4.687 3.111 
3.329 NA NA 

Dhb3 Not 
found NA Not 

found 
Not 
found NA 

Asn4 8.092 4.767 2.883 
 NA HD1 = 7.549, HD2 = 6.877 

Dhb5 Not 
found NA Not 

found 
Not 
found NA 

Phe6 7.862 
 

4.525 
 

3.174 
2.992 NA HD1 = 7.209, HE1= 7.267 

D-Ala7 7.868 4.233 1.215 NA NA 
 

Leu8 7.823 4.345 1.572 1.217 HD1 = 0.835, HD2 = 0.821 
 

Lan9 8.176 4.560 2.784 
3.133 NA NA 

Asp10 8.241 4.587 
 

2.731 
2.643 NA NA 

Tyr11 7.974 
 

4.101 
 

2.592 
2.524 NA HD1 = 6.562, HE1 = 6.5 

Trp12 7.923 
 

4.553 
 

3.441 
3.116 NA 

HD1 = 7.231, HE1 = 10.101, HZ2 = 
7.428, HH2 = 7.639, HZ3 = 7.173, 
HE3 = 7.107 

Gly13 7.936 
 

3.989 
3.804 NA NA NA 

Asn14 8.473 
 

4.722 
 

2.777 
2.775 NA HD1 = 7.827, HD2 = 6.727 

 

Asn15 8.342 4.771 2.718 
2.820 NA HD1 = 6.694, HD2 = 7.408 

 

Gly16 8.186 
 

3.756 
3.849 NA NA NA 

Ala17 8.100 4.075 1.123 NA NA 
 

Trp18 7.767 
 

4.566 
 

3.369 
3.121 NA 

HD1 = 7.14, HE1 = 10.029, HZ2 = 
7.375, HH2 = 7.12, HE3 = 7.562, 
HZ3 = 7.023 

Lan19 7.784 4.518 2.878 
2.834 NA NA 

Abu20 7.425 4.772 3.645 1.245 NA 
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Leu21 7.85 
 

4.743 
 

1.636 
1.564 1.509 HD1 = 0.839, HD2 = 0.828 

Abu22 8.421 4.622 3.658 1.234 NA 
 

His23 8.699 4.512 3.236 
3.191 NA HD2 = 7.057, HE1 = 7.979 

Glu24 8.771 
 3.938 1.909 2.189 

2.112 NA 

Lan25 7.118 4.550 2.873 NA NA 
 

Met26 7.786 
 

4.324 
 

1.573 
1.487 

2.239 
2.354 NA 

Ala27 8.254 4.003 1.239 NA NA 
 

Trp28 7.244 4.563 
 

3.275 
3.333 NA 

HD1 = 7.153, HE1 = 10.117, HZ2 = 
7.434, HH2 = 7.173, HZ3 = 7.101, 
HE3 = 7.553 

Lan29 7.428 4.269 2.720 
2.369 NA NA 

Lys30 7.742 
 

4.199 
 

1.829, 
1.720 

1.391 
 

HD2 = 1.644, HE2 = 2.364, HE3 = 
2.931 

Table 4.1. Chemical shift assignment of lacticin 3147 A1 alone. Some N-terminal 
residues were not observed. NA = not applicable. 
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Residue Chemical Shifts (ppm) 

 Amide 
NH Hα Hβ Hγ Other 

Lan1 Not 
found 

Not 
found 

Not 
found NA NA 

Lan2 7.885 4.675 3.094 
3.316 NA NA 

Dhb3 Not 
found NA Not 

found 
Not 
found NA 

Asn4 8.101 4.767 2.879 NA HD1 = 7.555, HD2 = 6.879 
 

Dhb5 Not 
found NA Not 

found 
Not 
found NA 

Phe6 7.865 4.521 
 

3.179 
2.996 NA HD1 = 7.212, HE1 = 7.267 

D-Ala7 7.865 4.239 1.218 NA NA 
 

Leu8 7.820 4.348 1.579 1.199 HD1 = 0.851, HD2 = 0.821 
 

Lan9 8.168 
 

4.573 
 

2.782 
3.140 NA NA 

Asp10 8.235 
 

4.595 
 

2.749 
2.642 NA NA 

Tyr11 7.977 4.103 2.581 
2.524 NA HD1 = 6.565, HE1 = 6.499 

Trp12 7.935 4.554 3.442 
3.119 NA 

HD1 = 7.236, HE1 = 10.114, HZ2 = 
7.423, HZ3 = 7.169, HE3 = 7.109, 
HH2 = 7.644 

Gly13 7.945 
 

3.997 
3.800 NA NA NA 

Asn14 8.49 4.725 2.766 
2.794 NA HD1 = 7.859, HD2 = 6.725 

 

Asn15 8.34 4.781 2.714 
2.816 NA HD1 = 6.695, HD2 = 7.411 

 

Gly16 8.194 
 

3.753 
3.852 NA NA NA 

Ala17 8.117 4.076 1.121 NA NA 

Trp18 7.765 
 

4.563 
 

3.370 
3.128 NA 

HD1 = 7.141, HE1 = 10.029, HZ2 = 
7.368, HH2 = 7.119, HE3 = 7.568, 
HZ3 = 7.023 

Lan19 7.786 
 

4.523 
 

2.889 
2.838 NA NA 

Abu20 7.429 4.782 3.611 1.242 NA 
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Leu21 7.858 
 

