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Abstract 

 

Antimicrobial resistance is likely to be one of the foremost challenges facing the 

world this century. With the number of viable antibiotics on the decline and a dearth 

of new antibiotics approved for use since the 1980s, new solutions are sorely needed. 

Recently a new antibiotic – teixobactin – was discovered that kills bacteria effectively 

and without the development of resistance. The target of this drug is lipid II, a bacteria 

cell wall precursor. Given the attractiveness of both lipid II as a target and teixobactin 

as a drug, understanding this interaction is a source of promise for driving drug 

discovery. Presented in this study is a novel method for the synthesis of 1H13C15N lipid 

II that was used in high resolution NMR studies with fully labelled teixobactin for the 

first time. These studies were combined with novel 31P NMR experiments and TEM 

studies to provide restraints for the calculation of a structure for the lipid II-teixobactin 

complex.  

It was discovered that the N-terminus of teixobactin may be more involved in 

directly binding lipid II than previously thought. Interactions with the pentapeptide 

chain of lipid II are also reported here for the first time, as are dimensions of the 

aggregates formed by the complex. All of these findings are new insights that are not 

well accounted for in current models, suggesting that at the very least such models 

require revision. Further though, the evidence in this study suggests that the most 

likely conformation of the complex may not be a 1:1 antiparallel tetramer as currently 

suggested but in fact may favour a 2:1 parallel hexamer.
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I – Introduction 

Chapter 1 – Antimicrobial Resistance 

 The development of antibiotics revolutionized medicine and the way that 

infectious diseases are treated. The ability to treat infections that would previously 

have caused serious illness or death opened the doors for a slew of new treatments for 

a variety of ailments. The ability to routinely treat infections underlies much of modern 

medicine, allowing for procedures and lengthy hospital stays that would not otherwise 

be feasible. If our capacity to treat infection is significantly diminished, it would 

compromise the treatment of a variety of different conditions.  

1.1. Antibiotic discovery 

There is evidence of human exposure to antimicrobials since ancient times and 

there have been sporadic isolated discoveries of antimicrobial compounds throughout 

history. Mouldy bread was used to treat wounds to prevent infection in ancient Egypt1, 

and traces of tetracyclines have been found in the bones of Sudanese Nubian 

populations dating  to 350-550 C.E.2, whilst antimicrobial activity has been detected 

in a number of herbs used in traditional Chinese medicine3. 

More recently, in the 19th century Sir John Scott Burden-Sanderson observed that 

bacteria did not grow in a liquid growth culture covered in mould, in 1871 Joseph 

Lister used extract from Penicillium glaucum to treat a nurse’s injury after observing 

the fungi’s effect on bacterial growth, and in 1877 Louis Pasteur and Jules François 

Joubert noted that Bacillus anthracis could be inhibited by other common aerobic 

bacteria when cultured together. In 1899, an antibiotic drug called Pyocynase 

developed from Pseudomonas aeruginosa by Emmerich and Löw was used in 

hospitals but was eventually abandoned due to toxicity concerns4. 

The first development that would more closely resemble modern methods of 

antibiotic production came in the early 20th century by Paul Ehrlich. The observation 

that synthetic dyes could stain some microorganisms but not others led him to believe 

that chemical compounds could be synthesized specifically to target pathogens. He 

started to synthesize derivatives of Atoxyl, a drug with high toxicity, and tested the 

compounds on rabbits infected with syphilis. Eventually in 1909 he discovered a 
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compound that cured syphilis in rabbits and would eventually be marketed with great 

success as the drug Salvarsan5.  

However despite this history of use and discovery of antimicrobials, the modern 

antibiotic era began with the discovery of penicillin in 1928 by Alexander Fleming. 

The mass production of penicillin facilitated by Chain and Florey in the early 1940s 

allowed for the widespread use of the drug during world war II, demonstrating its 

efficacy. This kickstarted the golden age of antibiotic discovery which over the next 

40 years produced all the classes of antibiotics that are currently in use (Figure 1.1). 

Almost all of the antibiotics discovered during this time were natural products, 

primarily from fungi and soil. Selman Waksman – in a process similar to that 

employed by Ehrlich at the start of the century – systematically screened soil bacteria 

for antimicrobial activity and discovered numerous new antibiotics in the 1940s such 

as streptomycin6, neomycin7 and actinomycin8. This method, known as the Waksman 

platform, was the basic process used by pharmaceutical companies over the coming 

decades in the discovery of new antibiotics9. However, this resource for new 

Figure 1.1. Timeline of Antibiotic Discovery. The discovery of penicillin in the 

1920s & mass production in the 1940s kickstarted the modern antibiotic age. All 

major classes of antibiotics were discovered in this time, but no new ones have been 

found since the 1980s.  
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antimicrobials did not last forever. As the reservoir of environmental bacteria that 

could be cultivated where exhausted of antimicrobial compounds, focus had to shift 

to different methods of discovery.  

The methods used initially had been culture-based approaches such as those 

employed by Waksman – where test strains and indicator strains are grown together 

in either solid or liquid media to determine if the test strain can produce an 

antimicrobial agent that can inhibit the growth of the indicator strain. Another method 

that has been used is to screen known compounds for antimicrobial properties. Large 

libraries exist accounting for millions of chemical compounds that can be screened 

against bacteria to see if they have any antimicrobial effect10. Although there has been 

some promise to this method, it is limited by the bottleneck around the high-

throughput testing of these libraries. A similar method that can be employed is genome 

mining, where the genomes of bacteria are searched for biosynthetic gene clusters 

(BGCs) that may encode antimicrobial peptides, based on the properties of existing 

antimicrobials. An example where this has been successful is Lichenicidin11, which is 

a bacteriocin synthesised by Bacillus licheniformis. However, this method is time-

consuming and is limited by the algorithms used to attempt the challenge of predicting 

the structure and activity of the products of BGCs. As discoveries of new classes of 

antibiotics became more and more scarce, focus shifted to modifying existing 

antimicrobials. This has shown some promise with the development of drugs such as 

the cephalosporin derivative cefiderocol12, and the sisomicin derivative plazomicin13. 

But drugs produced by this method share modes of action and susceptibility to 

resistance with their parent compounds and so their long-term efficacy is limited. An 

extension of this method involves designing drugs from scratch. This involves 

synthesising entirely novel compounds using principles derived from the structure and 

properties of existing antimicrobials. Breakthroughs have been limited due to the 

complicated challenges and cost of this method, although it has produced some anti-

tuberculosis drugs4.  

The above methods have not been able to produce any new classes of antimicrobials 

in the last 30 years with no new classes discovered since the late 1980s (Figure 1.1.). 

All new antibiotics approved since then have been derivatives of existing drugs, 

members of existing classes, or members of classes that had previously been 

discovered but not yet approved for use. However, new developments in culturing 

techniques have allowed the culturing of soil bacteria that were previously not 
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culturable, yielding a novel antibiotic Teixobactin (see chapters 2.4 and 3)14. This 

method is promising because it allows a return to the most fruitful time of antibiotic 

discovery, where soil bacteria were screened for natural products. This source dried 

up because the reservoir of bacteria that could be cultured was exhausted, but this 

accounted for only 1% of total soil bacteria10. This means that there could be a 

significant source of new antimicrobials amongst the remaining 99% if these bacteria 

could be successfully cultured.  

1.2. Modes of Action of Antimicrobials 

Antimicrobials are a diverse range of compounds and can be classified in different 

ways. They can be broadly grouped according to their chemical structure, their 

mechanism of action, or the kinds of pathogens against which they are active. They 

can then be further classified into more specific classes and sub-classes based on all 

these factors and other shared attributes. 

Antibiotic classes (such as penicillins, aminoglycosides and quinolones) define 

groups of antibiotics that are structurally (and functionally) very similar. This could 

be through the sharing of more broad chemical properties though not necessarily a 

common source or precursor, such as aminoglycosides - which contain an amino sugar 

residue. Or it could be through a common precursor, such as cephalosporins which are 

derived from the natural product cephalosporin C, from Cephalosporium acremonium. 

These classes can also be grouped together based on more broad chemical similarities, 

such as the β-lactams, which encompasses all classes that contain the β-lactam ring – 

penicillins, cephalosporins, monobactams and carbapenems. 

For more clinical context, antibiotics can also be classified by the spectrum of 

bacteria against which they are active. Broad-spectrum antibiotics are effective against 

a wide range of both gram positive and gram-negative species, whilst narrow-

spectrum drugs are only active against one or a few specific species of one type or the 

other. Extended-spectrum antibiotics (in the form of extended-spectrum penicillins) 

are effective against gram positive species and some gram-negative species, but with 

the latter being far more limited than broad-spectrum antibiotics. 

Antimicrobials work by targeting key cellular processes, and act to either kill the 

cell outright (bactericidal) or to prevent further division (bacteriostatic). They can also 

be grouped according to which mechanism of action they use, with most targeting 4 

main cellular processes: i) Inhibition of cell wall synthesis, ii) Inhibition of protein 
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synthesis,  iii) Interference with DNA/RNA synthesis & iv) Disruption of metabolic 

pathways15 (Figure 1.2.).  

Inhibition of cell wall synthesis is achieved through different mechanisms by β-

lactams such as penicillins, cephalosporins, carbapenems & monobactams, or 

glycopeptides such as vancomycin and teicoplanin. The final step in the synthesis of 

the cell wall is transpeptidation of muropeptides (see chapter 2), which is catalysed by 

penicillin binding proteins (PBPs). β-lactam antibiotics are structural analogues for 

the D-alanyl-D-alanine substrate of the PBPs and irreversibly bind the PBP active site, 

preventing them from linking the peptidoglycan chains and completing cell wall 

synthesis16 (Figure 1.3). Without a complete cell wall the bacterium cannot maintain 

structural integrity and dies. Glycopeptides such as vancomycin also prevent 

transpeptidation, but instead of binding the PBPs they bind the D-alanyl-D-alanine 

substrate. This then cannot be accessed by the PBPs, preventing again this final step 

in cell wall synthesis17. There are also some antimicrobial peptides (AMPs) such as 

nisin18, mersacidin19 and teixobactin14 (further detail in chapter 2.4) that bind the final 

precursor to peptidoglycan – lipid II – and prevent its incorporation into the nascent 

cell wall. This therefore inhibits the transglycosylation step as opposed to the 

Figure 1.2. Mechanisms of Action of Antibiotics. The main cellular targets of 

antibiotics, and examples of antibiotics that target them.  
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transpeptidation step of peptidoglycan synthesis, but achieves a similar effect of 

arresting cell wall synthesis.  

The second main mechanism of action is to inhibit protein synthesis, which 

involves translation of mRNA into a polypeptide chain facilitated by ribosomes. The 

bacterial 70S ribosome consists of 2 subunits – 30S (small) & 50S (large). The process 

starts with initiation, where the 30S subunit binds to mRNA and moves along it until 

it finds a start codon, where it is joined by the 50S subunit and the first (initiator) 

Figure 1.3. Mechanism of Action of ß-Lactams. In the absence of β-lactams (a-

c), the PBP is free to bind the terminal D-Ala-D-Ala moiety of the pentapeptide and 

complete the transpeptidation reaction, cleaving the terminal D-Ala residue and 

creating a 3-4 linkage with a neighbouring peptide chain. When β-lactams are 

present (i-iii) they bind to the PBP and prevent it from binding the D-Ala-D-Ala 

moiety, preventing cross linking of PG strands. 
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aminoacyl-tRNA (which joins the complex at the A-site). During elongation, as the 

ribosome complex moves along the mRNA strand, more tRNAs are incorporated with 

anticodons that match the mRNA codon. As new tRNAs come to the ribosomes, 

previous ones release their amino acids to be added to the chain (at the P-site), exit the 

complex (at the E-site), and the whole complex moves along. During termination, the 

ribosome recognises a stop codon on the mRNA strand and releases the polypeptide 

chain20.  

Macrolides, lincosamides, streptogramins and amphenicols are examples of 

antibiotics that target the 50S subunit (Figure 1.4). These physically block access of 

tRNA to the ribosome by targeting the peptidyl transferase cavity of the 23S portion 

of the subunit21. This can prevent either the transpeptidation of aminoacyl-tRNAs to 

the nascent peptide chain, or the translocation of the tRNA within the complex, 

resulting in the production of shorter, incomplete and non-functional proteins. 

Oxazolidinones can act in a similar manner but have an additional mechanism of 

action22. If the 70S ribosome has not yet formed, they prevent the association of the 

two sub-units by inhibiting the binding of initiator tRNA, stopping the whole 70S 

complex from forming. 

Tetracyclines and aminoglycosides both target the 30S subunit of the ribosome 

(Figure 1.4). Tetracyclines bind the 16S RNA in the subunit and prevent the binding 

of aminoacyl-tRNA23. This prevents the incorporation of any new amino acids to the 

growing peptide chain and inhibiting the translation of whole, functional proteins. 

Aminoglycosides cause the formation of pores in the bacterial membrane which 

allows further drug uptake but their main target is the 30S subunit, where they disrupt 

the elongation process. This can be through the premature termination of the 

translation process as described as above. They also interfere with the conformation 

of the complex formed between mRNA, tRNA and the ribosome, promoting 

mismatching between tRNA anticodons and mRNA codons. The resulting 

mistranslation produces complete but aberrant proteins, whose incorporation into the 

cell results in cell death (for example by affecting membrane integrity through the 

production of mistranslated membrane proteins)24. This activity, directly resulting in 

cell death, makes aminoglycosides the only class of antibiotic protein synthesis 

inhibitors to be mostly bactericidal, with most of the others being generally 

bacteriostatic25.  
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Antibiotics that inhibit nucleic acid synthesis can target either DNA replication or 

RNA synthesis. DNA replication involves the unwinding of the DNA double helix, 

which leads to supercoiling and tangling/knotting further down the strand. As this 

continues, the torsion increases to an extent that would make it impossible for the 

DNA replication machinery to continue down the strand. Topoisomerases are enzymes 

that overcome this obstacle and unwind or unknot the DNA where necessary by 

cleaving the overwound DNA and passing the strands through each other before 

Figure 1.4. Antibiotics Targeting the Ribosome. a-d show the stages of ribosomal 

protein synthesis and how antibiotics disrupt them. In the first stage, the two 

subunits associate to form the ribosomal complex on an mRNA strand (a), this is 

followed by the arrival of aminoacyl-tRNA (b). These then move along the complex 

(c) to incorporate their amino acids into the growing peptide chain before exiting 

(d). 
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resealing26. Quinolones are a class of antibiotics that bind to topoisomerases (Figure 

1.5). Binding does not prevent the topoisomerases from binding and cleaving DNA 

strands, but does inhibit ligase activity, preventing the strands from being joined 

together again after unwinding27. This results in the release of DNA with double-

strand breaks and traps the enzyme complex on the strand, which prevents the passage 

of the DNA replication machinery28. DNA synthesis is stopped as a result, which 

ultimately leads to cell death. In this manner quinolones are bactericidal although they 

can be (reversibly) bacteriostatic at lower concentrations29.  

Figure 1.5. Mechanism of action of Quinolones. When DNA polymerase unwinds 

the DNA strand for replication (b,ii), it causes an increase in tension resulting in the 

supercoiling of the DNA, so topoisomerases cut the strand (c,iii) before passing the 

ends through each other and ligating them (d), releasing the tension and relaxing the 

coiling (e). Quinolones bind to the topoisomerase, which prevents the ligation of the 

severed DNA strands (iv), causing the replication process to stop when the 

polymerase complex reaches the break (v). 
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RNA synthesis involves the transcription of RNA strands from DNA by RNA 

polymerase. Once RNA polymerase has bound to a promoter sequence on the DNA, 

the strands are separated by the helicase activity of the enzyme, revealing single DNA 

strands. RNA polymerase then moves along the template DNA strand, recruiting 

complementary ribonucleotides at the 3’ end of the nascent RNA chain. Rifamycins 

are drugs that target this process, by binding to the β-subunit of RNA polymerase 

(Figure 1.6), which forms part of the active centre where RNA is synthesised and by 

which the nascent RNA strand exits.  Rifamycins prevent RNA synthesis by steric 

occlusion, but are only effective during the initiation of RNA synthesis when the new 

strand consists of only 2 ribonucleotide bases or fewer30. If the drug binds after 

Figure 1.6. Mechanism of Action of Rifamycins. In the absence of rifamycin (a-

c), RNA polymerase is free to move along the DNA strand and incorporate RNA 

bases into the growing RNA strand. In the presence of Rifamycin (i-iii), the 

antibiotic binds to RNA polymerase and prevents the addition of extra bases, 

arresting the process and preventing RNA polymerase from continuing along the 

DNA strand. 
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elongation of the RNA strand has occurred, then the process is not inhibited. 

Rifamycins are highly effective at killing bacteria cells but are more easily taken up 

by gram-negative bacteria, and so are considered bacteriostatic against gram-positive 

bacteria but bactericidal against gram-negative species31. They are however highly 

potent against mycobacteria and so are a first-line treatment against tuberculosis32.  

The final primary mechanism of action of antibiotics is to inhibit metabolic 

pathways. Sulfonamides and trimethoprim (TMP) are drugs that do just that, inhibiting 

various steps of folate synthesis (Figure 1.7). Folates (vitamin B9) refer to folic acid 

and its derivatives. The biologically active folate derivative is tetrahydrofolic acid 

(THF), which is an enzyme cofactor and acts as a one-carbon group (such as a methyl 

of formyl group) carrier in the synthesis of amino acids and nucleic acids. Folate is an 

essential nutrient that eukaryotes obtain from diet, but most prokaryotes cannot obtain 

Figure 1.7. Antibiotic Targeting of the Folic Acid Pathway. Sulfonamides & 

Trimethoprim both work by competitive inhibition of their respective target 

enzymes and are given together in one preparation. When used together, the action 

of the sulfonamide reduces competition for the inhibition by trimethoprim. 
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it from their environment and so have to synthesise it from cellular components. 

Sulfonamides act to inhibit one of the first steps of this synthesis process, where 

pteridine and para-aminobenzoic acid (PABA) are converted to dihydropteroate. 

Sulfonamides are structural analogues of PABA which allows them to competitively 

inhibit the enzyme that catalyses this reaction, dihydropteroate synthase33. TMP acts 

on a step further down in the process, competitively inhibiting dihydrofolate reductase, 

which catalyses the conversion of dihydrofolic acid to THF34. TMP is used in 

conjunction with a sulfonamide, sulfamethoxazole (SMX), as they work 

synergistically with SMX inhibiting the earlier step of the process and thereby 

reducing competition for TMP to inhibit the later step33. These antimetabolite 

antibiotics inhibit cell growth rather than cause cell death and so are bacteriostatic.  

 

1.3. Mechanisms of Antimicrobial Resistance 

Most antibiotics are natural products or are based on natural products. They are 

mostly produced by bacteria and fungi to protect against competing bacteria and so 

defence mechanisms to counter them have been developed in response. Development 

or acquisition of these mechanisms result in bacteria becoming antibiotic-resistant and 

making them difficult or impossible to treat clinically. There are different mechanisms 

through which resistance can be achieved, either focussing on the target of the 

antibiotic or on the antibiotic itself (Figure 1.8). Antibiotic-focussed strategies include 

modification (to reduce efficacy), destruction of the antibiotic by enzymes in the cell, 

or to control the concentration of the antibiotic by pumping it out of cells using efflux 

pumps or by making entry more difficult. Target-focussed strategies are usually 

focussed on modification of the target so that the antibiotic loses its efficacy, either 

through mutation or enzymatic alterations.  

Perhaps the most obvious way to protect against antibiotic activity for bacteria is 

to deny access to the interior of the cell. The cell wall provides an additional barrier 

in gram-positive bacteria, but gram-negative bacteria have a much less substantial cell 

wall and so have a much less permeable membrane to compensate, making entry for 

antibiotics particularly difficult35. Drugs that can gain access may do so through 

general porin channels such as OmpC and OmpF in E. coli. Downregulation of these 

channels can therefore reduce access to the cell and offer a degree of protection36. Also 

effective is the expression of variant channels caused by mutations, which may be 
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more selective  and through which antibiotics are no longer able to pass37. For 

antibiotics that are able to get access to the inside of the cell, an alternative way to 

deny access is to expel them using efflux pumps. Many of these pumps are able to 

transport a wide range of molecules regardless of structure, and if they are capable of 

doing this for multiple antibiotics they are known as multidrug resistance (MDR) 

efflux pumps. Whilst many bacteria contain efflux pumps that are already able to 

transport out antibiotics, this may not be enough to confer resistance unless they are 

overexpressed to a level that can remove a high enough quantity of the antibiotic to 

maintain the viability of the cell38. This can occur either due to a mutation in the 

Figure 1.8. Mechanisms of Antibiotic Resistance. Bacteria can be resistant to 

antibiotics by denying access to them (a), by removing them from the cell through 

efflux pumps (b), modifying the antibiotic target through an enzyme or a mutation 

(c), or by deactivating the antibiotic itself (d). 
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regulation pathway that causes overexpression of the gene, or can also happen in 

response to environmental triggers39. For example, some pumps have been shown to 

be upregulated in the presence of small molecules that are present in a host during 

infection38.  

For those antibiotics that are able to gain entry to the cell, access to the target can 

be denied by inactivation through either modification or destruction of the antibiotic. 

β-lactamases are enzymes that confer resistance against β-lactam antibiotics by 

hydrolysing the β-lactam ring, deactivating the antibiotic. These are the most notable 

examples of such enzymes and their existence has been known almost since penicillin 

was discovered40. There is a diverse range of β-lactamases that are active against one 

or more β-lactam antibiotics and have resulted in widespread β-lactam resistance41. 

Macrolide esterases work in similar fashion to deactivate macrolides, by hydrolysing 

the ester bond through which macrolides are cyclized, opening the ring structure and 

rendering the antibiotic inactive35. Another way that enzymes can modify antibiotics 

(as opposed to by hydrolysis) is by group transfer to exposed amine or hydroxyl groups 

on the antibiotic, changing its structure enough to inactivate it. For example, 

Acyltransferases can acylate exposed hydroxyl and amino groups of streptogramins, 

aminoglycosides, and amphenicols42. Aminoglycosides43 (as well as macrolides44 and 

some peptides45) are also susceptible to phosphotransferases, which achieve a similar 

effect by the addition of a phosphate group to hydroxyl groups, usually using ATP as 

a phosphate donor. Aminoglycosides46 and lincosamides47 are also able to be modified 

by nucelotidyltransferases, which transfer nucleoside monophosphate groups from 

nucleoside triphosphate donors. Other (less common) methods of modification include 

ADP-ribosylation of rifampin48, nucleophilic ring destruction of fosfomycin by 

thioltransferases49, glycosylation of macrolides50, cycle breaking of streptogramin by 

lyases51, and oxidation of tetracyclines52. The net effect of these processes is to add 

structural components (or alter existing ones) to an extent that will prevent interaction 

with the target molecule (such as RNA in the ribosome). 

Failing the denial of entry or the inactivation of antibiotics, bacteria can also gain 

protection against them by modifying the antibiotic target. Most antibiotics bind very 

specifically to their targets so slight alterations can dramatically reduce binding 

affinity and therefore efficacy. This can be achieved by a mutation in the DNA 

sequence for the target molecule, which may reduce the binding affinity of the 
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antibiotic enough to confer resistance. Alternatively, a similar effect can be achieved 

by modification of the target by enzymes. For example, methylation of the 16S or 23S 

RNA in the ribosome is enough to prevent macrolides, lincosamides streptogramins, 

chloramphenicol and oxazolidinones from binding38. Resistance can also be achieved 

through protective molecules, such as pentapeptide repeat proteins (PRPs) that bind 

topoisomerases and promote the release of quinolones, conferring resistance against 

those antibiotics53.  

1.4. Rise of Antimicrobial Resistance 

The development of antimicrobial resistance is not a novel phenomenon, with 

knowledge of its existence dating back to before penicillin was first used as an 

antibiotic40. These mechanisms have always existed to protect bacteria from the 

harmful natural products produced by competing species, which form the majority of 

our current antibiotics. The continued and increasing use of antibiotics though has 

caused the incidence of resistant bacteria to increase rapidly.  

Described above are how mutations can confer antibiotic resistance to individual 

cells, but for the problem to become clinically relevant this resistance must proliferate 

and spread. Such mutations can be transferred to other cells via either horizontal or 

vertical gene transmission (Figure 1.9). Vertical transmission refers to the traditional 

method of inheritance involving cell division, with daughter cells receiving copies of 

the mutated gene from a single parent cell where the mutation originally occurred or 

was acquired. Horizontal gene transfer (HGT) on the other hand takes place between 

different bacteria cells, which can belong to different strains or even species, and can 

happen by different mechanisms. Conjugation is the process through which genetic 

material is directly transferred between 2 bacteria cells. Direct contact between the 

two cells is required, often facilitated by a pilus, and plasmids are exchanged54. 

Transduction is similar in that it involves the transfer of material directly between 

cells, but it does not require contact and occurs when a bacteriophage transfers genetic 

material from one cell to another55. Finally, transformation is when bacteria acquire 

genetic material that has been released into the environment by other cells after lysis56. 

These methods all offer routes for the transmission of resistance genes between 

different strains and species of bacteria, meaning that they are not limited to the strain 

in which they arose.  
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In an ordinary population of bacteria, any mutations that occur or are acquired may 

not increase the fitness of a cell and so in the absence of any selective pressure the 

mutant strain may not survive or proliferate to any significant level. However, if that   

same population of bacteria is exposed to a selective pressure such as an antibiotic 

against which individual cells may have resistance, non-resistant cells are likely to be 

killed whilst resistant cells are likely to survive (Figure 1.10). This leads to the 

transformation of the population to be more predominantly resistant. This in turn 

produces more resistant cells which can then grow and spread to other environments 

& populations and increases the chances of the passage of resistant genes to non-

resistant strains or species. The rate of occurrence of mutations that may confer 

resistance is quite high due to the rate at which bacteria divide and their small genome 

size. For example, a single Staphylococcus aureus bacterium grown in optimum 

Figure 1.9. Means of Genetic Transmission in Bacteria. Vertical transmission (a) 

is the traditional form of parent-daughter genetic inheritance. Horizontal 

transmission refers to 3 different process: Transduction (b) is the transmission of 

genetic material between different bacteria cells via a phage. In conjugation (c) 

bacteria transmit genetic material through direct contact with each other. When 

bacteria are lysed and release genetic material into the environment that is taken up 

by other bacteria, the process is called transformation (d). 
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conditions can grow into a population of millions in which every theoretical mutation 

that could occur would have occurred in less than two days57. Even if this process 

takes longer in non-optimal conditions (such as during infection) it demonstrates that 

any population of bacteria is likely to have cells that are resistant to one or more 

antibiotics. As such, any use of antibiotics must be carefully considered and precisely 

targeted as inappropriate usage may promote the growth of resistant strains over non-

resistant ones. Such misuses of antibiotics in clinical and environmental settings are 

the main factor behind the dramatic increase in incidence of antibiotic resistance in 

the late 20th and early 21st centuries.  

The misuse of antibiotics can contribute to the rise and spread of resistance in 

different ways. The use of subinhibitory concentrations of antibiotics can alter the 

behaviour of bacteria without killing them. The low concentrations are not enough to 

inhibit them but the bacteria recognise their presence nonetheless, stimulating a 

general stress response that significantly alters gene expression. This contributes to an 

increase in virulence and higher rates of mutagenesis and HGT, both of which can 

drive the development of resistance57. As described above, using antibiotics promotes 

the spread of resistance by selecting for resistant bacteria. This is true not only 

Figure 1.10. Rise of Resistance in a Population of Bacteria. Under normal 

conditions the development of resistance may not provide an advantage and so may 

be outcompeted by the rest of the bacteria (a-c). If however an antibiotic is 

introduced, it can kill all the non-resistant bacteria, allowing the resistant strain to 

thrive and multiply, with the resistant strain becoming the predominant strain (i-iii). 
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amongst pathogens but also amongst the host microbiome. Commensal or mutualistic 

bacteria in humans are as affected by antibiotics as pathogens, and so are also a source 

through which resistant bacteria can be selected for. Further, the inhibition of host 

microbiota removes a source of competition for the (resistant) pathogen, increasing 

the chances that a resistant pathogen will be able to survive post-treatment58. It is clear 

therefore how overuse of antibiotics can dramatically increase the rate at which 

resistance can develop. But despite this, misuse and overuse of antibiotics are a 

rampant problem, with up to 60% of all antibiotics prescribed being unnecessary59.  

This happens in hospitals, with studies suggesting that as much as 30% of outpatient 

antibiotic prescriptions60 and up to 60% of ICU antibiotic prescriptions could be 

inappropriate59. However, misuse in the community is likely to be higher, which 

compounds the issue because outside of Europe and North America, direct to 

consumer antibiotics account for anywhere between 18-100% of antibiotic use, 

depending on the country61.  

This paints a picture of how common antibiotic misuse and overuse is in humans, 

but the majority of antibiotics are in fact used in agriculture. In the USA, 80% of all 

antibiotic use is by the agricultural industry62, and 62% of those are antibiotics that are 

also used in clinical settings63. In most cases these are used to promote growth and 

prevent infection, as opposed to treating infections64. This widespread use drives 

resistance as described above, and these resistant strains can spread to humans in 

different ways. They can reach consumers through the food supply, or through the 

environment. As much as 90% of the antibiotics used in livestock farming are excreted 

by the animals and spread around the environment through fertilizer, ground water 

and surface runoff65. This exposes the environmental microbiome to selective 

pressures that can promote the survival of resistant over non-resistant strains, further 

driving the prevalence of antibiotic resistance. These resistant strains can also pass to 

humans, for example a study of babies in India found that Enterobacteriaceae with 

resistance to extended spectrum β-lactamases were present in the gut microbiome of 

3 times as many babies 60 days after birth compared with one day after birth, 

suggesting the colonisation of these resistant strains from the environment66. 

1.5. Current state & Outlook 

The number of infections caused by antimicrobial resistant bacteria is already at a 

significant level and rising, with estimates suggesting that antimicrobial-resistant 
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infections cause at least 700,000 deaths per year67. Bacteria of note that cause these 

are methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 

enterococci (VRE), resistant strains of Streptococcus pneumoniae & Mycobacterium 

tuberculosis and pan-resistant gram-negative bacilli. MRSA has spread worldwide 

with a high incidence in countries round the globe68. It is the most frequently occurring 

antibiotic-resistant infection64 and whilst rates of MRSA in hospital-acquired 

infections (HAIs) have recently declined thanks to infection control measures (such as 

aggressive hygiene policies), prevalence in the community has increased 

dramatically64. It is estimated that between 20-30% of the human population carry 

MRSA permanently, with another 60% carrying it at some point during their life69,70. 

VRE causes a range of illnesses although infection usually occurs in health care 

settings and produces significant challenges for the provision of healthcare. Around 

30% of all enterococcal HAIs are vancomycin resistant, causing deaths in around 6.5% 

of those cases71. S. pneumoniae is the main cause of bacterial pneumonia worldwide 

and is of particular danger in adults over 50 years of age. 30% of infections are fully 

resistant to any drugs, though the impact of this is mitigated somewhat by vaccines 

that exist to protect against these infections71. Treatment of tuberculosis (TB) is 

complex even without resistant strains, and it is the leading cause of death from an 

infectious disease, causing 1.5 million deaths worldwide (it is estimated that 25% of 

the world’s population carries a latent TB infection)72. Of these, around 170,000 

deaths are from drug-resistant TB strains73, which complicates an already difficult 

management regimen, especially in the case of multidrug-resistant TB (MDR-TB) and 

extensively drug resistant TB (XDR-TB) that are resistant to 2 or at least 3 first line 

treatments respectively. There is a greater mortality associated with these, as 

treatments are only successful in 39% of XDR-TB cases and 56% of MDR-TB cases74. 

Gram negative bacilli consist of a variety of species that cause respiratory infections 

(e.g. Pseudomonas aeruginosa), urinary infections (e.g. Escherichia coli) or 

gastrointestinal infections (Salmonella spp and Helicobacter pylori). Among these are 

rising numbers of Enterobacteriaceae, P. aeruginosa and Acinetobacter that are 

resistant to all or almost all antibiotics, resulting in untreatable infections64. 

These infections can not only arise as primary infections but also as secondary 

HAIs. That the above-mentioned species can cause infections in the skin (MRSA), 

urinary system (VRE, gram-negative bacilli), respiratory system (S. pneumoniae & M. 

tuberculosis), gastrointestinal system (MRSA, gram-negative bacilli) as well as 
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bacteraemia and meningitis demonstrate the wide reach of these resistant strains. This 

means that they can develop as HAIs from a range of primary treatments and that all 

medical fields are affected. The impact of these resistant HAIs compounds the burden 

of primary infections from resistant strains. For example, due to prophylaxis only 0.5-

2% of hip replacement patients currently develop an infection, and those that do are 

successfully treated. If resistance spreads to the point that prophylaxis and treatment 

is no longer viable, it is estimated that the infection rate will increase to 40-50% and 

that a third of those who develop an infection would die75. Such procedures would no 

longer be viable which would in turn increase morbidity rates as those who would 

have needed the procedure would be unable to receive treatment. Extrapolating this 

example to other medical procedures from simple surgeries to complex cancer 

treatments, it is clear to see how antibiotic resistance can undermine much of the 

current healthcare system. 

If the rise of AMR continues unchecked, by 2050 it is estimated that it will result 

in 10 million deaths a year, over 14 times the current amount and more deaths than are 

caused annually by cancer76. By that time it is estimated that 300 million people will 

have died prematurely of antibiotic-resistant infections76. When combined with the 

secondary effects of AMR (such as the decrease in viability of other medical 

procedures) it is estimated that the world will lose 210 trillion USD, almost 7% of its 

GDP by 205076. It is therefore imperative that every effort be taken to stem and reverse 

the rise of AMR. This may consist of policies to control infections such as more 

stringent hygiene protocols, more appropriate use of antibiotics to stop the 

development of resistance, and the development of new drugs.  
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Chapter 2 – Lipid II 

A promising target for the development of new antibiotics is lipid II, which is the 

final precursor in cell wall synthesis in bacteria. It is synthesised in the cell and 

anchored to the inner membrane, where it is flipped to the outer membrane and 

incorporated into nascent peptidoglycan strands by PBPs. 

2.1. General Structure & Variants 

Although there is some variation between species, lipid II consists of a few basic 

structural elements that are conserved. There are the two sugar residues, usually N-

Acetylglucosamine (GlcNAc) and N-Acetylmuramic acid (MurNAc) that will form 

the repeating disaccharide units of the peptidoglycan strands. There is also a 

pentapeptide chain that is conjugated to the muramyl group of the MurNAc sugar, that 

will go on to form cross links between the peptidoglycan strands. The MurNAc residue 

Figure 2.1. Lipid II Structure & Variants. Variations in the general structure are 

displayed in different colours. The only sugar variations that exist prior to 

incorporation into PG is the replacement of the N-acetyl group with an N-glycolyl 

group in mycobacteria species (red). The other variations are in the pentapeptide 

chain, with the most common residue underlined and the other variants listed 

underneath. The penultimate D-Ala residue is the only position for which there are 

no known variants. 
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is attached to a pyrophosphate group, which is attached to an undecaprenyl (C55) chain 

that anchors the whole molecule to the membrane77. 

This general structure is conserved across lipid II from different species but there 

are some variations (Figure 2.1). Whilst the final peptidoglycan strands contain 

alterations such as O-acetylation or N-deacetylation, these are introduced after the 

sugar residues have been incorporated into the nascent strand, and O-acetylated or N-

deacetylated lipid II have not been reported78. However, the N-glycolylation of 

peptidoglycan in Mycobacterium and Actinomyces species takes place during the 

synthesis of lipid II and so is reflected in the presence of N-glycolylated lipid II79. 

These species contain N-glycolylmuramic acid (MurNGlc) lipid II, resulting in 

peptidoglycan strands that contain GlcNAc and MurNGlc as the repeating sugar 

subunits. Although some species may contain exclusively the N-glycolyl variant of 

muramic acid in certain growth conditions, it is more common to express a mixture of 

both that and the normal N-acetyl variant80. The precise reasoning for this alteration 

is unclear, but it could confer protection against the action of lysozyme in the host 

immune response and to β-lactam antibiotics. Mycobacteria also are unique in that 

they may synthesize lipid II with a different length lipid tail. At least one species 

(Mycobacterium smegmatis) expresses lipid II with a decaprenyl (C50) chain instead 

of the usual undecaprenyl chain80.  

The most common source of variation in lipid II is the pentapeptide chain, with 

different species expressing different amino acids at all but one of the positions in the 

chain. The first amino acid in the chain, which is conjugated to the muramyl group of 

the MurNAc residue is L-Alanine in most species. In Mycobacterium leprae81 & 

Brevibacterium imperiale82 however, the first position in the chain is occupied by 

Glycine, whilst in Butyribacterium rettegeri L-Serine takes up the first position83. The 

enzyme that adds this residue in variant species tends to be able to utilise 2 or more of 

these options and the variations could be accounted for by growth conditions81. 

The second amino acid is initially γ-D-glutamate in all species, but in most gram-

positive species and in mycobacteria, this is later converted into D-glutamine82. A rare 

case is that of Microbacterium lacticum, where the initial γ-D-Glu residue is converted 

to threo-3-Hydroxyglutamate84.  

The greatest variation between different forms of lipid II occurs at the 3rd position 

in the peptide chain, which has a key role in the formation of cross-linkages during 
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peptidoglycan synthesis. This position is usually occupied by a diamino acid, such as 

L-lysine in most gram-positive species, and meso-Diaminopimelic acid (DAP) in most 

gram negative-species, mycobacteria and bacilli82. Other, less common residues found 

at this position include L-Ornithine (found in Spirochetes85, Thermus thermophilus86 

& Bifidobacterium globosum87), D-Lys (Thermotoga maritima88), LL-DAP 

(Streptomyces spp.89 & Propionibacterium spp.90), Lanthionine (Fusobacterium 

nucleatum91) and L-2,4-Diaminobutyrate (L-DAB, some corynebacteria92). Whilst 

these are all diamino acids, in rare cases monoamino acids may also be added at the 

3rd position, such as L-Homoserine (Corynebacterium poinsettiae92), L-Ala 

(Erysipelothrix rhusiopathiae93), and L-Glu (Arthrobacter sp. J3994).  

The only position of the pentapeptide chain in which there is no variation is position 

4, which is also a key position in the formation of cross-linkages in peptidoglycan. D-

Alanine is universally expressed at this position82. The fifth and final position in the 

chain is occupied by D-Ala in almost all species. Exceptions include D-Ser in 

Enterococcus spp.95, which may also exhibit D-Lac in the final position as in 

Lactobacillus casei, Pedicoccus pentosaceus and Leuconostoc mesenteroides96. These 

variants are significant in that they confer resistance to vancomycin, which binds the 

terminal D-Ala-D-Ala moiety of the pentapeptide chain of lipid II (see chapter 1.2) 

2.2. Synthesis  

The lipid II synthesis process involves the Mur ligase family of enzymes (Figure 

2.2). In the first stage, free UDP-GlcNAc in the cell must be converted to UDP-

MurNAc. This is a two-step process where MurA first uses phosphoenolpyruvate 

(PEP) as an additional substrate to produce enoyl-pyruvoyl UDP-GlcNAc97, which is 

then reduced to UDP-MurNAc by MurB using NADPH as an electron donor98. The 

first three amino acids are then added in order by MurC99  (L-Ala/Gly/L-Ser), MurD100 

(γ-D-Glu) and MurE101 (L-Lys/meso-DAP/L-Orn etc.) to create UDP-MurNAc 

tripeptide. The final two amino acids are added as a dipeptide (usually D-Ala-D-Ala) 

by MurF101. This produces UDP-MurNAc pentapeptide, which in mycobacteria can 

be converted to UDP-MurNGlc pentapeptide by the namH hydroxylase enzyme102. 

The UDP-MurNAc (or UDP-MurNGlc) pentapeptide is then conjugated to the lipid 

carrier in the inner membrane (usually undecaprenyl phosphate) by mraY103, 

producing lipid I and releasing the nucleotide carrier as UMP. MurG completes the 
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lipid II synthesis process by attaching GlcNAc from free cellular UDP-GlcNAc to the 

MurNAc residue of the lipid I molecule104.  

 

Figure 2.2. Synthesis of Lipid II. Lipid II synthesis begins with UDP-GlcNAc, 

which is converted to UDP-MurNAc. The amino acids of the pentapeptide chain are 

then added in sequence, and then the UDP is exchanged with the lipid carrier in the 

membrane to produce Lipid I. Another UDP-GlcNAc molecule is then conjugated 

to the UDP-MurNAc moiety to produce lipid II. New additions at each stage are 

shown in green. 
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2.3. Peptidoglycan Synthesis 

The primary role of lipid II is to serve as the final precursor to peptidoglycan (PG) 

in cell wall synthesis (Figure 2. 3). The final lipid II molecule is embedded in the inner 

membrane. In order to be used as a substrate for the forming of new PG strands, it 

must be flipped across the membrane by lipid II flippases such as FtsW/RodA105, 

MurJ106 and Amj107. It is unknown however which one or more of these candidates do 

in fact flip lipid II across the membrane as results have been inconclusive and 

sometimes contradictory between in vitro and in vivo assays. 

Once it has crossed the inner membrane, the sugar residues and attached 

pentapeptide can be added to the growing glycan chains by glycosyltransferases 

(GTases) in a process called transglycosylation (TG). This results in a β−1,4 

glycosidic linkage between the new disaccharide and the existing chain108. Once the 

new sugars have been incorporated into the chain in this manner, parallel chains are 

stabilised in a process called transpeptidation (TP). This is catalysed by 

transpeptidases (TPases) that form linkages between the peptide chains on MurNAc 

residues of one glycan chain to the peptide chains of MurNAc residues on another 

glycan chain, strengthening the PG macrostructure. This involves the cleavage of the 

terminal D-Ala-D-Ala bond on the pentapeptide, and then the linking of the carboxyl 

group of the remaining D-Ala residue to the side chain amino group of the third amino 

acid in the pentapeptide chain of a MurNAc residue on a neighbouring strand108. This 

is termed a 3-4 cross-linkage as it links the 3rd amino acid in one chain to the 4th in 

another. These linkages can be direct as described above, or can be constructed 

through an interpeptide bridge as in Staphylococcus aureus where a pentaglycine chain 

facilitates the 3-4 cross-linkage109. Other, less common linkage patterns include 3-3 

cross-links (which are the predominant form in M. tuberculosis110), 2-4 cross-links in 

Corynebacteria111 and 1-3 cross-links in Acetobacteria112.  

These reactions are facilitated by penicillin binding proteins (PBPs), which may be 

monofunctional TPases or bifunctional GTase-TPases that can catalyse both TG and 

TP reactions. Once this process has been completed, the basic PG structure has been 

assembled and final modifications can take place as mentioned above. N-deacetylation 

of the amino groups on the sugars and O-acetylation of the C6-OH group are carried 

out by peptidoglycan deacetylases (such as pgdA)113 and by peptidoglycan O-

acetyltransferases (such as OatA114), respectively. Other modifications include the 
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conversion of terminal MurNAc residues of glycan strands to 1,6-AnhydroMurNAc 

by lytic transglycosylases, especially in gram-negative bacteria. PG in spores may also 

contain muramic acid δ-lactam formed between the lactyl group and amino groups of 

MurNAc residues. This can only occur if the MurNAc residue has been deacetylated 

at the amino group and the peptide chain has been cleaved by carboxypeptidases to 

leave the lactyl group free78.  

Figure 2.3. Peptidoglycan Synthesis.  Lipid II is first flipped across the membrane 

by lipid II flippases (a). It is then incorporated into the growing PG strand through 

transglycosylation by PBPs (b). Finally, PBPs carry out a transpeptidation reaction 

between neighbouring peptide chains and cross-link the strands.  
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2.4. Antibiotics that Target Lipid II 

Lipid II is such a vital precursor in cell wall synthesis, which makes it an attractive 

target for antibiotics. That it is generally well conserved across different bacteria and 

that there are non-protein parts of the molecule (that would otherwise be susceptible 

to resistance from mutations) make it an ideal candidate for antibiotics to target.  

The most notable antibiotic that targets lipid II is vancomycin, which is used as a 

last resort against gram-positive infections that are resistant to other antibiotics. 

Vancomycin is a glycopeptide produced by the soil bacterium Amycolatopsis 

orientalis and consists of a 7 amino acid peptide core with a disaccharide (glucose and 

vancosamine) attached at the 4th residue115 (Figure 2.4). The sugars are likely to be 

key for the dimerization of the antibiotic, which is likely to be an important part of the 

mechanism of action. It works by forming hydrogen bonds with the D-Ala-D-Ala 

terminus of the peptide chain and preventing cross linkages from being formed 

through transpeptidation116 (Figure 2.5). This destabilises the PG macrostructure and 

prevents cell wall synthesis from continuing. In resistant strains, the pentapeptide 

chain terminus is D-Ala-D-Lac instead of D-Ala-D-Ala, to which vancomycin cannot 

bind, allowing cell wall synthesis to continue uninhibited117.  

Lipid II is also targeted by lantibiotics, which contain a lanthionine ring in either 

an elongated (class A lantibiotics) or globular (class B lantibiotics) structure118. Class 

A lantibiotics such as nisin are the more effective class as they have multiple 

mechanisms of action, where they form pores as well as binding lipid II. Nisin is a 34 

amino acid peptide that has 5 lanthionine rings. Rings 1-3 are separated from rings 4-

5 by a flexible hinge region (Figure 2.4). The first two rings are involved in the 

formation of the pyrophosphate binding cage that targets the lipid II pyrophosphate 

moeity18 (Figure 2.5). A conformational change then takes place about the flexible 

hinge region, which allows the third ring to embed into the membrane surface and 

insert the rest of the molecule including rings 4-5 into the membrane. Once 4 such 

nisin-lipid II complexes have formed in the membrane, another 4 nisin molecules 

arrive to complete pore formation, creating a pore in the membrane consisting of 4 

lipid II molecules and 8 nisin molecules118. So nisin and class A lantibiotics not only 

inhibit bacteria by binding lipid II and preventing it from being incorporated into the  
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Figure 2.4. Structures of Antibiotics that Target Lipid II. The Structures shown 

are of the lantibiotics Nisin (a) and Mersacidin (b) as well as the glycopeptide 

Vancomycin (c) and the depsipeptide Ramoplanin (d). Lanthionine rings of the 

lantibiotics are numbered in red and the flexible hinge regions for both are coloured 

in orange. The disaccharide of vancomycin is show in purple.  
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cell wall, they also actively use lipid II as a membrane anchor to form pores through 

which cellular contents can escape, directly contributing to the killing of the cell.  

Class B lantibiotics such as mersacidin on the other hand only bind to lipid II to 

inhibit cell wall synthesis, they do not share the pore-forming capabilities of the class 

A compounds. Mersacidin is a 19 amino acid peptide that contains 4 lanthionine rings 

with a hinge region separating the first two from the second two (Figure 2.4). It is 

known that mersacidin binds at least partially to the GlcNAc residue, or at least 

requires its presence as it does not bind to lipid I, which lacks the GlcNAc residue of 

lipid II119 (Figure 2.5). The hinge region provides the means through which a 

conformational change is achieved when bound to lipid II, exposing charged groups 

which may be involved in electrostatic interactions when binding120. Once bound, lipid 

II is sequestered by the mersacidin and cannot be used for PG synthesis, halting that 

process and leading to cell death. Lantibiotics are not suitable for clinical use as they 

are unstable at physiological pH and have poor bioavailability (as well as some 

toxicity concerns) but are used for food preservation121.  

Another kind of antibiotic that targets lipid II are depsipeptides, such as ramoplanin 

and teixobactin (Figure 2.4, see chapter 3 for the latter). Ramoplanin has a core lipid 

II-binding sequence between residues 2-10 which seems to bind to the pyrophosphate-

MurNAc-pentapeptide area of lipid II122 (Figure 2.5). It works in the same way as 

mersacidin and the class B lantibiotics in that its binding prevents lipid II from being 

used for PG synthesis.  
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Figure 2.5. Mechanism of Actions of Antibiotics Targeting Lipid II. Nisin binds 

initially around the pyrophosphate moiety before inserting itself into the membrane 

and forming a pore complex with a total of 8 nisin molecules and 4 lipid II molecules 

(a). Vancomycin binds to the terminal D-Ala-D-Ala residues, preventing cross-

linking between PG strands (b). The target areas of ramoplanin (pyrophosphate-

MurNAc moiety) and mersacidin (which requires the GlcNAc residue for binding) 

are also shown (c). 
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Chapter 3 – Teixobactin 

3.1. Discovery & Structure 

As discussed above (see chapter 1.1), the most fruitful source of novel antibiotics 

has been soil bacteria, a resource that had been effectively exhausted as all culturable 

species have been screened, with the remaining 99% not being amenable to culture in 

laboratory conditions. Development of new methods to culture these remaining 

bacteria then are the subject of significant interest and study. One such method utilises 

the iChip device123. This is a multichannel device in which a diluted soil sample can 

be placed such that approximately a single bacterium occupies each channel. The 

device is then placed back in the soil after having been covered by two semi-permeable 

membranes that allow the passage of nutrients and growth factors from the soil. This 

simulates the natural environment for the bacteria, which are able to grow and form 

colonies. These colonies are more amenable to cultivation, which results in growth 

recovery of 50%, compared to 1% of cells from soil that will grow on a petri dish 

without this process. This significantly increases the number of culturable species and 

the potential for soil bacteria as a source of new antibiotics. 