4.746 
 

1.640  
1.567 

1.509 
 

HD1 = 0.858, HD2 = 0.828 

Abu22 8.447 4.628 3.661 1.233 NA 

His23 8.674 4.514 
 

3.205 
3.180 

NA HD1 = 9.155, HD2 = 7.023, HE1 = 
7.872 

Glu24 8.793 
 

3.944 
 

1.902 2.187  
2.108 

NA 

Lan25 7.119 4.553 2.875 NA NA 

Met26 7.801 
 

4.323 
 

1.598  
1.519 

2.255  
2.362 

NA 

Ala27 8.237 4.017 1.235 NA NA 
 

Trp28 7.278 
 

4.562 3.281 
3.322 

NA HD1 = 7.15, HE1 = 10.112, HZ2 = 
7.434, HH2 = 7.169, HZ3 = 7.097, 
HE3 = 7.557 

Lan29 7.452 
 

4.261 
 

2.714  
2.382 

NA NA 

Lys30 7.711 
 

4.207 
 

1.834  
1.713 

1.387 
 

HD2 = 1.643, HE2 = 2.365, HE3 = 
2.928 

Table 4.2. Chemical shift assignment of lacticin 3147 A1 with lipid II. Some N-
terminal residues were not observed. NA = not applicable. 
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Residue Chemical Shifts (ppm) 
 Amide 

NH 
Hα Hβ Hγ Other 

GlcNAc 8.05 NA NA NA H1 = 4.54, H2 = 3.67, H3 = 3.88, 
H4 = 3.51, H5 = 3.29, H6 = 4.225, 
Ac = 2.01 

MurNAc 8.40 NA NA NA H1 = 5.46, H2 = 4.06, H3 = 4.09,  
H4 = 3.77, H5 = 3.85, H6 = 3.70, Ac 
= 1.98, OCH = 4.33, CH3 = 1.38  

Ala1 
 

7.92 4.217 1.406 NA NA 

Glu2 8.181 4.401 2.155 
1.910 

2.344 NA 

Lys3 8.169 4.215 1.640 
1.751 

1.407 HD = 1.407, HE = 2.946 

Ala4 
 

8.087 4.312 1.312 NA NA 

Ala5 
 

7.582 4.071 1.266 NA NA 

Farnesyl NA NA NA NA C1-H = 4.446, C2-H = 5.385, C3-
CH3 = 1.685, C4-H = 2.014, C5-H = 
2.097, C6-H = 5.105, C7-CH3 = 
1.591, C8-H = 1.973, C9-H = 2.059, 
C10-H = 5.10, C11-CH3 = 1.663, 
1.593 

Table 4.3. Chemical shift assignment of lipid II. NA = not applicable. 
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Residue Chemical Shifts (ppm) 
 Amide 

NH 
Hα Hβ Hγ Other 

GlcNAc 8.09 NA NA NA H1 = 4.540, H2 = 3.666, H3 = 
3.890, H4 = 3.507, H5 = 3.292, H6 
= 4.22, Ac = 2.031 

MurNAc 8.45 NA NA NA H1 = 5.467, H2 = 4.05, H3 = 4.09, 
H4 = 3.762, H5 = 3.880, H6 = 3.71, 
Ac = 1.99, OCH = 4.345, CH3 = 
1.383 

Ala1 
 

7.935 4.242 1.417 NA NA 

Glu2 8.175 4.304 2.170 
1.922 

2.377 NA 

Lys3 8.17 4.236 1.661 
1.777 

1.411 HD = 1.437, HE = 2.951 

Ala4 
 

8.087 4.312 1.346 NA NA 

Ala5 
 

7.584 4.084 1.301 NA NA 

Farnesyl NA NA NA NA C1-H = 4.444, C2-H = 5.393, C3-
CH3 = 1.685, C4-H = 2.031, C5-H = 
2.097, C6-H = 5.133, C7-CH3 = 
1.60, C8-H = 1.973, C9-H = 2.059, 
C10-H = 5.10, C11-CH3 = 1.663, 
1.593    

Table 4.4. Chemical shift assignment of lipid ll with lacticin 3147A1. NA = not 
applicable. 
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 Full Complex 
A1 res. 8-30 – 

lipid ll structure 

RMSD Backbone atoms 
(Å) 

2.87 0.83 ± 0.20 

RMSD heavy atoms (Å) 3.14 1.44 ± 0.23 

Table 4.5. CYANA RMSD outputs. 
 

LtnA1 
Sweep width 
(Hz) (direct, 

indirect) 
ni np nt Mix time 

(ms) γB1 (Hz) 

ZTOCSY-ES 10000, 10000 512 10000 24 80 7054 
NOESY-ES 10000, 10000 512 10000 32 100 NA 
COSY 10000, 10000 512 10000 96 NA NA 
Lipid ll  
ZTOCSY-ES 8389.26, 8389.26  256 8192 32 100 6582 
ROESY-ES 
 8389.26, 8389.26 320 8192 48 150 3300 

COSY 
 8389.26, 8389.26 256 8192 96 NA NA 

Complex 
 
ZTOCSY-ES 
 10000, 10000 512 10000 24 80 7054 

NOESY-ES 
 10000, 10000 512 10000 32 100 NA 

COSY 
 10000, 10000 512 10000 96 NA NA 

Table 4.6. NMR experiment details. ni = number of complex points collected for the 
indirectly detected dimension; np = number of real plus imaginary points for the 
directly detected dimension; nt = number of cumulative scans collected for each point 
of acquisition; γB1 = the induced B1 field for spin lock sequences. 
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