In one such study using this method, 10,000 isolates were obtained and extracts 

were screened for antibacterial activity by being overlaid on plates with S. aureus. A 

new species of β-protobacteria, Eleftheria terrae showed promising activity14. Further 

Figure 3.1. Structure of Teixobactin. Teixobactin contains a mixture of D & L 

amino acids as well as the unusual residue Enduracididine at position 10. The Ile11 

residue forms a lactone ring with Thr8. 
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testing on a partially purified active fraction of this new species found a new 1,242 Da 

compound that was previously unknown, and determined to be the cause of the 

antimicrobial activity. The molecule was named teixobactin and its primary structure 

determined by NMR and Marfey’s analysis. The structure contains rare or non-

proteinogenic residues including 4 D-amino acids, as well as N-methylphenylalanine 

(NMP) at position 1 and enduracididine (END) at position 10 (Figure 3.1). The 

Threonine at position 8 and the Isoleucine as position 11 are linked together by an 

ester bond, creating a tetrapeptide macrocyclic ring structure and making the molecule 

a depsipeptide. These unusual features, in particular the uncommon End10 residue have 

made efficient synthetic synthesis of the molecule difficult to achieve. 

3.2. Efficacy  

Screens showed that teixobactin displayed strong activity against many gram-

positive pathogens, especially against strains that have been difficult to treat and have 

resistance to other antibiotics. However, it showed poor activity against gram-negative 

bacteria (Table 3.1). The compound also showed no activity against mammalian cells, 

nor did it show haemolytic activity or bind DNA14. 

In the initial findings, teixobactin was tested for resistance in M. tuberculosis 

(plating with low teixobactin doses) and S. aureus (serial passage with sub-MIC 

concentrations) but no resistant mutants of either species were obtained14. Further 

studies have shown that whilst resistance to teixobactin can arise from mutations 

relating to cell wall modulation, lipid synthesis and energy metabolism, these may be 

costly for the bacteria and are not likely to arise in clinically relevant timescales124. 

Teixobactin resistance evolved only after 45 days to a magnitude that was 300-fold 

less than moenomycin A (which inhibits GT enzymes during PG synthesis, and has 

been used in animal husbandry for 45 years without the development of strains with 

any meaningful resistance). 

To determine its potential as a therapeutic, in vivo studies were carried out on 

teixobactin in mice where it was found to be stable, retained potency in serum, and 

had low toxicity14. Mice were infected with a dose of MRSA that has a 90% death rate 

in a septicaemia model of infection, then treated with teixobactin one hour post 

infection. All animals survived and the PD50 was determined to be 0.2mg/kg which 

compares favourably to the PD50 of 2.75mg/kg for vancomycin (the drug currently 

used as a last resort to treat MRSA, see chapters 1.2 and 2.4). Teixobactin was also 
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found to be highly effective in a thigh model of infection against both S. aureus and 

S. pneumoniae.  

Teixobactin then, is both highly effective and unlikely to fall victim to resistance. 

This makes it a very attractive candidate for an antibiotic to treat gram-positive 

infections. It is especially promising for treating multi-resistance infections that are of 

high concern in healthcare settings such as MRSA and VRE. However, the synthesis 

process for teixobactin is long and costly, and it has poor oral bioavailability125. And 

so currently, the only potentially viable form of administration is intravenously. 

Understanding the specifics of how teixobactin works is therefore key for the design 

of future variants to try and resolve these issues.  

 

3.3. Mechanism of Action 

As mentioned above, teixobactin was effective against gram-positive bacteria but 

not gram-negative species. An exception to this was E. coli asmB1 which has a 

permeable outer membrane, suggesting a cell wall-related target. Treatment of whole 

cells with the compound led to the build-up of UDP-MurNAc-pentapeptide (a cell wall 

precursor, see chapter 2), suggesting that one of the membrane associated steps of PG 

synthesis was blocked14. 

Teixobactin showed good activity against most gram-positive species. It was less 

effective against gram-negative species, although recovered some activity against E. 

coli (asmB1), which has a permeable outer membrane14. *Penicillin-resistant.  

 

Table 3.1. Efficacy of Teixobactin. 
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Further analysis showed that teixobactin formed a stable complex with lipid I, lipid 

II (PG precursors) and lipid III (a wall teichoic acid (WTA) precursor). Antimicrobial 

activity against vancomycin-resistant enterococci suggests that it targets lipid II at a 

different moiety to vancomycin (see chapter 3), most likely the pyrophosphate-sugar 

moiety (as teixobactin was able to bind undecaprenyl-pyrophosphate, but not 

undecaprenyl-phosphate). This effect was evident at a 1:1 molar ratio of 

teixobactin:lipid II but was most pronounced at a 2:1 ratio, suggesting the formation 

of a 2:1 stoichiometric complex. 

Numerous analogues of teixobactin have since been developed, with studies of 

variants at every position providing insight into its mechanism of action (Figure 3.2). 

Efforts to substitute the first N-Me-D-Phe residue showed that this element was key as 

its replacement or removal led to a loss of activity126–133. However, alterations to the 

residue were better tolerated, as the removal of the methyl group led to a decrease but 

not complete loss of potency129, and para-substitutions in the phenyl ring were not 

only tolerated but in some cases increased potency134,135. Variations in the second 

residue, L-Ile, or any of the other Ile residues (D-allo-Ile5, L-Ile6 & l-Ile11) are also 

generally not successful in retaining or improving activity. Any substitutions at 

residues 2, 5 & 6 lead to a total (or near-total) loss of activity, whilst substitutions at 

residue 11 with hydrophobic residues are moderately tolerated, maintaining some 

activity (though still greatly reduced)130,131,136,137.  

Replacement of the serine at position 3 does not increase activity but neither does 

it prevent the activity of teixobactin, with such variants displaying either a reduced or 

in some cases comparable activity128,129,131,138. The other Ser residue, at position 7, is 

not as amenable to variations with any substitutions at that position causing a complete 

loss of activity127,131,139. D-Gln4 is another residue that is open to a range of 

substitutions without loss of activity, though only with D-isomers as replacement with 

L-Gln led to a complete loss of activity126–129,131,134,138.  The threonine residue at 

position 8 is key in the structure of teixobactin because it forms the lactone ring with 

Ile11. Replacement with the L-isomer or other residues such as cysteine led to a loss of 

all activity, but exchanging it for diamino acids like D-diaminopropionic acid or D-

diaminobutanoic acid that led to the replacement of the lactone moiety with a lactam 

moiety led to comparable or even increased activity134,136,139,140. Ala9 is another 

position where substitutions can be tolerated and may even increase activity in certain 

cases. Whilst non-polar substitutions led to a decrease in activity, polar charged 
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substitutions such as with Arg were much more successful126,128,129,138,139. This is very 

similar to both Ser3 and D-Gln4, with all three of these positions being amenable to 

substitutions with polar alternatives. 

The greatest position of focus for substitutions in teixobactin has been the L-allo-

End10 residue, as this is the most problematic residue in terms of synthesis and a 

significant stumbling block for efficient mass production of the antibiotic. Although 

the wild type contains a basic residue at this position, substitutions with other basic 

residues caused a (albeit not total) loss of potency, with Lys substitutions being better 

tolerated than Arg126,129,130,136,141–144. However, the introduction of anionic and polar 

residues tended to result in a complete loss of activity138,144–146. The best tolerated 

substitutions involve hydrophobic residues such as Leu, Met, Ile & Val125. These 

results together suggest that cationic and hydrophobic substitutions can be well-

tolerated to different extents at this position, which is significant for the prospect of 

future development of teixobactin-based drugs for widespread use.  

The above-mentioned studies can give an overall picture of the kinds of residues 

that can be tolerated at each position for teixobactin whilst retaining activity. This can 

help illustrate what residues are essential for antibacterial activity, and the nature of 

those interactions based on the properties of the tolerated residues. However, this does 

not provide specific details of how the compound works as a whole and how it binds 

to its target. Studies looking at the interaction as a whole have been able to make some 

progress in this area. Various studies have described how residues 2-6 change 

conformation towards a β-sheet147 and form an antiparallel dimer with another 

teixobactin molecule148,149. This seems to be a basic unit for binding the target and 

interactions between β-sheets from different dimers may provide a mechanism for the 

formation of extended fibrils, with aggregation being suggested as one of the modes 

of action of teixobactin147. Some of these studies have also had success in determining 

more site-specific details of the teixobactin-lipid II interaction. NMR studies with 

labelled teixobactin have suggested that the side chain of the residue at position 10 is 

not strongly involved directly in binding, but does undergo significant conformational 

changes. This suggests that its shape is more important than any chemical properties 

and could explain why a variety of different amino acid substitutions are tolerated at 

this position147. It was also discovered that Ser3 did not interact significantly with lipid 

II and that interactions with Ala9 are focussed on the backbone, with the sidechain 
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composition being less important, explaining why substitutions at these positions can 

be tolerated147. The pentapeptide sidechain of lipid II was also implicated in the 

binding process, with changes in the sidechain amide group of D-Gln4 suggesting 

proximity to negatively charged residues such as γ-D-Glu present in the 

pentapeptide147. Similar studies using labelled lipid II in membranes have been able 

to suggest how these interactions map onto the lipid II molecule. A partially labelled 

teixobactin analogue showed interactions between residues 9 & 10 of the teixobactin 

and the pyrophosphate-MurNAc moiety of the lipid II molecule149. These data 

suggested a docking model where the C-terminus of the teixobactin binds tightly 

around the MurNAc and pyrophosphate group, with the GlcNAc and pentapeptide 

being oriented away from the complex and not involved in the interaction.  

As laid out above, a significant number of studies have been carried out on the lipid 

II-teixobactin interactions, and have provided useful insights into how the antibiotic 

or derivatives may function. However, a complete high-resolution model of the 3D 

structure resulting from this interaction remains elusive.  

 

 

Figure 3.2. Effect of Alterations on Potency of Teixobactin. Positions that 

tolerate substitutions well are shown in green, whilst those that are somewhat 

amenable are shown in orange and areas where substitutions are not tolerated are 

shown in red. The only areas in which potency may be retained or increase are 

residues 3-4 & 9-10, although some substitutions can be tolerated at residues 1, 8 & 

11 under certain circumstances. 
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Chapter 4 – NMR 

NMR spectroscopy is a valuable technique that has a wide range of applications 

across the physical and life sciences. It can be particularly useful in structural studies 

of proteins and protein-ligand complexes. Below is provided an overview of the theory 

upon which it is based and some experiments that are biologically relevant150–153.  

4.1. Spin and Magnetization 

Nuclear magnetic resonance (NMR) is a spectroscopic technique that is based on a 

fundamental property of all nuclei – spin angular momentum, or just spin. Spin is a 

form of angular momentum that is intrinsic to subatomic particles. Such particles have 

a particular quantum value, S to denote the value of their spin, which may be an integer 

(such as 1) or half integer (such as ½). These spins can be combined to give a new 

overall spin value. For example, protons and neutrons each have a spin-½ value, and 

the spin value of a nucleus, I, is determined by the sum of the spins of its constituent 

protons and neutrons. 

Spins of neutrons and protons can be aligned with each other (parallel) or against 

each other (antiparallel). In the case of the former (considering one proton and one 

neutron) the spins are added together to give a spin value of 1, whilst in the case of the 

latter they cancel out to give a value of 0. As such, nuclei with an odd mass number 

will always have half-integer spin values whilst nuclei with even mass numbers will 

have integer values. The latter group can be delineated further, with nuclei containing 

even numbers of protons and neutrons (such as 12C with 6 protons and 6 neutrons) 

having I = 0, whilst nuclei with odd numbers of protons and neutrons have integer 

values of I > 0 (such as 14N with 7 protons and 7 neutrons, I = 1).  

Charged particles undergoing motion in a loop have an associated magnetic 

moment. When a nucleus has spin ≠ 0, it also has an associated intrinsic magnetic 

moment, µ, which is proportional to the magnitude of the spin by a factor of the 

gyromagnetic ratio γ for a particular nucleus: 

µ =   γ𝐼𝐼 (1) 

Nuclei with I = 0 do not have net spin and therefore do not have a magnetic moment 

but nuclei with I > 0 do have a magnetic moment. As spin is a form of angular 

momentum it is a vector, and therefore has a directional component known as the spin 

polarisation axis that may be pointed in any direction. The magnetic moment of a 

nucleus may be aligned with (γ > 0) or against (γ < 0) the spin of the nucleus. A free 
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population of nuclei (not in a magnetic field) will consist of magnetic moments 

pointed in random directions. If a magnetic field, B0, is applied to the population then 

the magnetic moments (and therefore the spin) will align to the direction of the field 

and the spin will cause the nuclei to precess around the axis of B0 at a constant angle 

(Figure 4.1). The frequency at which the nucleus precesses, known as the Larmor 

frequency (ω0) is given by: 

|ω0| = |γ𝐵𝐵0| (2) 

The Larmor frequency can also be described as the difference between energy 

levels for the different spin states a nucleus can exist in. For a nucleus with spin I in a 

Figure 4.1. Magnetization of Nuclei. A population of nuclei (grey) are in a random 

arrangement with their spins (blue) aligned in all directions. When a magnetic field 

B0 is applied the z component of the spins of the nuclei align (with or against, for 

spin ½ nuclei) along the axis of B0 (a), and the spins precess around B0 at the Larmor 

frequency (b). The difference between these populations is given by the Boltzmann 

distribution and the difference between the energy levels of each is equal to the 

Larmor Frequency (c).  
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magnetic field, B0, there are 2I + 1 different energy levels in which it may exist. For 

example, an I = ½ nucleus such as 1H may exist in 2 different energy levels. When 1H 

nuclei are placed in a magnetic field B0, the population is split into these two different 

energy levels, with the z component of spin angular momentum aligned either with or 

against (but always along) the field. One energy level will be higher and one will be 

lower, and the difference between the two is the Larmor frequency (Figure 4.1). These 

populations of the two energy levels will not always be equal and the difference 

between them gives rise to a net magnetization. The distribution between the different 

energy levels (i, j) in a population is given by the Boltzmann distribution: 

𝑝𝑝𝑖𝑖
𝑝𝑝𝑗𝑗

=  𝑒𝑒
∆𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇  = 𝑒𝑒

ℎγ𝐵𝐵0
𝑘𝑘𝐵𝐵𝑇𝑇 (3) 

where kB is the Boltzmann constant, T is the temperature in Kelvin and ∆E is the 

energy difference. NMR uses the difference between the two populations, with a 

greater difference causing a greater net magnetization, which in turn results in a larger 

signal. This can be written in terms of the gyrogmagnetic ratio and B0 using equation 

2, as it was shown above (Figure 4.1c) that the difference in energy levels between the 

two populations of nuclei is equal to the Larmor frequency multiplied by Planck’s 

constant. This demonstrates the factors that affect the net magnetization and therefore 

the size of the NMR signal. As kB is a constant, only the gyromagnetic ratio, the size 

of the magnetic field and the temperature can affect the NMR signal.  

I = ½ nuclei include biologically relevant isotopes such as the naturally abundant 
1H and 31P, as well as the rare isotopes 13C and 15N  (Table 4.1). The latter two though 

are not common and so must be introduced into samples during synthesis in order to 

perform NMR experiments on large molecules (natural abundance may be used for 

smaller molecules). These cover most elements that appear in biological molecules 

and their spin value makes them attractive as they can only be distributed in two 

possible energy state populations. Nuclei where I > ½ such as 14N are known as 

quadrupoles and can be distributed into multiple different energy levels. This results 

in interactions that cause the NMR signal to broaden, reducing resolution and so are 

not ideal for biological studies.  
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NMR is based on the manipulation of the net magnetization to glean information 

about the environment of the nuclei. This involves applying a second magnetic field 

B1 perpendicular to B0, to rotate the net magnetization by 90 degrees. Whereas the 

nuclei were initially aligned along the z-axis of B0, they are now aligned in the xy 

plane, along the y-axis and perpendicular to B0 (transverse magnetization). This B1 

field is provided in the form of a radio frequency (r.f.) pulse, where the frequency is 

equal or close to the Larmor frequency. The magnitude and duration can be altered to 

ensure that transverse magnetization is efficiently achieved. The nutation frequency is 

the frequency of the nucleus during the application of this pulse, and is given by 

𝜔𝜔1 = 𝛾𝛾𝐵𝐵1 (4) 

As the spins now precess around the y-axis, they continue to do so at the Larmor 

frequency. This oscillating local magnetic field can induce a corresponding oscillating 

electrical current. In this manner, with an r.f. detecting coil oriented perpendicular to 

the nuclei, the signal from the transverse magnetization is recorded in the form of a 

free induction decay (FID). As the electrical signal in the coil will be generated by the 

precession, the FID will have the same frequency as the Larmor frequency of the 

precessing nuclei. The signal of the FID is then processed by Fourier transformation 

(FT) into a plot of intensity (of the signal) against frequency (of the nuclei), which is 

displayed as peaks on an NMR spectrum (Figure 4.2). 

After the application of the r.f. pulse, there are two types of relaxation that take 

place. Longitudinal (spin-lattice) relaxation refers to the time, T1, it takes for the 

Table 4.1. Nuclear Characteristics of Some Relevant Isotopes.  

 

The magnitude of the Larmor frequency is given at 16.4442 T. 
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magnetization to recover back to equilibrium, aligned with the z-axis and B0. 

Transverse (spin-spin) relaxation refers to the time, T2, that it takes for the net 

transverse magnetization to lose coherence and decay. The loss of coherence of the 

net magnetization is caused by the disruption of local magnetic fields created by 

interactions between neighbouring nuclei.   

 

4.2. Nuclear Interactions 

The strongest interaction experienced by nuclei is the Zeeman splitting observed 

when placed in B0 that splits the nuclei into populations of the different energy levels, 

which is of the magnitude of 10s -100s of MHz. The next strongest interactions are 

quadrupole interactions, which are in the order of MHz. Whilst I = ½ nuclei have a 

symmetric charge distribution, quadrupolar nuclei have an asymmetric charge 

Figure 4.2. The Basics of NMR Signal.  As the net transverse magnetization (blue 

arrow) precess around B0 at the Larmor frequency, it induces a current in an r.f. 

coil, and the resulting FID is transformed into a plot of intensity against frequency. 
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distribution. This in turn interacts asymmetrically with the electrical field gradient at 

the nucleus, causing a quadrupolar moment. This causes much faster relaxation times 

which contributes to the broadening of NMR peaks. The frequency generated in the 

FID is unique to nuclei of different isotopes but is also unique to nuclei of the same 

isotope that are in different environments, providing useful information about the 

location and interactions of the nuclei in a sample. These slight changes in the 

frequency of precession of a nucleus are determined by the interaction of that nucleus 

with neighbouring nuclei 

Shielding, or chemical shift, is the interaction of a nucleus with its surrounding 

electronic environment and is weaker than the other mentioned interactions, being of 

the order of kHz in magnitude. When placed in B0, electrons are induced to travel in 

loops, creating a small (10–4 times smaller than B0) local magnetic field, which 

interacts with the nucleus and slightly alters the difference between the energy levels 

and therefore the Larmor frequency. The size of the local magnetic field at a particular 

site is proportional to the applied field and the chemical shift and can be calculated 

by: 

𝜔𝜔0  =  γ𝐵𝐵0(1 − 𝜎𝜎) (5) 

where σ is the chemical shielding. The chemical shift, δ, is described in part per 

million (ppm) relative to a reference compound (e.g., DSS or TMS for 1H) in the same 

magnetic field: 

δ(𝑝𝑝𝑝𝑝𝑝𝑝)  =  
ω0 − ω𝑟𝑟𝑟𝑟𝑟𝑟

ω𝑟𝑟𝑟𝑟𝑟𝑟
 ×  106 (6) 

where ω0 is the Larmor frequency of the sample nucleus and ωref is the Larmor 

frequency of the reference compound. Chemical shift may be isotropic, which is 

independent of the orientation of the molecules relative to B0 or anisotropic (CSA), 

which is dependent on orientation relative to B0. In isotropic liquids where molecules 

are tumbling freely, all possible directions of the CSA interactions are represented and 

so are averaged out, leaving only the isotropic chemical shifts to be detected. In solids 

and anisotropic liquids however where there is no tumbling, CSA is much more 

pronounced and can lead to line broadening and a characteristic shape of NMR peaks. 

Another anisotropic interaction that is on the range of kHz is dipolar coupling, 

which involves interactions between neighbouring spins (which are each dipoles due 

to the local magnetic moment). These interactions take places through space between 

nuclei, irrespective of the effect of local electrons. The magnitude of this through-
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space interaction (the dipole-dipole coupling constant, bij) is dependent on the 

gyromagnetic ratios of the nuclei (i, j) and the distance (r) between them: 

𝑏𝑏ij =  −
µ0
4𝜋𝜋

γ𝑖𝑖γ𝑗𝑗ℏ
𝑟𝑟3

 (7) 

where µ0 is the vacuum permeability. The total effect of the coupling is however 

dependent on the orientation of the nuclei, and is described by dij: 

𝑑𝑑ij = 𝑏𝑏𝑖𝑖𝑗𝑗
1
2
�3cos2θij − 1� (8) 

where θij is the angle between the vector of the internuclear interaction and B0.   

An interaction of significantly smaller scale is J-coupling (or scalar coupling), 

which is in the range of Hz. This is an interaction between nuclei that is mediated 

through bonding electrons. That is to say that nuclei that are bonded to each other (or 

separated by more than one bond) can influence each other’s energy levels and 

therefore slightly affect the Larmor frequency. This can link either nuclei of the same 

type (homonuclear) or of different types (heteronuclear). This effect also gives rise to 

the splitting of peaks into multiplet peaks commonly seen in solution state NMR 

spectra. In solids however, the CSA and dipole coupling that are far stronger are not 

averaged out so they dwarf J-couplings, which are rarely observed. 

 

4.3. Solid State MAS NMR 

As described above the interactions that may be observed during an NMR 

experiment can be isotropic or anisotropic and therefore the nature of the sample will 

define which interactions are represented in spectra. In solution state experiments with 

isotropic liquids, the molecules in the sample are tumbling freely and the anisotropic 

interactions are averaged out, leaving only the isotropic interactions (isotropic 

chemical shift and J coupling) to be observed. In solids however where molecules are 

not in free motion, the effects of the anisotropic interactions that are present lead to 

broad peaks that are poorly resolved and not as informative. 

In order to improve the resolution of signals in solid state NMR (ssNMR), magic 

angle spinning (MAS) can be used. The interactions contributing to anisotropy are 

CSA and dipolar couplings. From equation 8, the magnitude of the splitting caused by 

the dipolar coupling is proportional to 3cos2 𝜃𝜃𝑖𝑖𝑗𝑗 − 1, and if this value was 0 then the 

size of the dipolar coupling would also be 0, and therefore would not contribute to the 

signal. This can be achieved by using the equation: 
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3 cos2 𝜃𝜃 − 1 = 0 (9) 

where θ can be solved to be 54.74°, known as the magic angle. By placing the sample 

at this angle within the field and spinning the sample at a frequency much greater than 

the size of the anisotropic interactions (kHz), those interactions can be averaged out, 

leaving isotropic chemical shift to be observed with much narrower and better resolved 

peaks. Spinning the sample allows all possible orientations of the anisotropic 

interactions to be represented (and so averaged out), except for those aligned along 

the spinning axis. Spinning the sample at the magic angle reduces to B0 these 

remaining interactions to 0. 

The greater the frequency with which the sample can be spun, the greater extent to 

which some anisotropic interactions can be averaged out and the narrower the 

linewidths of the spectrum. Solid state samples are packed in rotors of different sizes 

which are mechanically rotated at the magic angle to the desired frequency. Although 

the speed at which rotors may be spun is limited by the speed of sound, smaller rotors 

will achieve a much greater frequency of rotation and therefore achieve a greater 

averaging of the anisotropic interactions.  

 

4.4. Multi-Dimensional NMR 

Whilst it may be useful to gain information about the chemical shift of only one 

type of nucleus (as described above with a single 90° pulse), in more complex samples 

such as those involving proteins, more information is often needed. This can be gained 

through 2D NMR utilising the interactions mentioned in chapter 4.2 to examine the 

relationships between neighbouring nuclei, including the same or different kinds of 

nuclei. These experiments begin with a 90° pulse on the first type of nuclei to flip 

them into the xy plane. This is followed by a period of evolution, t1, where the nuclei 

are allowed to precess and then followed by mixing – during which magnetization is 

transferred to other nuclei – and then a detection period, t2, during which the FID is 

detected. As 2 FIDs for the different nuclei cannot be recorded, the information about 

the chemical shift of the first nucleus is stored during the t1 evolution period. A 2D 

experiment consists of a series of 1D experiments where t2 is detected in its entirety 

and t1 is incremented each time. The total data set then consists of 2 time series which 

can be processed by FT to give a 2-dimensional frequency plot. Interacting nuclei give 

signals that are represented as cross-peaks on a spectrum. In 3D experiments, a second 
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mixing and evolution time are included for a third kind of nucleus, and the results can 

be displayed graphically on a cube with the chemical shift of each nucleus being 

represented on a different axis.  

In solution state NMR, multidimensional experiments often utilise J-coupling to 

probe interactions between different nuclei. J-couplings of a known magnitude 

between nuclei can be used to probe for interactions between those nuclei. Based on 

these values, the mixing periods (after t1 evolution, as described above) can be 

customised with varying delays and/or pules sequences. Magnetisation transfer is 

achieved by the normalisation of Zeeman levels of the two nuclei, allowing for the 

transfer of polarisation. This method works not only for nuclei that are bonded 

together, but also for nuclei that are separated by up to 4 bonds. 

Such homonuclear experiments detect nuclei (1H) of the same type that are coupled 

together. The simplest form of this is the corelation spectroscopy, or COSY, 

experiment that transfers magnetization between 1H nuclei that are separated by 

consecutive bonds. Cross-peaks in COSY spectrum represent 1H nuclei that are 

coupled to each other, with those separated by fewer bonds giving more intense signals 

than those that are further away from each other. A similar method is the total 

correlation spectroscopy (TOCSY) experiment which correlates all the 1H spins linked 

together in a spin system154. This is useful in biological applications as each amino 

acid is a separate spin system, and so all the 1H atoms of a particular residue will 

correlate with each other.  

Heteronuclear experiments, usually involving 1H-13C or 1H-15N transfer can also be 

used. Heteronuclear single-quantum correlation spectroscopy (HSQC) and 

heteronuclear multiple-quantum spectroscopy (HMQC) experiments can both be used 

to show single-bond correlations155. These experiments give the same information on 

the output spectrum (the difference between them is during the t1 evolution time, and 

whilst they are analogous for smaller molecules, HSQC is better suited for larger 

molecules), where a cross peak represents a single bond between a 1H nucleus and 

either a 13C or 15N nucleus (depending on which was chosen for the experiment). These 

methods can be combined with homonuclear methods from above to give valuable 

structural information in proteins. A 1H-13C HSQC combined with a TOCSY in the 

same experiment will give a 3D output, showing all the 1H atoms in a single spin 

system, and the 13C atom to which they are bonded, providing an overview of a whole 

amino acid. Other heteronuclear methods include heteronuclear multiple-bond 
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correlation (HMBC) spectroscopy, where interactions over multiple bonds are 

probed156. This differs from HSQC & HMQC experiments in that it provides 

correlations between 1H atoms linked to 13C atoms from which they are 2-4 bonds 

away, as opposed to directly bonded.  

It is usually not feasible to use J-couplings in the same way to study interactions in 

solid state samples as the other interactions involved are so much larger and so drown 

out the signal from J-couplings. In ssNMR therefore, dipolar couplings are usually 

exploited instead by using cross-polarisation (CP).  This usually involves 1H nuclei 

and another (X) nucleus (most often 13C or 15N). This works in a similar manner to the 

above experiments as normalising of Zeeman energy levels during the contact time 

allows transfer of magnetization. After transverse magnetization of 1H, a “spin-lock” 

pulse is applied in B1 simultaneously to both 1H and X nuclei to keep them in the xy 

plane. The power of the CP pulses can be altered so that for the duration of the contact 

time, the difference in energy levels between the spin states of the two nuclei are the 

same. This allows transfer of magnetization between coupled 1H & X nuclei. The 

conditions for the pulses under which this can be achieved are known as the Hartmann-

Hahn matching condition, and can be described by: 

γ 𝐻𝐻 1 𝐵𝐵1
𝐻𝐻 1 =  γ𝑋𝑋 𝐵𝐵1𝑋𝑋 (10) 

As the gyromagnetic ratios of each nucleus are known, the optimal B1 pulse power 

for each nucleus to facilitated cross-polarisation can be determined, although 

conditions may also need to be taken into consideration, such as MAS. Under 

moderate to high-speed MAS, the following conditions must also be satisfied:  

𝑣𝑣1
𝐻𝐻 1 =  𝑣𝑣1𝑋𝑋 ± 𝑛𝑛𝑣𝑣𝑀𝑀𝑀𝑀𝑀𝑀 (11) 

where v1 refers to the nutation frequency of the various nuclei, vMAS is the spinning 

frequency and n can be either 1 or 2. v1, the linear nutation frequency, can be related 

to the angular nutation frequency (described in equation 4) by: 

𝜔𝜔1 = 2𝜋𝜋𝜐𝜐1 (12) 

Dipolar interactions can also be used to passively examine relationships through 

space. Whilst CP experiments involve applying pulses to the nuclei in question, in 

nuclear overhauser effect spectroscopy (NOESY) the magnetization is transferred 

between coupled nuclei by cross-relaxation, and cross peaks in a spectrum represent a 

spatial relationship between two nuclei. As this relationship is proportional to the 

distance between the atoms, the intensity of the peak is also proportional to the inter-
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nuclear distance and so can provide valuable information about the geometric 

arrangement of a molecule. 

 

4.5. Structural Biological Experiments 

For biological samples, usually involving proteins, it is common to use a variety of 

2D and 3D experiments in order to gain information about the structure of the sample, 

and this process is broadly similar in both solution and solid-state NMR. 2D 1H-13C & 
1H-15N experiments are generally the first step, in order to identify the HC and HN 

bonds of the protein. In order to be able to relate them to each other and assign them 

to specific residues, more complicated 3D 1H13C15N experiments are required (Figure 

4.3). These generally involve transferring magnetization between 1H, 13C and 15N 

consecutively, to give 3D peaks that correlate to H-C-N or H-N-C bonds. This allows 

the assignments of N-H and C-H correlations in the initial 2D spectra to a particular 

residue. As the Larmor frequency of carbon atoms is affected enough by chemical 

shielding that α, β and carbonyl carbons of proteins have distinct ranges of resonant 

frequencies, these experiments can be selective about which ones they excite. In the 

basic experiment, only α carbons are excited, to give the H-N-Cα correlation of the 

backbone of the residue157. 

This can be extended to include a transfer between Cα and Cβ carbons, giving more 

information for each amino acid and allowing further assignment of the β carbons as 

well, providing the links between peaks that correspond to an H-N-Cα/Cβ correlation 

for each amino acid158. In these experiments, the 2D plane at the 15N frequency of an 

H-N correlation will show 2 peaks in the carbon dimension of the experiment – one 

for Cα, and one for the Cβ of that amino acid. A 3D TOCSY experiment as described 

above can be used to complete assignments of any remaining sidechain nuclei. 

Although the entirety of an amino acid may be able to be linked together, it is still 

necessary to link it to its preceding and following residue, so the position within the 

protein can be determined. For this purpose, experiments passing magnetization 

through the carbonyl (C’) atoms are used (Figure 4.3). By transferring the 

magnetization first between the Cα and the C’, then to the N & H, the magnetization 

is passed between residues and the resulting cross peaks correlate to the NH of one 

residue and the Cα of the previous residue157. In this manner, the sequence of the 

protein can be determined residue by residue.  
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It may also be useful to obtain information about the distances between atoms to 

determine the 3D structure of a sample, which can be done using 1H-1H spin diffusion 

experiments similar to the NOESY experiment described above. In a 3D version of 

this experiment, 2 of the planes display the information of the standard heteronuclear 

(1H-13C or 1H-13C) 2D experiment, with the 3rd dimension displaying cross peaks 

between the 1H nucleus from the 2D cross peak and the other 1H nuclei to which it is 

Figure 4.3. NMR Experiments in Structural Biology. Overview of the 

magnetization transfer that takes place between nuclei during backbone assignment 

(a) and sidechain/inter-residue assignment (b). The hCANH experiment is used to 

correlate backbone atoms in the same residue, whilst the hCAcoNH experiment can 

correlate backbone atoms with connected residues before and after it. TOCSY 

experiments correlate all the 1H atoms in a spin system (residue) whilst NOESY (or 

spin diffusion) experiments correlate 1H atoms through space.  
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coupled with through space. This shows all the 1H atoms seen by a particular NH 

group of a particular amino acid, for example, and therefore which 1H nuclei it is near 

to in space159. By altering the mixing time, long and short distance contacts can be 

determined.  

4.6. Structural Calculations using NMR Data 

A variety of software exist that can use the information from the above experiments 

to determine the 3D structure of a sample. These software are generally based upon 

using restraints derived from these experiments to produce a model that does not 

violate those restraints. These restraints usually take the form of distance restraints 

between different sites of the sample, but can also include torsion angle restraints as 

well as data on mobility/dynamics and solvent exposure. Although this may require 

more complex 3D experiments, for some smaller molecules it may be possible to 

assign and glean structural information from only 2D experiments. 

Whilst higher resolution structural models may require distance contacts between 

nuclei from 1H-1H spin diffusion experiments, some structural information can be 

obtained from the assignment experiments as well. Aside from the sequence, the 

secondary structure of the protein can also be determined by examining secondary 

chemical shifts. As the chemical shift is affected by local structure of the protein, 

certain structural characteristics can be linked to particular chemical shifts. The 

determination of an empirical relationship between chemical shift and secondary 

protein structure for example, allows programmes such as TALOS+ to give torsion 

angle limits for amino acids based on their chemical shifts160.  

Other distance restraints are usually obtained from 1H-1H spin diffusion contacts. 

From equation 8, the relationship between the size of the dipolar interaction between 

two nuclei is affected by the distance between them. This cannot be determined 

precisely but a master equation can be determined: 

𝐼𝐼𝑖𝑖𝑗𝑗 =  
𝑘𝑘
𝑢𝑢𝑖𝑖𝑗𝑗6

 (13) 

where Iij is the intensity of the cross-peak between two nuclei i & j, uij is the distance 

between the nuclei, and k is a proportionality constant. This can be used to calibrate 

the distances of cross peaks gained from 1H-1H NOESY/spin-diffusion spectra by 

calculating the 6th root of the proportionality constant divided by the intensity. The 

proportionality constant itself can be determined experimentally, by using known 
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distances (for example between backbone atoms) for cross peaks that are displayed on 

each spectrum. In solid state experiments high speed MAS can affect the spin-

diffusion mechanism, but this equation is still a sufficient approximation for the 

derivation of upper distance limits to use in structural calculations, especially if a large 

number of restraints are used161.  

CYANA (combined assignment and dynamics algorithm for NMR applications)162 

is a computer programme that can collate the above mentioned restraints and use them 

to calculate the 3D structure of a sample. Cyana structural calculations are based on 

torsion angle dynamics, as opposed to Cartesian coordinates. This reduces the degrees 

of freedom as the internal covalent structures of the molecule are fixed at their 

optimum values, and allows more efficient calculations to be carried out. Inputs 

include dihedral angle restraints based on secondary chemical shifts such as those 

obtained from TALOS+ as well as sequence information for the molecule and lower 

and upper distance limits for contacts between different atoms. 

These distances can be calibrated in Cyana according to equation 13. Integrals of 

the cross-peaks from 1H-1H NOESY/spin diffusion experiments are used to calculate 

upper distance limits for the atoms involved. The proportionality constant in this case 

is calculated automatically by the programme itself. The average distance between 

backbone protons can be specified, and a calculation is performed to determine the 

proportionality constant such that the distribution of distances calculated according to 

equation 13 will give a median value for backbone 1H distances as specified by the 

user. As the secondary structure elements of proteins are well defined, after calibration 

and a structural calculation the resulting structure can be interrogated to confirm that 

secondary features of the protein are in the expected distance range and the distances 

have therefore been reasonably calculated. This does not offer exact distances for each 

contact, but as the distances produced are only upper limits, they are exact enough to 

allow accurate structural predictions. Each structure produced in Cyana has an 

associated target function, which is determined based on the number and magnitude 

of violations of steric overlaps and distance & dihedral angle restraints. A structure 

with no violations whatsoever will have a target function of 0.  
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II – Experimental Techniques 

Chapter 5 – Lipid Synthesis 

The techniques described in this chapter refer to the results presented in chapter 7. 

These techniques are based on previously reported methods163,164 with alterations 

where necessary, and are outlined below along with additional methods. Relevant 

spectra and chromatograms can be found in chapter 7 and in appendix A.  

5.1. Standard (non-labelled) Synthesis 

Synthesis of UDP-MurNAc LYS pentapeptide was conducted at 37°C overnight in  

2 mL airtight tubes with 200 mM PEP in 0.25 M HEPES & 50 mM MgCl2 buffer pH 

7.5, 0.1 mM dithiothreitol (DTT), 50 mM KCl, 8.22 mM UDP-GlcNAc, 0.21 mg/mL 

MurA, 1.24 mg/mL MurB, 0.2 mM NADP, 1.48 U/mL isocitrate dehydrogenase 

(IDH), 26 mM DL-isocitrate, 6 mM ATP, 5.53 mg/mL rabbit muscle pyruvate kinase 

(PK), 8.75 mg/mL MurC, 35 mM L-Ala, 0.17 mg/mL MurD, 35 mM γ-D-Glu, 0.36 

mg/mL MurE, 35 mM L-Lys, 0.90 mg/mL MurF, 35 mM D-Ala-D-Ala and sterile 

water for a total volume of 2 mL. Synthesis of the final lipid II molecule was carried 

out during a 3-hour incubation at 37°C in an airtight 3.5 mL volume bottle with 100 

mM Tris-HCl 5 mM MgCl2 1% Triton X-100 buffer pH 7.5, 1.35 mM undecaprenyl 

phosphate, 2 mM UDP-MurNAc pentapeptide (LYS), 6 mM UDP-GlcNAc, 3.5 

mg/mL membranes (containing MraY), 0.57 mg/mL MurG and water. All Mur ligases 

were expressed from Pseudomonas aeruginosa, membranes were extracted from 

Micrococcus flavus. Other enzymes and chemicals were obtained from Sigma-

Aldrich. 

5.2. Labelled Synthesis 

A series of assays were carried out to confirm the activity and the conditions 

required for various steps in the synthesis pathway. All assays were blanked with water 

and carried out measuring absorbance at 340nm, observing the drop in absorbance 

corresponding to the conversion of NADH to NAD+. 

To confirm the activity of Hexokinase on glucosamine, 25 mM HEPES buffer 50 

mM MgCl2 pH 7.5, 0.1 M DTT, 2 M KCl, 0.1 M D-glucosamine, 0.2 M PEP, 10 mM 

NADH, 0.1 M ATP, hexokinase, PK/LDH and water were mixed together. The assay 
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was repeated with each of D-glucosamine, ATP and hexokinase alternatively withheld 

and then added to the mixture once a baseline had been achieved, to start the reaction. 

For Acetyl CoA Synthetase, 25 mM HEPES buffer 50 mM MgCl2 pH 7.5, 0.1M 

DTT, 2 M KCl, 0.2 M PEP, 10 mM CoA, 0.2 M ATP, myokinase, PK/LDH, acetyl 

CoA synthetase, sodium acetate and water were mixed together. The assay was 

repeated with each of sodium acetate, ATP and acetyl CoA synthetase being added 

last to initiate the reaction after a baseline had been observed. 

For the assay to confirm the complete synthesis pathway of UDP-GlcNAc, 25 mM 

HEPES buffer 50 mM MgCl2 pH 7.5, water, 0.1 M DTT, 2 M KCl, 20 mM ATP, 1 

mM 1,6-diphosphoglucose, 1 mM CoA, 0.1 mM sodium acetate, acetyl CoA 

synthetase, myokinase, PK/LDH, 10 mM UTP, 20 mM PEP, 10 mM NADPH, 

hexokinase, GlmM, GlmU, MurA and inorganic pyrophosphatase were mixed 

together. After a steady baseline was confirmed, MurB was added. Once the baseline 

was confirmed again to be steady, 0.1 M D-glucosamine was added to initiate the 

reaction. 

An assay to confirm the minimum concentration of PEP that would allow full 

conversion of UDP-GlcNAc during UDP-MurNAc synthesis was carried out by 

mixing 25 mM HEPES & 50 mM MgCl2 buffer pH 7.5, 0.1 M DTT, 10 mM NADPH, 

2M KCl, MurA, MurB, UDP-GlcNAc, 3 mM PEP and water. PEP was initially 

withheld and added once a baseline had been achieved, to initiate the reaction. 

For an assay to confirm the activity of DdlB, 25 mM HEPES 50 mM MgCl2 pH 7.5 

buffer, 1 µM DTT, 0.2 mM NADH, 1 µM PEP, 1 µM ATP, 90 µM D-Ala, 0.109 

mg/mL ddlB, 2 mM UDP-MurNAc lysine tripeptide, MurF (Lys), pyruvate kinase-

lactate dehydrogenase (PK/LDH) and water were mixed together. UDP-MurNAc 

lysine tripeptide was withheld and added after a baseline had been achieved, to initiate 

the reaction. 

The full-scale synthesis of labelled UDP-GlcNAc was carried out at 37°C overnight 

in 2 mL airtight tubes with 8 mM 13C15N D-glucosamine, 20 mM 13C Sodium Acetate, 

50 mM HEPES & 100 mM MgCl2 buffer pH 7.5, 20 mM UTP, 20 µM CoA, 2 mM 

ATP, 30mM PEP, 20 mM MgCl2, 1 mM DTT, 20 mM KCl, 0.1 mM 1,6-

diphosphoglucose, 7.5 U/L hexokinase, 1.15 U/L acetyl CoA synthetase, 25 U/L 

myokinase, 5 U/mL IPP, 5.53 mg/mL PK, GlmM, GlmU, and water. 
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Synthesis of 13C15N UDP-MurNAc was carried out at 37°C overnight in 2 mL 

airtight tubes with 2.84 mM previously synthesised 13C15N UDP-GlcNAc, 25 mM 

HEPES & 50 mM MgCl2 pH 7.5, 4.26 mM 13C15N PEP, 1 mM DTT, 50 mM KCl, 

0.53 mg/mL MurA, 0.54 mg/mL MurB, 0.2 mM NADP, 1.48 U/mL IDH, 26.5 mM 

DL-Isocitrate and water. 

Synthesis of labelled UDP-MurNAc Lysine pentapeptide was carried out at 37°C 

overnight in 2 mL airtight tubes with  8.22 mM of previously synthesised 13C15N UDP-

MurNAc, 200 mM PEP in 0.25 M HEPES & 50 mM MgCl2 buffer pH 7.5, 0.1 M 

DTT, 5.53 U/mL PK, 50 mM KCl, 6 mM ATP, 0.24 mg/mL MurC, 35 mM 13C15N L-

Ala, 0.17 mg/mL MurD, 35 mM γ-D-Glu, 0.36 mg/mL MurE pn16 (Lys), 35 mM L-

Lys, 70mM 13C15N D-Ala, 0.5 mg/mL DdlB, 0.42 mg/mL MurF (Lys) and water. 

Synthesis of the final lipid II molecule was carried out during a 3-hour incubation 

at 37°C in an airtight 3.5 mL volume bottle with 100 mM Tris-HCl 5 mM MgCl2 1% 

Triton X-100 buffer pH 7.5, 1.35 mM undecaprenyl phosphate, 2 mM previously 

synthesised 13C15N UDP-MurNAc Lys Pentapeptide, 6 mM previously synthesised 
13C15N UDP-GlcNAc, 0.57 mg/mL MurG, 5 mM MgCl2, 3.5 mg/mL membranes 

(containing MraY) and water.  

DdlB was expressed by transforming BL21 competent cells (Star-pRosetta) that 

were then grown on media containing ampicillin and chloramphenicol. These cells 

were then collected and grown in Luria Broth (LB) containing 50 µg/mL ampicillin 

and 30 µg/mL chloramphenicol. This was grown at 37°C to an A600 of 0.5, when 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 

mL. The cells were induced for 3 hours after which they were harvested by 

centrifugation and suspended in a 50 mM NaPO4, 300 mM NaCl, 10 mM imidazole, 

pH 7.5 buffer with 2 mM β-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride 

(PMSF), 1 μM leupeptin, 1 μM pepstatin, chicken egg white lysozyme and sonicated. 

After centrifugation at 20 000 x g for 30 minutes, the supernatant was removed and 

loaded onto an AKTA purifier using a 5 mL HisTrap Fast Flow column (GE 

Healthcare). This was eluted with a gradient of 10–250 mM imidazole over 60 mL 

using a buffer of 50 mM NaPO4, 300 mM NaCl, 250 mM imidazole. Fractions were 

collected and those containing ddlB were identified by SDS-PAGE, pooled, and 

concentrated by dialysis in a buffer of 50 mM HEPES, 1 mM MgCl2, 50 mM NaCl, 

3 mM DTT, 1µM pepstatin, 1 µM leupeptin, 0.2 mM PMSF and 50% glycerol.  
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All Mur ligases & GlmU were expressed from Pseudomonas aeruginosa, GlmM 

from Mycobacterium tuberculosis, and membranes were extracted from Micrococcus 

flavus164.  13C15N labelled lysine and 13C labelled sodium acetate were obtained from 

Cortecnet. 13C labelled PEP & 13C15N labelled L-alanine and D-alanine were obtained 

from Sigma-Aldrich as were natural abundance D-glucosamine, and other enzymes 

and chemicals.  

5.3. Purification  

All labelled and natural abundance UDP-linked products (UDP-GlcNAc, UDP-

MurNAc, UDP-MurNAc pentapeptide) were freed from proteins by centrifugation at 

4000 RPM for 40 minutes through an Mr 10,000 cut-off membrane. The filtrate was 

dissolved in 10 mM ammonium acetate buffer pH 7.5 and loaded onto a 50-mL 

column of Source 30 Q anion exchange resin on an AKTA purifier (GE Healthcare). 

This was eluted with a gradient of 0-1 M Ammonium acetate buffer pH 7.5 and 

fractions collected. Fractions containing the desired compounds based on absorbance 

at 254 nm (characteristic of the uridine group) were collected. For reactions involving 
13C15N labelled reagents, fractions containing the unreacted substrates were also 

collected separately. Fractions were pooled together & lyophilised versus water, and 

the final powder was dissolved in water and stored at –20°C.  

Purification of lipid products was the same for both labelled and natural abundance 

versions. The final incubation volume was mixed with 6 M pyridium acetate and n-

butanol, and centrifuged at 3000 RPM for 10 minutes. The yellow lipid-containing 

layer was removed, mixed with water and centrifuged again at 3000 RPM for 10 

minutes. The lipid-containing layer was again removed for further purification. This 

was conducted manually with a DEAE-sephacell (GE Healthcare) anion exchange 

column (15 mL volume). The column was equilibrated by washing with 1M 

ammonium acetate, followed by water and then chloroform/methanol/water (CMW) 

2:3:1 before the sample was dissolved in CMW and loaded on to the column. The 

sample was eluted with ammonium bicarbonate in CMW on a gradient of ammonium 

bicarbonate concentration from 50 mM to 1 M. Fractions were collected and a small 

sample from each was removed to be desiccated overnight whilst the remainder of the 

fractions were stored at -20°C. The desiccated fractions were resuspended in CMW, 

in preparation for analysis by thin layer chromatography (TLC), using a TLC buffer 

of chloroform/methanol/water/ammonium 88:48:10:1 and visualised using iodine 
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vapor. Lipid II-containing fractions were identified, pooled together and underwent 

rotary evaporation before being lyophilised versus water. The final lipid powder was 

resuspended in CMW and stored at –80°C. 

 

5.4. Verification & Quantification 

For both labelled and non-labelled UDP-linked products, purity was confirmed by 

anion exchange chromatography using a Mono Q column (GE Healthcare) on an 

AKTA purifier. A small amount of each purified sample was resuspended in 10mM 

ammonium acetate buffer pH 7.5. After the system was washed and equilibrated with 

1M ammonium acetate buffer pH 7.5 and water, the products were loaded by injection 

through a loop. The products were eluted with a gradient of 1M ammonium acetate 

buffer pH 7.5 over 10 minutes. All samples showed only one peak, demonstrating the 

purity of the products. For further confirmation, the samples were suspended in 50% 

acetonitrile and mass spectrometry was performed with electrospray ionisation (ESI) 

in both negative and positive ion MS-TOF on a Bruker maXis plus calibrated with 

sodium formate between 50 and 2100 m/z. A small amount of each purified sample 

was then extracted and diluted 10-fold in water, for quantification by 

spectrophotometry. A further 100-fold dilution was carried out in a crystal quartz 

cuvette and absorption at 260 nm was measured to determine the absorbance of UDP. 

The quantity of the UDP-linked products was then calculated according to Beer’s law 

(equation 14), with a molar extinction coefficient of 10 mM-1cm-1 (ε), a path length 

(b) of 1 cm and the Mr of the respective compounds.  

𝐴𝐴 =  𝜀𝜀𝜀𝜀𝜀𝜀 (14)  

The TLC analysis carried out on the lipid II syntheses to determine lipid-containing 

fractions had already demonstrated the purity of those fractions that were collected. 

Further analysis was carried out by mass spectrometry in order to confirm purity. 

Natural abundance lipid II was sprayed by nanocapillary in 70% methanol, 30% 25 

mM ammonium acetate in negative ion MS-TOF on a synapt G2-S+ calibrated with 

sodium iodide between 200 and 2500 m/z. Labelled lipid II samples were also 

suspended in 70% methanol, 30% 25 mM ammonium acetate and mass spectrometry 

was performed with ESI in both negative and positive ion MS-TOF on a Bruker maXis 

plus calibrated with sodium formate between 50 and 2100 m/z. For quantification of 

the lipid products, small amounts of the purified lipids were removed, dried down with 
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nitrogen gas and resuspended in 1.5% (w/v) CHAPS buffer pH 7.6. Acid hydrolysis 

was carried out by boiling with 1 M HCl for 30 minutes to release the pyrophosphate 

group of the lipids. After neutralisation with 1 M NaOH, an assay was carried out with 

30 mM HEPES-KOH pH 7.6, 10 mM MgCl2, 50 mM KCl, 0.2 mM methyl 

thioguanosine (MESG), 10 U/mL IPP, 10 U/mL purine nucleoside phosphorylase 

(PNP) and water. The IPP converts the pyrophosphate into free inorganic phosphate 

groups, which are then used by PNP to convert MESG into ribose-1-phosphate and 

methyl thioguanine. The latter absorbs light at 360 nm and so a measurement of 

absorbance at this wavelength can be used to calculate the concentration of methyl 

thioguanine produced using Beer’s law, with a molar extinction coefficient of 10,000 

M-1cm-1, and a path length of 1 cm. This corresponds to the concentration of free 

inorganic phosphate that has been produced – which after correction for free phosphate 

in the solution using an identical sample lacking the lipid – can be used to determine 

the concentration and amount of lipid product.  
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Chapter 6 – Analytical Techniques 

6.1. NMR Sample preparation 

Samples that were destined for study by EM were first prepared for solution NMR 

titration experiments. Natural abundance teixobactin & lipid II were each dissolved in 

10 mM NaP buffer pH 6.5, 2% (w/v) 2,2-dimethyl-2-silapentane-5-sulfonate (DSS), 

10% D20 with 150 mM dodecylphosphocoline (DPC) to concentrations of 3 mM and 

8.2 mM respectively. Other samples that were used for solid state experiments were 

also first prepared in this manner for solution state experiments. For experiments 

carried out with a 1.3 mm probe for 31P studies, 13C15N teixobactin and natural 

abundance lipid II were dissolved in 190 mM DPC to concentrations of 3.8 mM and 

10.67 mM respectively, in the same buffer. Likewise for samples used in experiments 

with the 0.7 mm probe, 13C15N teixobactin and 13C15N lipid II (as discussed in chapters 

5 and 7) were dissolved each with 53 mM DPC (D38)  to concentrations of 1.06 mM 

and 0.52 mM respectively, in the same buffer as the aforementioned samples. 

After any solution state experiments were completed, samples of mixed teixobactin 

and lipid II were sedimented by ultracentrifugation (Beckmann Coulter Optima MAX-

XP Ultracentrifuge) at 700,000 x g for 54 hours. The resulting solid paste was then 

packed into a 1.3 mm Bruker rotor for the sample with only teixobactin labelled and 

into a 0.7 mm Bruker rotor for the sample with both teixobactin and lipid II labelled. 

In each case a very small amount of 10 mM NaP buffer pH 6.5, 2% DSS was added 

to prevent dehydration before the rotors were sealed with the top cap. 

6.2. Solution State NMR Experiments 

All 1H13C15N solution state NMR experiments were carried out on a Bruker Avance 

II 700 MHz spectrometer with a cryo-probe, using 5 mm NMR tubes at 25°C. All 

pulse programmes used for solution state experiments were standards from the Bruker 

pulse programme catalogue and are referred to by the names under which they appear 

in said catalogue.  All natural abundance and 13C15N teixobactin were obtained from 

Kim Lewis and Dallas Hughes at Novobiotics. For the sample to be used in the EM 

studies, titrations of lipid II to teixobactin were first carried out to confirm the presence 

of aggregates by observing a drop in teixobactin signals. This was measured using 1H-
15N SOFAST HMQC (sfhmqcf3gpph, 2 co-added transients, 128 increments in the 
15N dimension, 0.3 s recycle delay), with lipid II titrated against teixobactin to the 

following concentrations (mM): 0.13, 0.25, 0.37, 0.49. 0.61, 0.72, 0.82, 0.93, 1.03, 
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1.13, 1.22, 1.32, leading to a dilution of teixobactin to a final lipid II: teixobactin ratio 

of 0.52. To prepare a sample for use in the 1.3 mm rotor for 31P experiments (see 

below), titrations of 13C15N teixobactin against natural abundance lipid II were 

measured in the same manner. Lipid II was titrated against teixobactin to 

concentrations (mM) of 0.17, 0.33, 0.49, 0.64, 0.79, 0.93, 1.07, 1.21, 1.34, 1.47, 16 & 

1.72 for a final lipid II:Teixobactin ratio of 0.54. 

For the assignment of 13C15N labelled lipid II a series of experiments were carried 

out: 1H-13C HSQC (hsqcetgpsp.2, 4 co-added transients, 128 increments in the 13C 

dimension, 1.5 s recycle delay), 1H-15N SOFAST HMQC (sfhmqcf3gpph, 4 co-added 

transients, 128 increments in the 15N dimension, 0.3 s recycle delay), BEST HNCACB 

(b_hncanbgp3d, 8 co-added transients, 48 increments in the 15N dimension, 96 

increments in the 13C dimension, 0.3 s recycle delay), HSQC-TOCSY (hcchdigp3d2, 

8 co-added transients, 48 increments in the HSQC dimension, 64 increments in the 

TOCSY dimension, 1.5 s recycle delay DIPSI-3 mixing period of 16.3 ms), 5 & 10 

Hz HMBCs (hmbcgplpndprqf, 8 co-added transients, 256 increments in the 13C 

dimension, 2 s recycle delay). 13C15N teixobactin assignments were confirmed using 
1H-13C HSQC, 1H-15N SOFAST HMQC, BEST HNCACB and HSQC-TOCSY with 

parameters as described above for lipid II. 13C15N teixobactin was then titrated against 
13C15N lipid II to concentrations of 0.12, 0.22, 0.29, 0.35, 0.41, 0.46, 0.5 & 0.53 to a 

final lipid II:teixobactin ratio of 0.49. After each titration, 1H-13C HSQC 

(hsqcetgpsp.2, 4 co-added transients, 128 increments in the 13C dimension, 1.5 s 

recycle delay) & 1H-15N SOFAST HMQC (sfhmqcf3gpph, 32 co-added transients, 

128 increments in the 15N dimension, 0.3 s recycle delay) spectra were taken.  
31P 1D 90° (zg) experiments were conducted on sodium phosphate buffer pH 6.5 

and on the same sample with the addition of 150 mM DPC, on a Bruker Avance III 

600 MHz spectrometer.  

6.3. Solid State NMR Experiments 

All experiments were taken on a 700 MHz Bruker Avance III HD spectrometer, 

except for 15N31P experiments, which were taken on an 850 MHz Bruker Avance III 

spectrometer. All 31P experiments used a Bruker 1.3 mm triple resonance probe whilst 

all other experiments used a Bruker 0.7 mm triple resonance probe. All experiments 

were carried out with proton detection with an acquisition time of 30 ms, except for 
13C31P CP experiments, and 15N31P experiments, which were 31P detected with a 25 



 59 

ms & 20 ms acquisition time respectively. All experiments with the 1.3 mm probe 

were carried out at an MAS frequency of 60 kHz whilst experiments with the 0.7 mm 

probe were at an MAS frequency of 100 kHz. A Bruker BCU-X cooling unit was used 

to control sample temperature, measured from the shift of water relative to an internal 

reference of DSS165, with 31P experiments taken at a sample temperature of 25°C ± 

2°C and other experiments were taken at a sample temperature of 20°C ± 2°C. States-

TPPI was used for quadrature detection in all experiments159.  
1H13C15N Experiments. All experiments conducted at 100 kHz MAS. 90° hard 

pulses of 125 kHz for 1H (2 µs), 100 kHz for 13C (2.5 µs) and 55.6 kHz for 15N (4.5 

µs) were used. For 1H-13C CP, a contact time of 1.2 ms was used with pulses of ~112 

kHz for 1H (on average, with a linear 15% ramp 85-100% from ~103-121 kHz) and 

~33 kHz for 13C. The reverse 13C-1H CP was carried out with a 0.15 ms contact time, 

and pulses of ~106 kHz for 1H (on average, with an 15% linear ramp 85-100% from 

~98-115 kHz) and ~28 kHz for 13C. The CP contact time for 1H-15N was 2 ms with 

pulses on 1H of ~109 kHz (on average, with a linear 15% ramp 85-100% from ~100-

118 kHz) for 1H-1H spin diffusion experiments and ~112 kHz for 1H (on average, with 

a linear 15% ramp 85-100% from ~103-121 kHz) for all other experiments, with ~25.5 

kHz for 15N in all experiments. The reverse CP 15N-1H used a contact time of 0.5 ms 

with pulses on 1H of ~88 kHz (on average, with a linear 15% ramp 85-100% from 

~81-95 kHz) for all experiments and ~10 kHz on 15N. Contact times for 13C-15N CP 

was 12 ms using pulses of ~68.4 kHz (average, with an 81-99% tangent ramp166 ~61.5-

76 kHz) for 13C and a ~26 kHz on 15N.    

Low-power (~10 kHz) WALTZ-64 decoupling was used on 1H during 13C and 15N 

evolution, transfer and acquisition, and on 13C and 15N during 1H acquisition167. Water 

suppression was achieved using MISSISSIPPI168 for ~40 ms (15N-edited 1H-1H spin 

diffusion), ~80 ms (13C -edited 1H-1H spin diffusion, HSQC), ~100 ms (band-selective 

spectral spin diffusion, BASS-SD169) and ~60 ms (all other experiments) at a nutation 

frequency of ~50 kHz (half the spinning speed). 

Inverse CP spectra were obtained of 1H-15N and 1H-13C with 8 co-added transients, 

with 128 increments of the 15N dimension in the former and 640 increments for the 
13C dimension in the latter.  

An hCANH spectrum was taken with 32 co-added transients, 72 increments in the 
13C dimension and 64 increments in the 15N dimension. An h(CBCA)NH experiment 
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was carried out with 16 co-added transients, 72 increments in both the 15N and 13C 

dimensions and CB-CA mixing was achieved with INEPT based transfer with a J-

Coupling delay of 4 ms.  

An hCAcoNH experiment was carried out with 32 co-added transients, with 64 and 

56 increments in the 13C and 15N dimensions respectively. CA-Co mixing was 

achieved with INEPT-based transfer with a J-Coupling delay of 3 ms. 

A 3D hCCH TOCSY spectrum was taken with 32 co-added transients, 88 

increments in the CP dimension and 94 increments in the TOCSY dimension. TOCSY 

mixing was achieved using DIPSI-3 with a mixing period of 8.7 ms.    

3D X-edited 1H-1H spin diffusion (hHXH) experiments were carried out for both 
13C (8 co-added transients) and 15N (16 co-added transients) with mixing times of 40 

ms and 180 ms, with another 15N experiment at a mixing time of 250 ms. All 15N 

experiments had 64 increments in the CP dimension, with 184 increments in the 1H-
1H dimension for the 40 & 180 ms experiments and 204 increments for the 250 ms 

experiment. Both 13C experiments were carried out with 128 increments in the CP 

dimension, with 104 increments in the 1H-1H dimension of the 40 ms experiment and 

196 in the 180 ms experiment.  
15N BASS-SD169 experiments were carried out with 104 co-added transients, 256 

increments in the 15N dimension, a 20 kHz spin-lock pulse and pulse lengths of 0.5, 1, 

1.5, 2 and 2.5 ms. 13C BASS-SD experiments were taken with 64 co-added transients, 

184 increments in the 13C dimension, a 20 kHz spin-lock pulse and pulse lengths of 1, 

2.5, 5 and 10 ms.  

For HSQC-based transfer experiments, delays for J-Coupling of 2.6 ms (15N1H), 

1.78 ms (13C1H) and 10 ms (15N13C) were used. 1H-13C refocused HSQC experiments 

were carried out with 8 co-added transients and 320 increments in the 13C dimension 

whilst 1H-15N refocused HSQC were taken with 8 co-added transients and 128 

increments in the 15N dimension. HNCA experiments used 16 co-added transients with 

52 increments in the 15N dimension and 120 in the 13C dimension. An HSQC-based 

3D TOCSY was taken with 8 co-added transients, 96 increments in the HSQC plane 

and 192 increments in the TOCSY plane, using DIPSI-3 and a mixing period of 13 

ms. An HSQC based 3D 15N-edited HhNH NOESY experiment was conducted with 

16 co-added transients, 48 increments in the HSQC plane and 120 increments in the 

NOESY plane, with a 1H-1H mixing time of 100 ms.  
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1H13C31P experiments. 90° hard pulses were calibrated to 125 kHz (2 us) for 1H, 

83.3 kHz (3 µs) for 13C and 94.3 kHz (2.65 µs) for 31P. Water suppression was 

achieved using MISSISSIPPI at a nutation frequency of ~30 kHz (½ the spinning 

frequency).  For hPH experiments, the 1H-31P CP was carried out with a contact time 

of 3.5 ms, with pulses of ~89 kHz for 1H and ~37.9 kHz (average, with a linear 15% 

ramp 85-100% from ~34.9-41 kHz) for 31P. The reverse CP 31P-1H used the same pulse 

powers, with the contact time varied 0.075 – 2 ms to give a build-up of 1H-31P contacts. 

All these experiments were conducted with 16 co-added transients and 128 increments 

in the 31P dimension.  

For hCP experiments a 1H-13C CP was used with a contact time of 1 ms, a ~115 

kHz pulse (average, with a linear 15% ramp 85-100% from ~106-125 kHz) for 1H and 

a ~102 kHz pulse on 13C. The 13C-31P CP used pulses of ~53 kHz on 13C and ~20.8 

kHz for 31P (average, with an 81-89% tangent ramp ~19.8-21.8 kHz), with contact 

times varied from 2.5 – 25 ms to give a build hp of 13C-31P contacts. All these 

experiments were carried out with 32 co-added transients and 640 increments in the 
13C dimension.  

For 31P-edited 1H-13C experiments, a 1H-31P CP was used with 3 ms contact time 

and pulses of ~105 kHz for 1H and a ~44.9 kHz pulse (average, with a linear 15% 

ramp 85-100% from ~41.2-48.5 kHz) for 31P. A 31P-13C CP was used with pulses of 

~33.5 kHz for 13C and a ±5% tangent ramp at ~37.825 kHz (average, with an 81-89% 

tangent ramp from ~36-39.6 kHz) for 13C. The contact time was varied 2.5 – 15 ms. 

The 13C-1H CP used a contact time of 0.5 ms and pulses of ~69.4 kHz (average, with 

an 15% linear ramp 85%-100% from ~63.8-75 kHz) for 13C and ~114.5 kHz for 1H. 

All these experiments were carried out with 256 co-added transients and 128 

increments in the carbon dimension.  
1H15N31P Experiments. To probe distances between 15N and 31P atoms, an hNhhP 

experiment was performed. 90° hard pulses were calibrated to 100 kHz (2.5 µs) for 
1H, 41.67 kHz (6 µs) for 31P and 25 kHz (10 µs) for 15N. The 1H-15N CP used a contact 

time of 2 ms and pulses of ~19 kHz for 15N and ~44.2 kHz (average, with a 30% linear 

ramp 70-100% from 36.4-52 kHz). The reverse CP used a contact time of 1 ms and 

pulses of ~19 kHz for 15N and ~65.8 kHz (average, with a 30% linear ramp 70-100% 

from 54.25-77.5 kHz). A 50 µs 1H-1H mixing time then followed. Finally, a 1H-31P 

CP was performed with a contact time of 2.5 ms and pulses of ~9.5 kHz for 31P and 
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~48.5 kHz (average, with a 30% linear ramp 70-100% from ~39.9-57 kHz). Multiple 

instances of this same experiment were carried out with 256 co-added transients and 

96 increments in the 31P dimension, and the FIDs were added together in Topspin 4.0.1 

and processed as a whole.   

 

6.4. Structure Calculations 

All data were processed using Bruker Topspin 4.1 and analysed using SPARKY170. 

All assignments were completed in SPARKY and integrals for 1H-1H cross peaks from 

spin diffusion experiments were exported in XEASY/DYANA format to be used in 

Cyana. Cyana residue library files for unusual residues and for lipid II were used as 

previously described147. For calculations involving more than one molecule, the 

sequence was duplicated and each molecule separated by a series of dummy residues. 

For calculations involving more than one of the same kind of molecule (e.g. 2 

teixobactin molecules), entries in chemical shift lists were duplicated, and peak lists 

were duplicated and manually edited to reflect the atoms and residue IDs for the 

duplicated molecules.  

Calculations were run based on two basic models: an antiparallel teixobactin dimer 

with a 1:1 lipid II ratio, and a dimer of parallel teixobactin dimers, each interacting 

with lipid II at a different terminus for a 2:1 ratio (for more information see chapter 

11). For sorting intermolecular interactions for the antiparallel model, both termini are 

in contact with the same lipid II at either end of the dimer and so these interactions do 

not need to be separated. For teixobactin-teixobactin contacts between residues 1-7 

(which run antiparallel opposite to each other), contacts where |i-j| < 3 were treated as 

intramolecular and interactions where |i-j| > 3 were treated as intermolecular. 

Interactions where |i-j| = 3 were excluded due to ambiguity about which they belonged 

to. For residues 8-11, contacts where |i-j| < 6 were treated as intramolecular and |i-j| > 

6 interactions treated as intermolecular, with |i-j| = 6 interactions excluded due do 

ambiguity (Figure 6.1.).  

For the model of 2 parallel dimers, each dimer interacts with lipid II at a different 

terminus, so peak lists were edited manually to reflect this (atom IDs for all N-terminal 

interactions were changed to match one dimer, whilst C-terminus peak interactions 

were assigned to a different dimer). Teixobactin-teixobactin contacts where |i-j| < 5 

were treated as intramolecular, and |i-j| > 6 were assigned as inter-dimer interactions, 
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with any that fell in-between excluded due to ambiguity (Figure 6.1.). No dimer-dimer 

interactions were included in calculations with Cyana, so the two dimers were 

modelled independently. 

Peak integrals were converted into upper distance limits using the Cyana CALIBA 

macro, which uses equation 13 to calculate the proportionality constant based on 

average backbone distances provided by the user. In the first instance, only 

intramolecular teixobactin contacts were used as the program would otherwise 

recognise inter-molecular interactions as backbone interactions and erroneously use 

these in the calibration. For each experiment, intramolecular distances were calibrated 

using a range of different average backbone distances. After each calibration, a 

structural calculation was run using the output distance limits. The resulting 

teixobactin secondary structure was evaluated and the proportionality constants that 

performed best for each experiment were noted. This evaluation was based on the 

target function of the structure as well as agreement with reference distances for atoms 

in β-sheet conformations. The best proportionality constants for each experiment were 

then used in the CALIBA macro in lieu of an average distance, and run with all peaks 

to give upper distance limits for all contacts.  

Figure 6.1. Teixobactins Contacts for Different Models. Arrangement of 

teixobactin molecules in anti-parallel (top) and parallel (bottom) models. Examples 

of how interactions with residue one may be assigned as intramolecular (green 

arrows), intermolecular or inter-dimer (red arrows) or ambiguous (orange arrows). 
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All of these distance restraints were then combined with dihedral angle restraints 

from TALOS+, auto-generated symmetry restraints, and hydrogen bonding restraints 

for β-sheet-β-sheet interactions (Table 6.1) for final calculations. For the parallel 

model, the final PDBs for each dimer were exported and docked together using the 

dimer-dimer distance restraints in HADDOCK to give the overall structure of the 

complex. 

A local version of HADDOCK 2.4171 was used as accommodations for non-

supported residues could not be made using the web server. D-amino acids are 

recognized automatically by the program, so did not require further definition. 

Topology and parameter files for other residues were prepared as follows. A methyl 

group for phenylalanine was based on parameters for monomethyl lysine (which is 

supported by HADDOCK). Topology and parameters for Enduracididine were taken 

from a PDB of enduracididine submitted to the PRODRG server172. Topology and 

parameters for MurNAc were based on GlcNAc, which is supported by HADDOCK. 

Information added to the MurNAc entry regarding the muramyl group, pyrophosphate 

group and lipid tail were added manually based on supported phosphorylated amino 

acids and data from PDB submissions to the PRODRG server. The default 

HADDOCK settings were used for the run, and dimer-dimer restraints were added as 

ambiguous restraints for the binding interface. Unambiguous restraints were used to 

define the hydrogen bonding within teixobactin dimers as described in Table 6.1, and 

to define a range of values of the length of the complex to fit the EM data. Backbone 

Table 6.1. Hydrogen Bonding Restraints. 

Restraints used for hydrogen bonding between β-sheets of teixobactin 

dimers. Upper limits were set at 3 Å and 2 Å for N-O and H-O distances 

respectively. 
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dihedral angle restraints were based on the angles of the input PDBs, with an error 

margin of 10°. 

6.5. EM 

After NMR titrations of natural abundance teixobactin and lipid II were completed, 

the sample was removed from the NMR tubes and stored at –20°C.  For negative stain 

studies, the sample was stained with 2% uranium acetate on glow discharged Formvar 

carbon discs whilst for cryo-EM studies, the sample was frozen manually using a 

plunge freezer and a GATAN 626 cryo-holder. Images were taken on a Jeol 2100 plus 

transmission electron microscope using a Gatan OneView camera and 200 kV 

imaging. Images were analysed and filament widths measured using ImageJ. 
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III – Results 

Chapter 7 – Synthesis of 13C15N Labelled Lipid II 

Lipid II is an attractive target for antibiotics and so information about how it 

behaves in complex with such antibiotics is highly valuable. ssNMR studies have 

focussed mostly on the properties of the antibiotics that are in complex with lipid II as 

opposed to the target-side. High-resolution information on the lipid II side of the 

interaction has therefore been lacking. A novel approach was developed for mg-scale 

synthesis of lipid II with 13C15N labelling. This allows NMR studies that can provide 

high-resolution insights into how lipid II interacts with antibiotics, which could be key 

for the design and discovery of future antimicrobial treatments. Experimental details 

of the techniques used in this chapter can be found in chapter 5.2, and other data 

regarding activity of enzymes used in the process and purification of the products can 

be found in appendix A. 

7.1. UDP-N-Acetylglucosamine Synthesis 

UDP-GlcNAc is a nucleotide that plays a role in cellular metabolism and signalling 

in bacteria cells. It is also used as the starting point for the lipid II synthesis pathway 

as outlined in Figure 2.2. Both sugar moieties in the final lipid II molecule originate 

from UDP-GlcNAc. As such, a prerequisite to producing isotopically labelled lipid II 

is to be able to introduce such labelling into UDP-GlcNAc, which requires the ability 

to produce the compound (Figure 7.1). 

The synthesis of UDP-GlcNAc itself begins in cells with glucosamine 6-phosphate, 

so by reaching this stage the rest of the process can broadly follow the cellular 

pathway. This was achieved by using the activity of hexokinase, which can 

phosphorylate hexoses (usually glucose) at the 6-Carbon position. The extension of 

this kinase activity to glucosamine was confirmed by spectrophotometric assay, and 

so 13C615N glucosamine was therefore used to produce 13C615N glucosamine 6-

phosphate in the first step of the synthesis pathway. 

For the final steps of the pathway to take place (as outlined below), the conversion 

of glucosamine 6-phosphate into glucosamine 1-phosphate is necessary. A class of 

enzymes called phosphoglucomutases generally convert glucose 6-phospate into 

glucose 1-phosphate and have been reported to have similar activity with glucosamine 

6-phosphate. Similar to the first step then, using enzymes intended for non-aminated 
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sugars is possible. However, the GlmM enzyme of E. coli is the inverse of this, with 

the primary role of converting glucosamine 6-phosphate into glucosamine-1-

phosphate, with lesser affinity for converting the non-aminated sugar. The second step 

Figure 7.1. Synthesis Pathway of UDP-N-Acetylglucosamine. The pathway used 

for the synthesis of labelled UDP-N-Acetylglucosamine. Glucosamine (13C615N) 

was used as a starting point, which was then phosphorylated and converted to 

glucosamine 1-phohsphate. This was then converted into N-Acetylglucosamine 1-

phosphate using 13C2 acetyl CoA (produced in situ from 13C2 sodium acetate). The 

final step involved conjugation to the nucleotide carrier. 



 68 

in the pathway therefore uses this enzyme to convert glucosamine 6-phosphate into 

glucosamine 1-phosphate (in the presence of glucose-1,6-diphosphate). 

The final part of the synthesis involves 2 steps carried out by the same enzyme, 

GlmU. In the first step, the C-terminal domain of the enzyme catalyses the transfer of 

the acetyl group of acetyl coenzyme A (acetyl CoA) to glucosamine 1-phosphate, 

producing N-acetyl-glucosamine 1-phosphate. It is at this stage that the final part of 

the labelling scheme for the sugar can be introduced by using 13C2 acetyl CoA, where 

the acetyl group that is transferred to the sugar consists of 13C. A source of labelled 

acetyl CoA was therefore produced in situ using 13C2 sodium acetate & coenzyme A 

with acetyl CoA synthetase. After these steps have been completed, the N-terminal 

domain of GlmU conjugates the sugar to UTP, producing UDP-GlcNAc and releasing 

diphosphate. This results in a final product of 13C815N UDP-GlcNAc that can be used 

as a base substrate for further stages of lipid II synthesis. All steps of the synthesis are 

able to be carried out in sequence in a one-pot synthesis, which was carried out with 

Figure 7.2. Mass Spectrometry of Labelled UDP-GlcNAc. Negative ion ESI-MS 

showing the peak for labelled UDP-GlcNAc, exact mass = 616.11. Top trace shows 

the spectrum for the sample and the bottom trace shows the expected peaks for the 

compound. Peaks represent singly and doubly charged species. Masses shown on 

peaks are less the mass of H+ ions that result in the charges. 
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an efficiency of ~80.4% and the successful incorporation of the labelling was 

confirmed by mass spectrometry (Figure 7.2). 

7.2. UDP-N-Acetylmuramic Acid Lysine Pentapeptide Synthesis 

Whilst UDP-GlcNAc is incorporated as-is into the final lipid II molecule, it is also 

used to produce the other sugar (UDP-MurNAc) required. A multistep process 

outlined in Figure 2.2, this synthesis would ordinarily be carried out together with the 

addition of the pentapeptide. However, the same substrate that is used for the addition 

of the muramyl group (PEP) is also used as a phosphate source for the regeneration of 

ATP that is used during the pentapeptide synthesis steps, and so is usually present in 

excess. This is problematic as it would require isotopically labelled PEP that would be 

used in the UDP-MurNAc synthesis step to be used in excess and wasted on latter 

Figure 7.3. Mass Spectrometry of Labelled UDP-MurNAc. Negative ion ESI-

MS showing the peak for labelled UDP-MurNAc, exact mass = 691.14. Top trace 

shows the spectrum for the sample and the bottom trace shows the expected peaks 

for the compound. Peaks represent singly and doubly charged species. Masses 

shown on peaks are less the mass of H+ ions that result in the charges. 
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steps. As such, this process was split into 2 distinct syntheses – the first using 13C3 

PEP to produce 13C1115N UDP-MurNAc, and the second to introduce the labelled 

amino acids in the pentapeptide, using natural abundance PEP to regenerate ATP. It 

was determined that the former would go to completion with a PEP concentration 1.5 

times that of UDP-GlcNAc (compared to 24 times in the standard synthesis, Figure 

A-3) and the production of 13C1115N UDP-MurNAc was achieved with ~83.5% 

efficiency and confirmed by mass spectrometry (Figure 7.3).  

For the addition of the pentapeptide chain, 13C315N  L-Alanine and 13C615N2  L-

Lysine were used. Natural abundance γ-D-Glutamate was used as the isotopically 

Figure 7.4. Mass Spectrometry of Labelled UDP-MurNAc Pentapeptide (LYS). 

Negative ion ESI-MS showing the peak for labelled UDP-MurNAc pentapeptide 

(LYS), exact mass = 1181.42. Top trace shows the spectrum for the sample and 

bottom trace shows the expected peaks for the compound. Peaks represent singly 

and doubly charged species. Masses shown on peaks are less the mass of H+ ions 

that result in the charges. 
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labelled version was cost-prohibitive. The same was true of the usual substrate for the 

final addition of the pentapeptide (D-Ala-D-Ala dipeptide) and so instead this was 

produced in situ using ddlB expressed from E. coli and 13C315N D-Alanine as a 

substrate. The final product therefore was 13C2615N6 UDP-MurNAc pentapeptide with 
13C and 15N isotopes at all positions in the sugar and lactyl moieties, as well as at 

residues 1, 3 , 4 & 5 of the pentapeptide. This was achieved with an efficiency of 

~68.6% and the identity of the product was confirmed by mass spectrometry (Figure 

7.4.). 

 

7.3. Final Lipid II Synthesis 

The final lipid II synthesis process for the isotopically labelled version did not 

require any deviation from the usual process (as previously published164 and described 

in chapter 5.), as labelling of the required labelled substrates had already been 

completed. In lieu of natural abundance versions, 13C815N  UDP-GlcNAc was used 

with 13C2615N6 UDP-MurNAc pentapeptide to produce 13C3415N7 lipid II, confirmed 

Figure 7.5. Mass Spectrometry of Labelled Lipid II. Positive ion ESI-MS 

showing the peak for labelled lipid II (LYS), Mr = 1916.15. Top trace shows the 

spectrum for the sample, bottom trace shows the expected peaks for the compound. 

Peaks represent singly, doubly, triply and quadruply charged species. Masses shown 

on peaks are less the mass of H+ ions that result in the charges. 
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again by mass spectrometry (Figure 7.5). This completes a novel method for the 

synthesis of isotopically labelled lipid II, which is both efficient and highly 

customisable. A high degree of control can easily be exerted over the introduction of 

labelled moieties in the final molecule (Figure 7.6), which allows for the production 

of custom labelling schemes. For example, by using either natural abundance or 

labelled versions of substrates at appropriate parts of the synthesis process, lipid II can 

be produced with any or none of the amino acids labelled, or with only one of the 

sugars labelled. This can be advantageous as selective labelling can be used to 

determine the difference between inter- and intra- molecular interactions in NMR 

experiments. This is of particular interest as aggregation has been implicated as a mode 

of action of numerous antibiotics that target lipid II. These custom labelling schemes 

could therefore help to determine the macrostructure of such aggregates by determine 

which lipid II-lipid II interactions are between neighbouring molecules and which are 

within the same molecule.  

 

 

  

Figure 7.6. Labelling Scheme of Lipid II. An overview of the labelling produced 

in the final lipid II molecule. Labels are coloured according to from where they were 

introduced during the synthesis process. The labelling of the sugar rings was 

achieved using labelled glucosamine, whilst the acetate groups originated from 

labelled sodium acetate, and the muramyl moiety from labelled PEP. 
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Chapter 8 – NMR of 13C15N Labelled Lipid II/Teixobactin 

[13C15N]-labelled-(Mur, Glc, Ala1, Lys3, D-Ala4, D-Ala5)-lipid II synthesised as 

described above was titrated against [UL-13C15N]-Teixobactin in the solution state, 

after which the sample was prepared for solid state experiments. Described below are 

the results of those experiments, including the first 1H-13C  and 1H-15N  spectra of lipid 

II, and the first NMR experiments conducted with labelled lipid II and wild type 

teixobactin, as well as the first NMR experiments using uniformly labelled teixobactin 

with labelled lipid II (shifts in Tables 8.1-8.4). These experiments have provided new 

insights into the binding interface between the two molecules, revealing that much 

more of both the lipid II molecule and the teixobactin molecule may be involved in 

binding than previously thought. The methods used in this chapter are described in 

chapter 6, additional spectra and pulse sequences can be found in appendices B & C. 

8.1. Assignment Studies 

As both sugar moieties are very similar, distinguishing between them can be a 

challenge with corresponding resonances from carbon atoms in each sugar appearing 

at similar frequencies. However, there are some differences between the two sugars 

that can be utilised. The first is that the MurNAc sugar contains two extra carbon 

nuclei that the GlcNAc sugar does not – at the C9 and C11 sites (Figure 8.1a). 

Although C9 has a similar expected chemical shift to other carbons in the sugar rings, 

C11 is a methyl carbon that would be expected to have a chemical shift distinct from 

all others in lipid II, at around ~20 ppm. The only other methyl groups in the sugar 

moieties (C8) are attached to a carboxyl carbon and so are sufficiently different to 

distinguish from the C11 atom.  

Additionally, both C1 atoms have distinct chemical shifts to the rest of the sugar 

atoms, separated from that region by ~20 ppm for 13C149. But they are each also in 

distinct environments, with the C1 of GlcNAc involved in a 1,4 glycosidic linkage 

whilst the C1 of MurNAc is involved in a linkage to the pyrophosphate group and so 

has a lower expected chemical shift. So, correlations between peaks at each end of the 

spectrum – C11 at ~20 ppm & the C1s at ~100 ppm – and the rest of the sugar peaks 

can help to distinguish between the two sugars (Figure 8.1). 

Spectra were taken of free lipid II in DPC micelles in the solution state, as well as 

of the whole complex in the solid state. The C2 atoms of both sugars are in a similar 

chemical environment to Cα atoms and so appear in the same chemical shift region,  
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Table 8.1. Solution State Chemical Shifts for UL-[13C15N] Teixobactin in DPC 

Table 8.2. Solution State Chemical Shifts for Labelled Lipid II in DPC 
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Table 8.3. Solid State Protein Chemical Shifts of UL-[13C15N] Teixobactin 

in Complex With Labelled Lipid II 

Table 8.4. Solid State Sugar Chemical Shifts of UL-[13C15N] Teixobactin 

in Complex With Labelled Lipid II 
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Figure 8.1. Assignment of Lipid II Sugars. Numbering scheme of lipid II (a). 

Examples of how some sugar carbons can be assigned using NMR spectra: Slice of 

an hCANH, ω2-15N :120.499 ppm, b), an NH spectrum (c) and an CH spectrum (d). 

Slices of a TOCSY spectrum at the 13C frequencies of MurC1 (ω2-13C: 95.372 

ppm, e), MurC2 (ω2-13C: 53.379 ppm, f) and MurC11 (ω2-13C: 18.503 ppm, g). All 

spectra are CP-based. The C1 atom can be linked to C3/C9 as well as C2 (f), which 

can further be linked to C4 (f). C11 can also be linked to C3/C9 (g). The frequency 

of C2 can then be correlated with cross peaks in the hCANH spectrum (b), to assign 

the amide group for MurNAc (c). All experiments were carried out on UL-[13C15N]-

Teixobactin with 13C15N  labelled lipid II in DPC micelles in a 0.7mm rotor at 100 

kHz MAS & on a 700 MHz spectrometer. Relevant pulse sequences can be found in 

figures B-2, B-3 and B-6. 
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which means that they can successfully be assigned by hCANH experiments. Both 

sugar amide groups can therefore be assigned, and were present in the solution state 

as well as in the solid state. This was also true for the amide group of the first alanine 

in the pentapeptide chain but the remainder of the pentapeptide residues only appeared 

in the HSQC-based solution experiments, and did not appear in the CP-based solid-

state experiments (Figure 8.2.), suggesting that the pentapeptide of lipid II is partially 

mobile in the complex with teixobactin. 

This trend was also observed in the CH spectra, where both Ala residues and the 

Lys residue of the pentapeptide chain were present in the solution state spectrum, but 

not in the solid state (Figure 8.3.). The teixobactin chemical shifts also agreed well  

Figure 8.2. 1H-15N Spectrum of Lipid II and Teixobactin. Solid state 1H-15N 

NMR spectrum (red) overlaid with lipid peaks from solution experiments 

(green). Peaks that only appear in the solution experiments are labelled in green. 

Experiment in red carried out in solid state on UL-[13C15N ]-Teixobactin with 
13C15N  labelled lipid II in DPC micelles in a 0.7mm rotor at 100 kHz MAS & 

on a 700 MHz spectrometer (pulse sequence in Fig. B-2). Experiment in green 

carried out in solution state on 13C15N  labelled lipid II in DPC micelles in 10 

mM sodium phosphate buffer pH 6.5, 10% D2O on a 700 MHz spectrometer 

(sfhmqcf3gpph sequence was used). 
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Figure 8.3. 1H-13C Spectra of Lipid II and Teixobactin. 1H-13C NMR spectrum 

for lipid II and teixobactin in complex (a). Regions of the same spectrum (orange) 

overlaid with peaks from a previous study (cyan) involving lipid II DAP (b) and with 

solution state spectra of lipid II (green, c-d). Peaks that do not appear in the solid-

state spectra are labelled in red. Solid state experiments (orange) were carried out on 

UL-[13C15N]-Teixobactin with 13C15N  labelled lipid II in DPC micelles in a 0.7mm 

rotor at 100 kHz MAS & on a 700 MHz spectrometer (pulse sequence in Fig. B-1). 

Solution state experiments were carried out on 13C15N  labelled lipid II in DPC 

micelles in 10 mM sodium phosphate buffer pH 6.5, 10% D2O on a 700 MHz 

spectrometer (hsqcetgpsp sequence was used). 
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with previous studies in a similar system (Figure 8.3b), that used natural abundance 

lipid II with meso-DAP at position 3 of the pentapeptide chain. This shows that 

although teixobactin has been shown to have different binding affinities for Lys and 

DAP variants173, the general structure of teixobactin in complex with lipid II likely 

does not differ significantly for lipid II variants.  

These initial experiments provide limited structural insights but the cross peaks 

from 1H-15N and 1H-13C spectra can be evaluated to determine the secondary structure 

of the teixobactin. The chemical shifts were submitted to the TALOS+ server to 

determine secondary structure elements and provide dihedral angle restraints. The 

results reveal a β-sheet conformation between residues 2-6 (Figure 8.4.), agreeing with 

previously reported studies. 

 

8.2. Mobility in the Solid State 

The lack of resonances for the pentapeptide in the CP based experiments above 

suggests that it is at least partially mobile in the complex, as has been previously 

suggested149. HSQC-based experiments were therefore conducted in the solid state to 

probe the mobile parts of the sample (Figure 8.5). The remainder of the lipid residues 

Figure 8.4. Secondary Structure of Teixobactin. TALOS+ secondary structure 

prediction of residues 1-9. Terminal residues are not evaluated and the unusual 

residue enduracididine at position 10 was not included as it is not recognised by the 

TALOS+ library. Predictions for D-residues are based on L-residue shifts in the 

TALOS+ library. Values represent the probability of the secondary structure 

prediction by the TALOS+ neural network. 
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(excluding γ-D-Glu, which was not labelled) were able to be assigned in this manner. 

Interestingly, it seemed as though there were multiple backbone resonances for the 

lysine residue, and peaks for Ala1 also appeared, at a different chemical shift to those 

that appeared in the CP-based experiments. There were a number of other peaks in the 

spectrum as well, suggesting that a significant portion of the sample may be mobile. 

These peaks tend to overlap with the peaks for the solution state spectra of teixobactin, 

but there are no peaks in the sugar regions of the spectrum.  

These results suggest that the pentapeptide chain of lipid II may exist in different 

forms and experience variable rates of mobility. It is unlikely that this could be 

explained by complexes that are not involved in the aggregates as the remainder of 

lipid II does not seem to experience this. Rather, additional peaks in the spectra are 

likely to belong to free teixobactin that did not bind lipid II and was spun down with 

the aggregates or entered the sample from the supernatant, which was added to the 

packed rotor to prevent dehydration. 
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Figure 8.5. The Lipid II Pentapeptide in the Mobile Phase. Solid state HSQC 
1H-13C  NMR spectrum of the lipid II and teixobactin complex (orange), overlaid 

with peaks of a 1H-13C spectrum solution state spectrum of teixobactin (purple). 

Solid state experiments carried out on UL-[13C15N]-Teixobactin with 13C15N  

labelled lipid II in DPC micelles in a 0.7mm rotor at 100 kHz MAS & on a 700 

MHz spectrometer (pulse sequence in Fig. B-10). Solution state experiments used 

UL-[13C15N]-Teixobactin in DPC micelles in 10 mM sodium phosphate buffer pH 

6.5, 10% D2O on a 700 MHz spectrometer (hsqcetgpsp sequence was used). 



 82 

8.3. Structural Studies 

To determine the 3D structure of teixobactin and the details of its interactions with 

lipid II, 1H-1H spin diffusion (100 kHz MAS) experiments were primarily employed 

(Figure 8.6.). 3D X-edited experiments were used for both 13C  and 15N at 1H-1H 

Figure 8.6. NOE Contacts of the Lipid II-Teixobactin Complex. Examples of 

some of the 1H-1H interactions observed. 1H-1H slices shown at the carbon 

frequencies of (from left to right) MurC1, Thr8Cα and MurC2 & Ala9Cα. 

Unambiguous assignments are labelled. Experiments were carried out on UL-

[13C15N]-Teixobactin with 13C15N labelled lipid II in DPC micelles in a 0.7mm rotor 

at 100 kHz MAS & on a 700 MHz spectrometer (pulse sequence in Fig. B-8). 
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mixing times of 40 and 180 ms (with a further 250 ms experiment for 15N). These were 

supplemented by 2D BASS-SD experiments for both 15N and 13C at a range of mixing 

times.   

Over 600 1H-1H contacts were detected, with 194 unique and unambiguous contacts 

summarised in tables 8.5 & 8.6. Teixobactin – Teixobactin interactions (Table 8.5) 

primarily consisted of intra-residue contacts and short-range contacts with 

neighbouring residues. Long-range interactions between the two ends of the 

teixobactin are likely to be between neighbouring molecules in the aggregate. Such 

interactions primarily involved residues 1 & 2 at the N-terminus and residue 11 (and 

to a lesser extent residues 8-10) at the C terminus. It is logical that a greater range of 

residues may be involved at the C terminus due to the ring structure formed between 

residues 8 & 11, which essentially extends the range of residues that may be 

considered to be at the end of the peptide chain. These contacts are between residues 

that are far enough away from each other that it is highly unlikely that they are contacts 

within the same teixobactin molecules. This means that the aggregates formed by the 

complex must include teixobactin molecules with N-termini in contact with C-termini 

of neighbouring molecules.  

The intermolecular contacts between lipid II and teixobactin (Table 8.6) show that 

the MurNAc sugar residue is more involved in the binding interface, with GlcNAc 

seeing fewer contacts. Contacts come from both ends of the teixobactin molecule, 

Table 8.5. Teixobactin-Teixobactin Contacts. 

Summarised are the total number of unique teixobactin-teixobactin contacts that could be 

unambiguously assigned. Row headings indicate the source resonance and column headings 

indicate the contact resonance. Coloured from fewest (red) to most (green) contacts. 
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suggesting that both termini are in the vicinity of a lipid II molecule. Previously only 

contacts with residues 9 and 10 of a modified version of teixobactin had been reported, 

but here it was found that far more of the teixobactin molecule may be involved in 

binding, and that the N-terminal residues may also interact with the sugars. The middle 

residues, D-allo-Ile & Ile at positions 5 & 6 respectively saw no contacts with the lipid 

II molecules, but all other residues did. Heavier contact with residues 7-11 than with 

residues 1-4 confirms the importance of the ring structure formed at the C terminus in 

binding lipid II. 

Also observed was that the GlcNAc residue may be more involved in binding than 

currently reported. Previously, only very limited interactions with residue 10 of a 

modified teixobactin had been reported, but here a much more extensive set of contacts 

have been observed for the sugar. Although these may be more numerous than may 

be expected based on current reports, there are still significantly fewer contacts than 

with Mur, confirming that the latter sugar is primarily involved.  

For the first time, contacts were observed between the teixobactin and the 

pentapeptide chain of lipid II. This is contrary to previous studies which had suggested 

that the pentapeptide chain is oriented away from the binding interface and is not 

involved in the binding process149. Contacts however were observed between residues 

7 of teixobactin and 1 of the pentapeptide, as well as between the lysine at residue 3 

of the pentapeptide and residues 4, 7 and 8 of the teixobactin. Considering that both 

ends of the teixobactin are in contact with lipid II, it is interesting to note that residue 

4 and residues 7 & 8 are similar distances from each end of the teixobactin molecule.  

Table 8.6. Lipid II-Teixobactin Contacts. 

A summary of all the unique lipid II – teixobactin contacts that could be unambiguously 

assigned. Coloured from fewest (red) to most (green) contacts. 
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The interaction with the alanine at position 1 is only observed at one end of the 

teixobactin molecule. This could help explain the multiple forms of that residue 

described above. It is possible that at one end of the teixobactin the pentapeptide is 

stabilised by this interaction and is therefore less mobile, leading to its appearance in 

the CP-based spectrum. Meanwhile from the other end, with no such stabilising 

interaction available, the pentapeptide is more mobile and only shows in the HSQC-

based spectrum.  

Of significant interest is that the majority of the pentapeptide-teixobactin 

interactions involve the lysine at position 3 (e.g. Figure 8.7.). This is the most variable 

position in the pentapeptide and it has been proven to affect the binding affinity of 

teixobactin for lipid II, with an interaction with Lys variants 3 times stronger than with 

Figure 8.7. Interactions with the Pentapeptide of Lipid II. An example of some 

of the contacts seen between teixobactin and the lysine at position 3 of the 

pentapeptide of lipid II. Shown is a 15N BASS-SD NMR spectrum, displaying cross-

peaks for the sidechain amide group of Gln4 and sidechain protons of lysine. 

Experiments were carried out on UL-[13C15N]-Teixobactin with 13C15N  labelled 

lipid II in DPC micelles in a 0.7mm rotor at 100 kHz MAS & on a 700 MHz 

spectrometer (pulse sequence in Fig. B-9). 
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DAP variants. This interaction therefore is significant for a number of reasons. It 

provides a direct explanation for the variable binding affinity of teixobactin for 

different lipid II variants. As described in chapter 3, some substitutions are tolerated 

at position 4, so it is unlikely that the pentapeptide is absolutely necessary for 

teixobactin to bind, but it seems likely that it plays a role in stabilising and  

strengthening the interaction by interacting with residues 4, 7 and 8. Substitutions at 

positions 7 and 8 were not tolerated but this is likely due to their involvement in the 

more significant ring structure and does not necessarily inform the behaviour of the 

pentapeptide. The observation of this interaction is also valuable for the design of 

effective analogues. If a more robust teixobactin-pentapeptide interaction can increase 

the binding affinity by a factor of 3, manipulating it could help design teixobactin 

analogues that are more effective against more lipid II variants from more species. The 

pentapeptide is also the only part of lipid II that is susceptible to mutations. Although 

it is unlikely that this will result in any clinically significant resistance, a detailed 

understanding of the interaction can speed up responses to any mutations that may 

reduce the potency of teixobactin and help forestall the spread of any such resistance.  
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Chapter 9 – 31P NMR of Lipid II with 13C15N Labelled Teixobactin  

Whilst NMR experiments commonly use 1H, 13C and 15N nuclei as these are all 

spin ½ and are biologically relevant, there is another naturally abundant spin ½ nuclei 

that is also biologically relevant – 31P. Studies involving 31P have generally been 

focussed on probing the dynamics of membranes, or interactions between membranes 

and membrane proteins174–178. However, the pyrophosphate group of lipid II has been 

implicated in the binding of numerous antibiotics and so studies of 31P-antibiotic 

interactions can give valuable insights into the pyrophosphate cage common to these 

drugs. As each phosphorous in the group has a distinct chemical shift, precise contacts 

can be determined. So far though, such studies have been limited. In solution state 

experiments, 1D 31P experiments conducted on both free and bound lipid II with nisin 

revealed a significant change in chemical shift that showed the pyrophosphate group 

was heavily involved in binding18. Further 31P-edited 1H-15N  HSQC experiments were 

able to correlate these changes to residues in the nisin, providing information about 

which residues formed the binding cage. More recently, studies of a modified, partially 

labelled teixobactin molecule were able to determine some limited 1H-31P contacts in 

the solid state149. However, no 31P studies have so far been carried out involving fully 

labelled or wild type teixobactin in the solid state. Indeed, there is dearth of such 

studies in general, with any 13C  or 15N  correlated 31P studies limited to solution state 

experiments. Presented in this chapter are the results of novel experiments that provide 
1H-31P, 13C -31P and 15N -31P correlations, allowing detailed insights into the precise 

nature of the pyrophosphate binding cage of teixobactin. The methods used in this 

chapter are described in chapter 6, and additional information can be found in 

appendix E. 

9.1. 31P15N Experiments 

In order to determine correlations between the amide groups of teixobactin and the 

phosphate atoms, an hNhhP experiment was performed. This involved a 1H-15N 

inverse CP, followed by proton-proton mixing and then a 1H-31P CP. Signal was 

detected on 31P, with t1 evolution on 15N. This provided 15N-31P correlations via amide 

and 31P-neighbouring protons (Figure 9.1).  
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Carried out at a short 1H-1H mixing time of 50 µs, this shows that there is significant 

interaction between amide groups of teixobactin and both phosphorous atoms in the 

pyrophosphate group. The phosphorous closest to the sugar moiety (PS) is more 

heavily involved, with more correlations than the lipid-side phosphorous (PL). Cross 

peaks with residues 11 and 10 provide further evidence for the importance of the C 

terminus as a pyrophosphate binding cage. However, the nature of this experiment 

means there is a lack of resolution in the nitrogen dimension, with significant 

ambiguity amongst a majority of cross-peaks. In addition, the single mixing time 

precludes the determination of reliable long-range and short-range distances.  

9.2. 13C-31P Cross-Polarisation Experiments. 

The lack of distance information from the above 15N experiments was first 

attempted to be resolved with novel 13C -31P cross-polarisation experiments at a variety 

of mixing times to give a build-up of direct 13C-31P contacts (Figure 9.2.). These 

experiments reveal that in extremely close contact to the PL atom is the first residue of 

teixobactin, Nmp1. Although there had been no prior evidence of the involvement of 

this residue in directly binding lipid II, this data along with proton-proton contacts 

Figure 9.1. 15N -31P Correlations. NMR spectrum from an hNhhP experiment with 

50 µs mixing time, showing 15N -31P cross-peaks, with unambiguous peaks labelled. 

Experiments were carried out on UL-[13C15N]-Teixobactin with natural abundance 

lipid II in DPC micelles in a 1.3mm rotor at 60 kHz MAS & on an 850 MHz 

spectrometer (pulse sequence in Fig. B-16).  
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from the previous chapter seem to support this idea. Previous studies had suggested 

that this residue may also be involved in anchoring teixobactin in the membrane, 

which seems to be supported by the close proximity to the pyrophosphate group and 

therefore the undecaprenyl chain, which is embedded in the lipid bilayer147.  

Interactions with End10 are also present at shorter distances, again confirming the 

importance of that residue in the binding interface. That this residue is in closer contact 

with PS agrees well with 1H-1H spin diffusion data from above, that it is heavily 

involved in interacting with the MurNAc residue. It seems therefore that opposite ends 

of the teixobactin molecule may perform different functions when binding. The N-

terminus may be slightly more focussed on securing the teixobactin in the correct 

position, to allow the C-terminus to carry out a role more focussed on binding the 

sugar moieties. However, the strong presence of Nmp1-MurNAc interactions suggest 

that membrane anchoring is not the sole responsibility of the N-terminus residue, and 

that it may also bind to the sugar directly. 
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Figure 9.2. 13C -31P Direct CP Correlations. NMR spectra of 13C -31P CP 

experiments at 5 ms (top), 10 ms (middle) and 15 ms (bottom) CP mixing times. 

Peaks that could be unambiguously assigned are labelled. Experiments were carried 

out on UL-[13C15N]-Teixobactin with natural abundance lipid II in DPC micelles in 

a 1.3mm rotor at 60 kHz MAS & on a 700 MHz spectrometer (pulse sequence in 

Fig. B-14).  
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9.3. 31P-edited 1H-13C Experiments 

The experiments thus far have provided a build-up of contacts between teixobactin 

and the pyrophosphate group, providing information about the proximity of the 

antibiotic residues to the phosphorous atoms. However, they suffer from a degree of 

Figure 9.3. 31P-Edited 1H-13C  Spectra. 1H-13C CP NMR spectra, edited by a 31P-
13C  CP at different mixing times, to filter out 1H-13C  correlations that are not in 

proximity to the pyrophosphate group. The only ambiguous peak that could not be 

assigned is the region to the left of Thr8Cα, which contains the Cα nuclei of Ser3, 

Ile5 and Ile6 in close proximity. Experiments were carried out on UL-[13C15N]-

Teixobactin with natural abundance lipid II in DPC micelles in a 1.3mm rotor at 60 

kHz MAS & on a 700 MHz spectrometer (pulse sequence in Fig. B-15). 
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ambiguity, with the inability to accurately assign peaks at crowded parts of the 13C  

spectrum. In order to resolve some of this ambiguity, novel 31P-edited 1H-13C 

experiments were performed. This involved an initial 1H-31P CP, followed by a 31P-
13C  CP, where the mixing time was varied for different experiments. 13C  evolution 

was then followed by a 13C -1H CP, with output of an 1H-13C spectrum filtered by 

proximity of the Carbon atoms to the pyrophosphate group (Figure 9.3.). This revealed 

more unambiguous 13C -31P interactions than the direct CP. Residues 1 and 10 were 

again prominent from the shortest mixing times. Further revealed though was the close 

proximity of residues 7-11 to the pyrophosphate group. Although this feature has often 

been reported, this is the first direct evidence that places those residues as near enough 

to the pyrophosphate group to interact with, including the first evidence of direct 

interactions with residues 7 and 11.  

 

9.4. 1H31P Experiments 

Whilst the experiments described above provide a more definitive picture of which 

residues are in close contact with 31P atoms, they do not resolve all ambiguity and 

indeed provide no resolution in the 31P dimension. To further aid the resolution of 

remaining ambiguity, 1H-31P CP experiments were conducted (Figure 9.4.). 

As expected, these spectra provided many more contacts than previous 

experiments. Again residues 1 and 10 are prominent from early on, and other 

interactions seen previously are also confirmed (all are collated in Table 9.1). New 

interactions were also observed, particularly with residues 3 & 4. The proximity of 

residue 4 to lipid II may be expected due to the interaction with the pentapeptide chain, 

though it seems unlikely that these two moieties of lipid II would be in close proximity 

to each other. More likely is that as part of the lysine interaction, the Gln is brought 

closer to the lipid molecule, with the furthermost (and more flexible) sidechain atoms 

exhibiting long-range contacts with the pyrophosphate group. Also of note is a strong 

and early interaction between H1 of MurNAc and PL. This is interesting because H1 

is connected to C1, which forms the bond to the pyrophosphate group, so one may 

expect a stronger contact with PS than PL, rather than the reverse that is observed. This 

could be explained by a particular intramolecular geometric arrangement of the lipid 

II molecule. It does raise the prospect though that it could be an intermolecular 
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interaction with a neighbouring lipid II molecule, though this cannot be confirmed 

with these experiments (it would require a sample containing partially or selectively 

labelled lipid II).  

Figure 9.4. 1H-31P Correlations. NMR spectra of direct 1H-31P CPs at mixing times 

of 250 µs (top), 875 µs (middle) and 1500 µs (bottom). Unambiguous correlations 

are labelled. Experiments were carried out on UL-[13C15N]-Teixobactin with natural 

abundance lipid II in DPC micelles in a 1.3mm rotor at 60 kHz MAS & on a 700 

MHz spectrometer (pulse sequence in Fig. B-13). 
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Table 9.1. Summary of 31P-Teixobactin Contacts. 

A summary of all the unique and unambiguous correlations from direct CP experiments 

(1H-31P and 13C -31P). 
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Chapter 10 – Imaging Studies 

The experiments described so far can be used to derive distance restraints between 

different sites on both teixobactin and lipid II, as well as backbone dihedral angle 

restraints. These are useful for solving the 3D structure of the immediate lipid II-

teixobactin complex, but are limited in utility for determining how such complexes 

may come together in any macrostructure. Aggregation has been presented as a mode 

of action of teixobactin, with the β-sheets likely facilitating this process147. TEM 

studies were therefore carried out in an attempt to determine further restraints that may 

aid in solving the macrostructure of lipid II-teixobactin aggregates. Fibrillar 

aggregates were indeed observed in both negative stain and cryo-EM, providing novel 

insights into how the teixobactin-lipid II complex may form. The methods used in this 

chapter are described in chapter 6. 

 

10.1. Negative Stain 

Negative stain TEM was first carried out to determine the viability of further cryo-

EM studies. Samples of teixobactin and lipid II in complex in DPC were examined, 

with teixobactin in DPC used as a control. The control images revealed no structures 

of any kind. The images of the lipid II-containing sample however revealed a number 

of different kinds of structures. There was an abundance of long, thin fibrils, which 

seemed to further aggregate together into nucleic centres from which they radiated 

outwards (Figure 10.1d-f). Even amongst these conglomerations, singular, seemingly 

uniform fibrils are clearly visible. These fibrils were analysed and had an average 

width of ~6.5 nm (±1 nm), with lengths generally ranging from 100-300 nm.  

However, these fibres were not the only structures that were present. Also observed 

were globular, vesicle-like structures which were generally 100-200 nm in diameter, 

although some as small as ~20 nm were also observed (Figure 10.1b-c). The presence 

of both structures may be attributed to one of a number of things. First, there could be 

more than one mechanism of action of teixobactin that may result in different forms 

of aggregates forming. Although there is some precedent for this with nisin having a 

double mode of action – both sequestering lipid II and forming pores in the membrane 

– it is unlikely in this case. Nisin is structurally very different to teixobactin, and there 

is no evidence that teixobactin may behave in a dual manner. It is also possible that 

one set of the structures could be an artefact, caused either by staining or by excess 
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molecules not in the complex. If the latter is the case it would likely be due to 

unreacted lipid II, as the control with teixobactin & DPC contained no such structures. 

This though is also unlikely as the concentration of teixobactin was twice that of lipid 

II at the end of the titrations and it is unlikely that any lipid II would be left outside of 

the complex in the sample, as the lowest teixobactin:lipid II binding ratio that has been 

suggested is 2:114,147. 

Another possibility is that both structures are different representations or stages of 

the same process. There is some evidence of a possible transition between the two 

Figure 10.1. Negative Stain TEM of the Lipid II:Teixobactin Complex. Control 

containing only teixobactin and DPC (a), as well as micrographs from samples also 

including lipid II, showing vesicle like structures (b-c), fibrillar aggregates (d-f) and 

a possible transition between the two structures (g) 
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forms of structures seen in the images (Figure 10.1g). In this paradigm, the teixobactin 

would bind lipid II and aggregate to form large complexes of fibrils, which at some 

point become too large and therefore tend towards stabilisation. This may be achieved 

by neighbouring strands forming clusters, or more isolated ones collapsing into 

vesicular structures. The large vesicles generally range from 100 nm and upwards in 

diameter, the lower limit of which would equate to a circumference of ~300 nm. This 

is also the length above which the numbers of fibrils start to dramatically decrease.  

10.2. Cryo-EM 

To obtain more biologically relevant information – for example to determine if the 

staining process caused the formation of one form of the structures over the other, 

cryo-EM experiments were carried out. These were conducted in the same manner as 

above, with a control containing only teixobactin and DPC, and a sample with lipid II 

added in as well (Figure 10.2.). Like the negative stain images, the control showed no 

structures present. The fibrils were also present in the cryo-EM of the main sample, 

seemingly forming structures with similar dimensions to those in the negative stain 

images (width of 6.8 nm ±1.5 nm). Single fibrils were again clearly visible, though 

the conglomerations that were previously present were not observed this time. There 

did seem to be some evidence of fibrils associating with each other in a similar manner, 

but not to the same extent as observed above, and not with the nucleic centres that 

were observed. Further, no globular vesicles were observed in these experiments, 

suggesting that the mechanisms of stabilisation as mentioned above may have been a 

result of the staining or imaging process (both for aggregation of fibrils and the 

formation of vesicles). 

Single fibrils were once again visible just as in the negative stain images. That these 

appeared in both kinds of micrographs with similar dimensions suggest that these are 

the more biologically relevant structures, and the widths can be used as a guide to 

constrain the conformation of the macrostructure of any aggregates. To date, only X-

ray studies have provided any information about the structure of teixobactin-lipid II 

aggregates. However, these are of limited relevance to the biological interaction as 

they used anions in place of lipid II. These structures also used teixobactin analogues 

instead of the wild type, and the structure obtained involved antiparallel β-sheets 

twisting around to form a helical fibril with widths of 8 nm148. This is unlikely to be 

true of the structure in vivo as it would require the rendering of lipid II from the cell 
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membrane. Any aggregates that form must do so at the membrane and are likely to be 

in a single plane (extending parallel relative to the membrane). It is expected from the 

micrographs taken that the width of the fibril is most likely in the 60-75 Å range. In 

order for the teixobactin molecules to extend along the fibrils, their β-sheets must run 

perpendicular to that axis, and so from N to C terminus they must align along the width 

of the fibrils. A single teixobactin molecule though (or even an off-set antiparallel 

dimer) is not long enough to satisfy that 60-75 Å range, but two arranged end to end 

are in fact likely to do so (Figure 10.3.). This suggests therefore that teixobactin 

interacts with other teixobactins in 2 axes – along the fibril through β-sheets, and 

Figure 10.2. Cryo-EM of the Teixobactin-Lipid II Complex. Micrographs of a 

control containing only teixobactin and DPC (a), as well as of the sample  (b-c). 

Singular fibrils of a similar size to those from negative stain images are present (blue 

arrows point to some examples). The dark shapes in (b) are ice crystals formed 

during the freezing process. 



 99 

across the fibril through end-end interactions. Such behaviour has not previously been 

reported for teixobactin or any of the other antibiotics that target lipid II.  

 

  

Figure 10.3. Size Comparison of Teixobactin and Fibril Widths. Sizes of the 

fibrils for both sets of micrographs are represented (blue and purple), as well as 

possible ranges for the sizes of complexes between lipid II and teixobactin (green 

and orange). Dark colours indicate the minimum value with pale colours the 

maximum value, and black boxes denote the average size where relevant. Size ranges 

for teixobactin were estimated using reported teixobactin structures in the PDB. 
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Chapter 11 – Structural Calculations 

All of the restraints obtained from the previous experiments were collated and 

calculations were performed with a view to solving the 3D structure of the 

teixobactin:lipid II complex. New findings laid out above regarding interactions with 

the pentapeptide chain and pyrophosphate group of lipid II, as well as the 

macrostructure of the aggregates were included in the calculations, and revealed 

interesting new insights. The data collected here suggests that the current 

understanding of the teixobactin-lipid II complex may be flawed, and suggest a novel 

structure that has not previously been considered could be a more suitable option. The 

methods used below are described in chapter 6.4 and additional information can be 

found in appendix D.   

11.1. Starting Points 

Before calculations were carried out, existing studies were considered to see how 

they may inform calculations based on the data that had been acquired. That 

teixobactin forms a β-sheet between residues 2-6 and that it forms aggregates is well 

established and further confirmed here, with the first images of such aggregates. It is 

likely that this aggregation is fuelled by interactions between neighbouring β-sheets. 

The orientation of these sheets though is less established. There exist some X-ray 

models where teixobactin variants forms antiparallel sheets that wrap around each 

other in a helix when lipid II is substituted for anions148. However, these are unlikely 

to be representative of the behaviour of the complex at the membrane. More recently 

a docking model based on NMR suggested that a partially labelled teixobactin 

analogue forms antiparallel sheets in a 1:1 binding ratio with lipid II149. However, this 

model does not seem compatible with the data here for a number of reasons. Firstly, 

the pentapeptide chain is oriented away from the complex with no interaction with the 

teixobactin, whereases such interactions have been described above in this study. 

Further, the dimensions of that model are not compatible with the width restraints of 

the fibrils from TEM studies above, and previous studies suggest that teixobactin 

favours a 2:1 binding ratio to lipid II. As such, little can be assumed about the complex 

other than that the β-sheet facilitates aggregation. Looking at NMR data alone, it may 

be assumed that the conformation of the sheets is antiparallel, as there are contacts 

between the N and C termini. However when the size of the EM fibrils is considered, 

it seems that teixobactin must also arrange end-to-end. Contacts between the termini 
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therefore could also be a result of this end-to-end contact between 2 parallel dimers. 

As there was a lack of any definitive answer about the correct orientation in existing 

studies or the results above, both models were considered. 

 

11.2. Antiparallel Model 

For an antiparallel model, 2 molecules of teixobactin were modelled with 2 

molecules of lipid II and the structure was calculated in Cyana. Contacts from both 

HCN and 31P experiments were used, along with dihedral angle and symmetry 

restraints. The 20 structures with the lowest target function had a backbone RMSD to 

the mean of 2.59 ± 0.7 Å, with 29 distance constraints and 17 angle restraints violated 

in 6 or more structures. The β-sheet structure was well defined within the dimer, and 

the pyrophosphate binding cage was also observed. The ring structure of one 

teixobactin bends round almost perpendicular to the rest of the molecule, sandwiching 

the lipid II between itself and the N-terminus of the neighbouring molecule (Figure 

11.1). 

Figure 11.1. Antiparallel Dimer Model. The structure produced by modelling the 

available data as an antiparallel dimer in a 1:1 complex with lipid II, viewed from 

above (a) and the side (b). Lipid II is circled. (a) shows the severe angle at which the 

ring structure forms a pyrophosphate binding cage, with lipid II entirely off to the 

side. In (b) can be seen the orientation of the hydrophobic and hydrophilic sidechains 

in opposite directions (presumably arranged so that they are membrane-exposed and 

water-exposed respectively). The projection of the pentapeptide along the top of the 

complex into the centre of the teixobactin molecule can also be seen.  
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The interaction with lipid II is stabilised by 6 hydrogen bonds. Each phosphate 

group forms 2, with the PL group forming H-bonds with residues 3 & 1 of one 

teixobactin, and the PS group forming them with residues 9 and 10 of the other 

teixobactin. There is also  a hydrogen bond formed to the rear of the structure between 

the sidechain of End10 and the hydroxyl group on carbon-6 of the MurNAc residue and 

an additional one forms between the pentapeptide lysine sidechain and the Gln4 

sidechain (Figure 11.2.). The interactions with the C and N termini bind lipid II 

securely on 3 sides, with additional stabilisation with the main teixobactin molecule 

through the pentapeptide-Gln interaction. Additional contacts are predicted at both 

termini with residues 1 and 10 most heavily involved, securing the interaction from 

opposite sides by interacting with the “sidechains” of the MurNAc residue on each 

side of the sugar. Whilst residue Nmp1 interacts almost exclusively with the N-acetyl 

group on carbon-2, End10 (particularly the side chain) interacts heavily with the 

hydroxymethyl group attached to carbon-5 on the opposite side of the ring (with which 

it forms a hydrogen bond as mentioned above). This model shows clearly the 

pyrophosphate binding cage, showing how it can be combined with the N-terminus of 

a neighbouring teixobactin to secure lipid II tightly on 3 sides. Further, it shows how 

the N-terminus may be more involved in the binding mechanism than has previously 

been reported. 

Figure 11.2. The Pyrophosphate Binding Cage of an Antiparallel Model. The 

pyrophosphate binding cage is shown from 2 angles. Contacts (green) and hydrogen 

bonds (cyan) have been added as dashed lines. The concentration of contacts is 

highest with residues 1 and 10, which bind opposite sides of the MurNAc residue and 

envelop the lipid molecule. Additional contacts between other residues at each 

terminus with the pyrophosphate group were also observed, as were contacts between 

Gln4 and the pentapeptide chain. 
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However, there are some concerns with this model that temper these observations. 

For one thing, the high number of distance and dihedral restraint violations suggest 

that it does not fit the data well. Additionally, whilst the hydrophobic sidechains 

(residues 2, 5, 6, 11) are oriented in the same direction as the tail of lipid II (and so are 

likely inserted into the membrane), the hydrophobic sidechain of residue 1 is oriented 

in the opposite direction, away from where the membrane would be and therefore 

would likely be exposed to water. Perhaps the biggest issue though is that the way the 

ring structure bends round to bind lipid II means that the lipid II molecule would be 

situated more to the side of the teixobactin than at the end. The issue here is that this 

would prevent other teixobactin dimers from hydrogen bonding with the β-sheet and 

extending the complex into an aggregate of fibrils. 

In order to see if this could be resolved, calculations were re-run with a duplicated 

dimer (4 teixobactins and 4 lipid IIs in total), with interactions between the two dimers 

defined by hydrogen bonding between the β-sheets. The 20 best structures for this 

calculation had an average backbone RMSD of 1.74 ± 0.44 Å. The addition of the 

extra dimer did in fact cause a change in the structure of the complex at what would 

have been the dimer-dimer junction in the single dimer model. The lipid II molecule 

this time was situated further away towards the end of the teixobactin molecule, with 

the C-terminus adopting a more linear conformation in contrast to the sharp turn seen 

in the single dimer model (Figure 3.23a). However, this significantly changed the 

binding mechanism to lipid II. Most of the hydrogen bonding at the interface was lost, 

as well as some from between the β-sheets. Hydrogen bonds were only formed 

between Ser3 and the PL phosphate group and between Ile11 and the GlcNAc residue. 

The latter was more involved in the binding in this instance with residue 10 this time 

interacting predominantly with this sugar instead of the MurNAc residue. 
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This mechanism though was not consistent at all binding interfaces as the complex 

lost symmetry, especially on the outside where the conformation favoured the more 

bent structure seen in the single dimer model. Further, the orientation of the lipid II 

molecules lost coherence, being oriented in different directions at different sites in the 

complex. This is not likely to be accurate given that the lipid is embedded in the 

membrane with an undecaprenyl chain (Figure 11.3b-e). Finally there were also a 

significant number of violations, with 72 distance constraints and 33 angle constraints 

violated in 6 or more structures.  

The high number of violations coupled with the inability to reconcile the structure 

as part of a 3D aggregate mean that the data presented here suggest that an antiparallel 

conformation is unlikely for the teixobactin-lipid II complex. It cannot be ruled out, 

as further experiments to delineate with confidence inter and intra molecular 

interactions may yield a more amenable model and there is some (albeit incomplete) 

Figure 11.3. Model of an Extended Antiparallel Dimer. The structure of the double 

dimer model is shown with lipid II in green and each teixobactin molecule in a 

different colour (a). The central teixobactins change the binding mechanism to favour 

the formation of a β-sheet-bonded tetramer. Outer teixobactins however revert to a 

similar mechanism to the single dimer model. Extension of the complex resulted in a 

number of different binding interfaces with lipid II, with the lipid in different 

conformations. These are shown with images of each binding interface in the same 

plane of reference, with the variable orientation of the lipid tail (black) and 

pentapeptide chain (red) shown with arrows (b-e).  
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evidence for this conformation in the literature. Regardless, the distance and 

macrostructural constraints presented here do not seem to support such a structure.  

 

11.3. Parallel Model 

Previously reported docking models of the complex observed interactions between 

the different ends of teixobactin molecules, which were also observed here (chapters 

8 & 9) and are detailed above. In isolation this would suggest that the complex must 

form an antiparallel dimer. However, when combined with the TEM data it becomes 

apparent that these interactions can also be achieved by end-end interactions between 

parallel dimers, and so calculations were conducted based on this arrangement. Such 

a model would involve 4 teixobactin molecules – two pairs of parallel dimers arranged 

end to end with an interaction between termini of each in the middle. As there are 

contacts between the N and C termini, the dimers must be arranged so that the two 

termini meet in the middle (as opposed to having both N termini for example in the 

centre, with both C-termini at the edges of the complex). There are also interactions 

between each terminus and lipid II, so both must have access to it. It is possible 

therefore that there are lipids at one or both ends of the teixobactin tetramer, at either 

end and in the middle or just in the middle. As the pyrophosphate cage is needed for 

binding, it is unlikely that a teixobactin molecule would be able to bind lipid II solely 

at the N-terminus. The N-terminus however has also been shown to be necessary for 

the action of teixobactin, and NMR data from above suggests it is heavily involved in 

contacts with the lipid. As such, the most likely conformation of a parallel model 

would involve 2 lipid II molecules at the central juncture, each bound predominantly 

to one of the dimers, with each trimer interacting then to stabilise and strengthen the 

overall complex. This would also give a 2:1 ratio of teixobactin:lipid II, which has 

been reported previously in the literature as the favoured ratio14,147.  

The two halves of such a complex were first modelled separately, with all dimer-

dimer interactions omitted. The 20 structures with the lowest target functions for this 

calculation had an average backbone RMSD to mean of 2.39 ± 0.34 Å, with 9 distance 

restraints and 5 angle restraints violated per dimer, showing better convergence and 

significantly better agreement with the input data than the equivalent calculations for 

the antiparallel model. The structures themselves were more linear than the antiparallel 

dimer and exhibited symmetry (Figure 11.4). The sidechains of the β-sheet are 
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oriented as with the antiparallel and previously reported models – with hydrophobic 

sidechains of residues 2, 5, and 6 oriented down towards the membrane and residues 

3, 4 & 7 oriented in the opposite direction (Figure 11.4a-b). The orientation of the 

latter two residues is important as it allows interactions with the pentapeptide chain of 

lipid II. The pentapeptide interacts with each teixobactin dimer, exhibiting more 

contacts with the C-terminus-binding dimer. This side could therefore be less mobile, 

accounting for the form of alanine seen in the CP-based spectra (Figure 8.3) and one 

of the lysine forms. The less strongly bound N-terminus-facing pentapeptide could 

then account for the other forms of these residues in the HSQC-based spectra. 

At the C-terminal binding interface, the pyrophosphate cage is once again present, 

with the ring structures enclosing the group from multiple sides. Residue 10 is once 

again heavily involved in binding, forming contacts with the pyrophosphate group 

(including hydrogen bonds) and forming contacts with both sugar residues (Figure 

Figure 11.4. A Parallel Model of the Lipid II-Teixobactin Complex. Views from 

the side (a-b) and from above (c-d) of parallel models with lipid II bound at the C 

terminus (left, a,c) and the N terminus (right, b,d). The opposite orientation of 

hydrophobic and hydrophilic sidechains is once again observed. The C-terminal 

forms a pyrophosphate binding cage round the pyrophosphate-sugar moiety whilst 

the N-terminal is more oriented towards the undecaprenyl-pyrophosphate moiety. 
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11.5). These are once again focussed on the hydroxymethyl group at carbon-5 of the 

MurNAc sugar ring, as seen in the antiparallel model. Ala9 also forms contacts with 

the MurNAc residue, primarily with the sugar ring itself. These interactions from 

residues 9 and 10 bind and stabilise the lipid II molecule from the rear and side, by 

binding primarily the sugar residues. Residues 7 and 8 though are also heavily 

involved in binding, forming  strong contacts with the pyrophosphate group and the 

N-acetyl group of MurNAc. This secures the lipid from the front and completes a 3-

sided envelopment akin to the mechanism seen with the antiparallel model, albeit via 

different means. The final residue at the C-terminus, Ile11, does not seem to be 

significantly involved in the binding interface. Rather, its sidechain is oriented down 

and away from the lipid II molecule, suggesting that it joins other residues of the same 

type (Ile residues at 2, 5, 6) in anchoring the complex in the membrane.  

The N-terminus interface with lipid II may be expected to bind less securely given 

the absence of the pyrophosphate binding cage. Indeed, there are far fewer residues 

that interact with lipid II with only a single hydrogen bond predicted, between Ile2 and 

the pyrophosphate group. However, contacts are still abundant and seem to follow a 

similar pattern of envelopment as described above. The most abundant contacts 

involve the lipid tail of lipid II, which seems to interact strongly with the side chains 

of both residues 1 and 2 (Figure 11.6). This is supplemented by interactions between 

the backbone of these residues and the pyrophosphate group, with the N-methyl group 

of Nmp1 providing some interaction with the N-acetyl group of MurNAc. Ser3 

completes the set of residues involved directly in binding, interacting with the 

Figure 11.5. C-Terminus Binding of Teixobactin to Lipid II. Hydrogen bonds (a) 

as well as other contacts (b-c) predicted between the C-terminus and lipid II. Residues 

9 and 10 bind primarily to MurNAc at the rear of the lipid II, whilst residues 7 and 8 

bind to the side and front through the pyrophosphate group and the N-acetyl group of 

MurNAc with Ser7 also interacting with the pentapeptide chain.  
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pyrophosphate group from the front. This scheme is again similar to the envelopment 

seen in other models thus far. The hydrophobic sidechain of residue 1 inserts towards 

the membrane past the lipid II molecule and provides stabilisation from behind. As we 

move back round the lipid II molecule towards the teixobactin, the complex is secured 

by similar interactions from Ile2 sidechains and backbones, and finally is buttressed 

by Ser3 binding from the front. Moving further afield, Gln4 provides further 

stabilisation by interacting with the lysine residue of the pentapeptide. The rest of the 

structure is similar to the other dimer, with sidechains oriented in the same directions 

as previously described. 

That both the teixobactin dimers bind past the lipid II molecule even in the absence 

of dimer-dimer interactions is interesting to note, as it may facilitate a more favourable 

interface for interaction between the dimers, with less hinderance from lipid II. In 

order to model this interaction, the final structures of each half of the complex were 

docked together with the previously omitted dimer-dimer restraints, along with 

dihedral angle restraints and symmetry restraints using HADDOCK. Restraints were 

also added for the total end-end distance of the docked complex based on TEM results. 

The docking was successful, producing a final complex that maintained the resolved 

structure of the input PDBs and had a total length of 70.35 Å, comfortably in the range 

of the sizes suggested by the TEM data (Figure 11.7).  

Figure 11.6. N-Terminus Binding of Teixobactin to Lipid II. The N-terminal 

interaction is shown from below (a) as well as above (b-c). The overwhelming 

majority of contacts predicted here are between the hydrophobic side chains of the 

first two residues with the lipid tail and pyrophosphate group, with very little 

involvement with the sugar residues. Also observed is the interaction of Gln4 with the 

pentapeptide chain.  



 109 

The model suggests that the extension of residues 1 & 10 past lipid II in their 

respective mechanisms of binding is indeed to facilitate interaction with another 

Figure 11.7. Final Complex of Teixobactin and Lipid II. Side-views of the input 

PDBs (a) and the output complex docked by HADDOCK (b). The final model 

reflects well the input structure solved by NMR, and is of a length that fits the TEM 

data described above. Top views of the complex show how each part of the hexamer 

arranges with individual teixobactins in red, green, orange & light blue, and 

individual lipid II molecules in purple and dark blue (c) and how these can polymerise 

to form the fibrillar aggregates suggested by TEM and other data (d). 
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dimer, with these residues being the primary driver of inter-dimer interactions. There 

were 4 main sites of interaction suggested by this model (Figure 11.8). The first, which 

seems to be the most abundant and yet perhaps also the least expected does not involve 

Figure 11.8. Interface of Dimers in the Teixobactin-Lipid Complex. An overview 

of the binding interface with contacts denoted by black dashed lines (top). Enlarged 

images of the various sites involved in the interface with their positions noted in the 

top image: GlcNAc-GlcNAc interactions (a), Nmp1-End10 and Nmp1-Ile11 

interactions (b), End10-lipid II interactions (c) and Nmp1-lipid II interactions (d). 
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teixobactin at all but instead forms between the GlcNAc residues of the neighbouring 

lipid II molecules (Figure 11.8a). As most of the teixobactin-lipid II binding is 

focussed on the undecaprenyl-pyrophosphate-MurNAc moiety, the GlcNAc residues 

are left relatively free and mobile enough at the top of the structure to interact with 

each other. The high concentration of oxygen, hydrogen and amide groups in the area 

provides plenty of opportunity for strong contacts when the two sugars are brought 

into proximity with each other. 

The next site involves interactions between residue 1 and residues 10 & 11 of 

opposite teixobactin molecules (Figure 11.8b). This interaction is interesting as it 

seems to be the result of a sort of mirroring between the two regions. When bound to 

lipid II, the sidechain of End10 is oriented upwards and is more involved in binding 

the pyrophosphate-sugar group, whilst the Ile11 sidechain is oriented down and away 

from the pyrophosphate group, towards the membrane. This configuration is mirrored 

somewhat in residue 1, where the N-methyl group is oriented upwards and is more 

involved with the pyrophosphate group (like End10), whilst the hydrophobic sidechain 

is oriented down and away towards the membrane (like Ile11). The two upwards 

oriented regions then form contacts between each other to join the dimers together, as 

do the two downwards oriented groups. 

Another site of interaction involves the End10 interacting with the MurNAc and 

pyrophosphate groups of the opposite lipid II (Figure 11.8c). This is an interaction that 

it favours when binding the first molecule and so it follows that such interactions can 

be made when another lipid II is brought into the vicinity. Finally, a similar case occurs 

with the hydrophobic sidechain of residue 1, which is able to interact with the lipid 

tail of the opposite lipid molecule, similar to its behaviour with “its own” lipid 

molecule (Figure 11.8d). 

The result of these interactions is a sort of criss-cross interaction between the two 

dimers, with teixobactin – teixobactin, lipid – lipid, and lipid – teixobactin interactions 

working together at different levels of the interface to bind and stabilise a strong 

hexameric unit that is able to extend in either direction to form fibrillar aggregates.  

This model fits the data collected here far better than an antiparallel model. It not 

only satisfies the NMR distance restraints much more comfortably, but it also satisfies 

the EM data and previously reported data about binding ratios and affinities much 

better than any antiparallel model has so far. Nonetheless, at this stage it is difficult to 

state with certainty that this is the preferred mode of action of teixobactins. Although 
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these results do strongly favour this conformation, further study is required to be able 

to comfortably conclude that this is how teixobactin works. In particular, information 

is needed to be able to confidently assign interactions as intra- or inter-molecular.  

Although the final model presented here fits the available data well, there are still 

issues that need to be resolved. There is a lack of symmetry in the model as it currently 

stands. This would result in residues in different environments, which should therefore 

result in duplicate chemical shifts, but none are observed. It is possible that there are 

in fact lipid II molecules at each end of the fibril as well, forming a 1:1 octamer. 

However, whilst it is more likely at the C-terminal end, it does not seem probable that 

the N-terminal end would be able to bind a lipid II molecule by itself, given the 

importance of the pyrophosphate binding cage, and this would again give a binding 

ratio that is not thought to be favoured. 

It is also possible that the distance from the highly ordered central junction of the 

complex allows a degree of mobility such that any atoms in alternate chemical shift 

environments do not appear in solid state spectra. There is some evidence that may 

support this, as there appeared to be numerous teixobactin peaks in HSQC-based 

spectra of the solid-state sample (Figure 8.5). This had been ascribed to excess 

teixobactin in the sample, but it could also be the result of mobile sections of the 

complex.  

There is also the possibility that duplicate shifts are in fact observed but peaks are 

not well resolved enough to observe them. Whilst this is possible, the spectra used in 

structural studies were taken at 100 kHz MAS and were well resolved, so if this was 

the case the differences in chemical shift would have to be very small. On the other 

hand, it is possible that given the nature of the lipid II molecule and its similarity with 

the membrane components, that the free residues do not experience an environment 

that is different enough to observe significantly duplicated peaks.  

Whether one or more of these possibilities is the case or whether there is another 

solution, it underlies the uncertainty about the current structure of the complex. 

Existing models both in the literature and presented here are not sufficient and so 

further refinement and experiments are required to be able to resolve this structure 

with certainty. 
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IV – Discussion 

Chapter 12 – Summary and Conclusions 

Antimicrobial resistance is on track to become one of the greatest and most 

devastating challenges that the world will face this century. New antibiotics are sorely 

needed in order to combat this threat. In this study, a variety of novel methods are 

presented that can provide insights into how antibiotics work against a promising 

target, lipid II. In addition, these methods have been able to show that current 

understanding of the teixobactin-lipid II interaction may be sorely lacking, and the 

interaction may in fact involve behaviour that has thus far not been considered.  

The novel synthesis method of labelled lipid II presented in this study is an 

invaluable tool for probing interactions with this molecule to aid the discovery of 

future drugs. Antibiotics that target lipid II have proven to be effective, and generally 

well-protected against resistance. As the pool of working antibiotics dwindles, focus 

is likely to increase on targets where resistance may not be a concern, such as lipid II. 

It is useful therefore to have an efficient and customisable method of synthesising 
13C15N lipid II, facilitating far more informative and less resource-intensive NMR 

studies of the molecule and its interactions with antibiotics. Indeed, whilst NMR has 

been used to study lipid II-antibiotic complexes often, this has always been from the 

antibiotic side. Directly observing how the lipid II itself behaves in these interactions 

could be far more informative for designing new drugs, rather than basing designs on 

drugs that may have limited utility in clinical settings. That this method allows custom 

labelling schemes is also of great use. For example, studying a sample with half the 

lipid II labelled only on one sugar and the other half only on the other sugar would 

provide information about whether lipid II-lipid II interactions are inter or intra 

molecular. With the findings here that lipid II molecules may be closely associated in 

the formation of the complex with teixobactin, the ability to produce such samples 

could provide extra insights into interactions at the dimer-dimer junction, and to 

confirm (or disprove) such a model.  

The pyrophosphate group of lipid II is clearly a favoured target for antibiotics, with 

at least 3 different families of antibiotics targeting it. Being able to directly examine 

interactions with this group then is of great interest. The 31P NMR methods described 

in this study provide a means to do just that. Correlations were successfully observed 



 114 

for 31P with 15N , 13C  and 1H using a variety of novel experiments. These experiments 

proved to be incredibly informative for the study of teixobactin, providing strong 

evidence that the N-terminal residues of teixobactin is more involved in the binding 

process than the current understanding would allow for. Such experiments are likely 

to be an effective tool in future studies of antibiotic-lipid II complexes. The utility also 

of imaging lipid II-antibiotic aggregates has been demonstrated. TEM images 

provided evidence that all current theories on how the teixobactin-lipid II complex 

arranges at the interface may be flawed, and new insights may be needed. As many 

lipid II-targeting antibiotics also form aggregates, using TEM on these complexes may 

also yield new insights on their structure and how they may form a complex with their 

target.  

Figure 12.1. Overview of Work Carried out for this Thesis. An illustration 

how the work described in each of the chapters (blue) produced restraints 

(orange), that were used to produce the final models (green)  
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Described above is a new methodology for probing the interactions of lipid II with 

antibiotics. In this study, using a combination of labelled lipid II NMR studies with 
31P NMR and imaging studies proved highly valuable. Together these experiments 

produced an abundant and diverse collection of restraints that were used in structural 

calculations to produce a high-resolution model for the complex (Figure 12.1). These 

results show that the currently understood mechanism of action of teixobactin may 

require rethinking. The only biologically relevant model that currently exists is a 

docking model of teixobactin analogue in an antiparallel dimer with a 1:1 ratio with 

lipid II. Whilst the data here does not support the formation of an antiparallel dimer, 

nor does it rule it out. However, even if an antiparallel model is correct there are 

revisions that need to be made to reported structures based on the findings of this 

study. For one, the N-terminal end is likely far more involved in binding lipid II than 

previously thought, and most likely directly interacts with the pyrophosphate group as 

opposed to just acting as a membrane anchor. Secondly, it is clear from this study that 

the pentapeptide chain is in fact involved in binding with teixobactin. Current 

understanding indicates that the pentapeptide chain is oriented away from the 

complex. Here however, direct pentapeptide-teixobactin contacts have proved that this 

is not the case and that any model needs to consider the role of the pentapeptide chain. 

Finally, imaging studies have shown that teixobactin and lipid II favour forming fibrils 

of a particular dimension, and these dimensions must be considered for any 

Figure 12.2. Issues With an Antiparallel Model of Teixobactin Binding. Existing 

models of teixobactin binding (a) have the pentapeptide chain of lipid II (squares) 

oriented away from teixobactin (black) in contradiction of the results here, which 

include direct pentapeptide/teixobactin contacts. An antiparallel model calculated 

based on the data from this study could not be reconciled with the structure of fibrils 

formed by the complex, in part due to the binding cage occluding the β-sheet of the 

teixobactin, preventing aggregation between neighbouring sheets (b). 



 116 

teixobactin-lipid II complexes going forward, especially as existing models are not 

compatible with these dimensions.  

In conclusion, evidence garnered from a novel combination of experiments have 

shown that teixobactin and lipid II may not favour the formation of a complex with an 

antiparallel dimer as currently reported, instead favouring a hexameric 2:1 complex, a 

conformation that is reported here for the first time.  
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Appendix A – Lipid II synthesis 

Contained in this appendix are additional data regarding the lipid II synthesis 

described in chapters 7 and 5. Included are assays verifying the action of enzymes 

involved in the novel pathway, as well as further data regarding purification and 

verification of the compounds. 

 

  

Figure A-1. Activity of Hexokinase. NADH-linked assays demonstrating the 

activity of Hexokinase in converting glucosamine to glucosamine 6-phosphate. 

Shown are assays initiated with ATP (a), glucosamine (b) and Hexokinase (c). 
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Figure A-2. Activity of Acetyl CoA Synthetase. NADH-linked assays confirming 

the activity of acetyl CoA synthetase in converting CoA and sodium acetate into 

acetyl CoA. Show  are assays initiated with acetyl CoA synthetase (a), ATP (b) and 

sodium acetate (c). 
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Figure A-3. Activity of Enzymes Used in UDP-MurNAc 5P synthesis. NADH-

linked assays: (a) Confirming the minimum PEP concentration required for 

maximum conversion of UDP-GlcNAc to UDP-MurNAc, initiated with PEP. The 

drop in absorbance of ~0.31 corresponded to a molar amount of NADH equal to the 

total amount of UDP-GlcNAc included in the assay. (b) Confirming the activity of 

DdlB in converting D-alanine into D-Ala-D-Ala dipeptide, initiated with UDP-

MurNAc Lys tripeptide (c) Confirming the whole synthesis pathway from 

glucosamine to UDP-GlcNAc, with spikes corresponding to the addition of MurB 

to confirm no activity in the absence of glucosamine, and then initiation with the 

addition of glucosamine.  
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Figure A-4. Purification of UDP-GlcNAc. Traces from ion-exchange 

chromatography performed on the products of the UDP-GlcNAc synthesis. A254 data 

in blue (left y-axis), conductivity data in red (right y-axis). (a) The initial 

purification of the synthesis, with fraction collected from 120-170 mL 

corresponding to the peak for UDP-GlcNAc at ~20 mS/cm. (b) Confirmation of the 

purity of the fractions collected from the purification in a, after they had undergone 

lyophilisation.  
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Figure A-5. Purification of UDP-MurNAc. Traces from ion-exchange 

chromatography performed on the products of the UDP-MurNAc synthesis. A254 

data in blue (left y-axis), conductivity data in red (right y-axis). (a) The initial 

purification of the synthesis, with fraction collected from 210-260 mL 

corresponding to the peak for UDP-GlcNAc at ~30 mS/cm. (b) Confirmation of the 

purity of the fractions collected from the purification in a, after they had undergone 

lyophilisation.  
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Figure A-6. Purification of UDP-MurNAc LYS Pentapeptide. Trace of ion-

exchange chromatography carried out on the products of the UDP-MurNAc 

pentapeptide synthesis. A254 data in blue (left y-axis), conductivity data in red (right 

y-axis). The first peak corresponds to UDP-MurNAc, and fractions were collected 

from 140-195 mL. The second large peak corresponds to excess ATP. 

Figure A-7. Lipid II Purification. TLC of fractions from the synthesis of natural 

abundance (left) and labelled (right) lipid II LYS. Fractions circled in black are lipid-

containing fractions whilst those circles in red are unreacted undecaprenyl 

phosphate. In each case both sets of fractions were collected lyophilised separately. 
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Figure A-8. Lipid II Quantification. Phosphate release assays for a synthesis of 

natural abundance lipid II, including the solvent used (a), the hydrolysed lipid 

sample (b-c) and the non-hydrolysed lipid sample (d-e). The average change of 

absorbance for b & c were used to calculate the amount of free phosphate, which 

was then corrected for the amount of free phosphate in the sample (d-e) and the 

solvent (a), to give the amount of phosphate in lipid II in the sample. This was then 

used to calculate the amount of lipid II.  
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Figure A-9. Labelled Lipid II Quantification. Phosphate release assays for a 

synthesis of labelled lipid II, including the solvent used (a), the hydrolysed lipid 

sample (b-c) and the non-hydrolysed lipid sample (d-e). The average change of 

absorbance for b & c were used to calculate the amount of free phosphate, which 

was then corrected for the amount of free phosphate in the sample (d-e) and the 

solvent (a), to give the amount of phosphate in lipid II in the sample. This was then 

used to calculate the amount of lipid II.  
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Appendix B – Solid State NMR Pulse Sequences 

Included below are pulse sequences used in the solid state NMR experiments 

described in Chapter 6. This includes the J-coupling transfer based experiments that 

were carried out in the solid state. Narrow and broad black rectangles represent 90° 

and 180° pulses respectively. 

 

 

  

Figure B-1. hCH 

Figure B-2. hNH 

Figure B-3. hCANH 
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Figure B-4. hCAcoNH 

Figure B-5. h(CACB)NH 

Figure B-6. hCCH TOCSY 

Figure B-7. hHNH 
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Figure B-8. hHCH 

Figure B-9. hXH BASS-SD 

Figure B-10. hXH Refocused HSQC 

Figure B-11. HNCA (HSQC Based) 

Figure B-12. hHHC TOCSY (HSQC-based) 
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Figure B-13. hPH 

Figure B-14. hCP 

Figure B-15. hpCH 

Figure B-16. hNhhP 
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Appendix C – HCN NMR 

Included below are additional spectra and chemical shift lists relating the 

experiments and results described in chapters 6 and 8. 

Figure C-1. 1H-13C  Solution State NMR  Spectrum of Lipid II. 

Experiment carried out on 13C15N labelled lipid II in 10 mM sodium 

phosphate buffer pH 6.5, on a 700 MHz spectrometer. (hsqcetgpsp 

sequence was used). 
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Figure C-2. 1H-15N  Solution State NMR Spectrum of Lipid II. 

Experiment carried out on 13C15N labelled lipid II in 10 mM sodium 

phosphate buffer pH 6.5, on a 700 MHz spectrometer. (sfhmqcf3gpph 

sequence was used). 
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Figure C-3. 1H-13C Solution State NMR Spectrum of Teixobactin. 

Experiment carried out on UL-[13C15N] reixobactin in 10 mM sodium 

phosphate buffer pH 6.5, on a 700 MHz spectrometer. (hsqcetgpsp 

sequence was used). 
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Figure C-4. 1H-15N Solution State NMR Spectrum of Teixobactin. Peaks in green 

are folded. Experiment carried out on UL-[13C15N] teixobactin in 10 mM sodium 

phosphate buffer pH 6.5, on a 700 MHz spectrometer. (sfhmqcf3gpph sequence was 

used).  
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Appendix D – 31P NMR 

Included in this appendix are additional spectra relating to experiments at results 

described in sections 6 and 9. 

 

  

Figure D-1. 1D Spectra of 31P. Solid state hP CP spectrum (black) overlaid with 

solid state 31P 1D spectrum (blue) of lipid II and teixobactin in complex. Further 

overlays of solution state 31P spectra of the phosphate buffer used in all experiments 

(green) as well as DPC in the same buffer (orange). The chemical shifts of the two 
31P nuclei in the pyrophosphate group are distinct and separate from other 31P 

resonances in the sample. The resonances for 31P in the buffer and DPC are at around 

0 ppm, and are present in the 1D 31P spectrum in the solid state, but not in the 1D hP 

CP spectrum. These confirm that the 31P correlations observed in the multi-nuclear 

experiments are for the pyrophosphate group, and not from interaction with any other 

phosphorous nuclei in the sample. 
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Figure D-2. Additional Solid-State NMR 1H-31P CP Spectra. Spectra taken of 

lipid II and teixobactin in complex with additional mixing times that were not 

included in Figure 3.17 of the main text. Experiments were carried out on UL-

[13C15N]-Teixobactin with natural abundance lipid II in DPC micelles in a 1.3mm 

rotor at 60 kHz MAS & a 700 MHz 1H field (pulse sequence in Fig. B-13). 
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Appendix E – Structural Calculations Data 

 

 

 

  

Table 12.1. List of HCN Contacts. A list of all the unique and unambiguous 

contacts that were used in structural calculations. Contacts obtained from HCN 

experiments presented in chapter 8 are shown. Note that many more contacts were 

included in the calculations but all duplicate (evaluated automatically by Cyana) and 

self (i = j) contacts are excluded for clarity. The “source” (X-edited) proton is stated 

first in each case and the contact proton is stated second.  
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Table 12.2. List of 31P Contacts. Contacts used in structural calculations observed 

from experiments presented in chapter 9. Duplicate contacts (which are 

automatically evaluated by Cyana) are excluded for clarity.  

Table 12.3. Statistics From Structural Calculations. Violations reported in >75% 

of structures are summarised. Parallel statistics are combined for each dimer. 
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